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Abstract 
 

Structural insights into innate immune evasion mechanisms of 
African trypanosomes and type C adenoviruses 

 
by Hagen Sülzen 

 

The human body has evolved a plethora of intricate defence mechanisms to 

fend off any potentially pathogenic microorganisms, in turn prompting the latter to 

develop countermeasures. Obtaining a detailed understanding of the structural 

foundation underlying the immune evasion mechanisms employed by human-infective 

pathogens is crucial for development of effective drugs and therapeutics. In this work, 

a protocol for improvement of recombinant expression of proteins with complex fold 

and generation of a minimal construct amendable to structural characterisation is 

presented by example of invariant surface glycoprotein 65 (ISG65) from the blood-

stream form of the human infective parasite Trypanosoma brucei gambiense (Tbg). In 

addition, the findings shown here reveal the biological function of ISG65 as a receptor 

for human complement C3b, describe its role as a selective inhibitor of the alternative 

pathway of the complement system and present the first structures of TbgISG65 in 

complex with human C3 and C3b. To elucidate how other invariant surface receptors 

of the parasite may exert their function within the protective shield formed by the 

surrounding variant surface glycoproteins (VSGs), the conformational flexibility of the 

parasites blood-stream surface coat was assessed. While infection with African 

trypanosomes has severe consequences for patient health, infections with the 

widespread human adenovirus C5 on the contrary are usually mild and self-limiting. 

Despite its high prevalence around the world and great potential in gene therapy and 

vaccination applications, the molecular mechanisms governing the infection are still 

poorly understood. Results presented here provide structural insights into how species 

C adenoviruses may exploit human lactoferrin, an antimicrobial component of the 

human innate immune defence, to facilitate infection of the respiratory epithelium. This 

discovery holds promise for the development of novel antivirals or adjuvants for 

improved transduction efficacy in gene therapy applications. 
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Chapter 1 

Introduction  

 

Part I – African trypanosomes 

 

I.1 Sleeping sickness 

 

I.1.1 Cause 

 
African trypanosomiasis is a neglected tropical disease found exclusively in 

sub-Saharan Africa. When left untreated, the disease, infectious to both humans and 

animals, is fatal [1]. African trypanosomiasis is caused by uniflagellar, protozoan 

parasites of the species Trypanosoma brucei which is divided into three subspecies: 

T. b. brucei, T. b. gambiense and T. b. rhodesiense [2]. While both, T. b. gambiense 

and T. b. rhodesiense are causative of human African trypanosomiasis (HAT) [3], 

commonly referred to as ‘sleeping sickness’, T. b. brucei is not infective to humans but 

causes animal trypanosomiasis (AAT) instead, a disease also known as nagana (from 

Zulu ’N’gana’, powerless/useless) [4]. Trypanosoma brucei, along with the animal 

infective species T. vivax and T. congolense, belong to the group of salivarian 

trypanosomes, a name referring to the mode of transmission [5]. All three species are 

predominantly transmitted via the saliva of the biological disease vector, the tsetse fly 

(Glossina spp.) (see I.2.2).   

 

I.1.2 Disease burden and distribution  

 

The geographical distribution of the Trypanosoma brucei subspecies is closely 

tied to the ecological requirements of the corresponding vector. Although all 

subspecies within the salivaria group are transmitted by members of the Glossina 

genus, T. b. gambiense is primarily transmitted by Glossina palpalis, fuscipes and 

tachinoides, all three of which are found in West and Central Africa [6]. The term 

‘gambiense’ is derived from the Gambia river in the Republic of The Gambia, where 

the parasite was first identified [7]. On the contrary, T. b. rhodesiense, named after the 

region of Rhodesia (modern-day Zimbabwe) [8], is primarily transmitted by Glossina 
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species moristans, pallidipes and swynnertoni, all found in Eastern and Southern 

Africa [6]. In 2022, 837 total cases of HAT have been reported, 799 of which were 

caused by T. b. gambiense (gHAT) and 38 were caused by T. b. rhodesiense (rHAT) 

(Figure 1) [9]. Although continuous relief and prevention efforts by the World Health 

Organization (WHO) have led to a stark decrease in the number of annually reported 

infections (88.68% and 65.45% over the past 10 years for T. b. gambiense and T. b. 

rhodesiense, respectively) [9], millions of people are still at risk [10].  

 

 
 

Figure 1 - Reported Human African Trypanosomiasis cases in the year 2022. 

World map illustrating the number of reported HAT cases for individual countries in the year 2022.  

T. b. gambiense infections are displayed with a red colour gradient, T. b. rhodesiense cases are coloured with a 

blue gradient. Uganda, the only country endemic to both species, is highlighted in light green. It reported no new 

cases for either species in the year 2022. The figure was adapted from the Global Health Observatory data 

repository (WHO) [9]. 

 

 
For T. b. gambiense, the most effective containment strategy has proven to be ‘case 

finding and treatment’ in active and passive screening campaigns, thereby minimising 

the human reservoir and subsequently decreasing transmission rates  [11]. Control of 

T. b. rhodesiense infections poses a far greater challenge as both domestic cattle and 

wild animals are thought to be epidemiologically relevant animal reservoirs [12]. Their 
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close proximity to humans makes blanket treatment and insecticide application on 

these animals imperative for containment of trypanosome infections [3]. Additionally, 

albeit to a lesser degree, vector control measures such as bush clearing, release of 

sterile, male tsetse flies and aerial or ground spaying of insecticides have been 

employed to limit the transmission rates [3]. Total eradication of T. b. gambiense is 

challenged primarily by sustenance of the commitment to disease control measures 

by population and national authorities despite receding infection numbers [3]. 

Historically, countries endemic to the parasite have been politically unstable; war and 

civil unrest may disrupt ongoing prevention measures and cause resurgence of 

infection rates. Successful suppression of T. b. rhodesiense infections is largely limited 

by the difficulties associated with the control of wild animal reservoirs.  

Similarly to HAT, animal African trypanosomiasis (AAT) is caused by multiple 

Trypanosoma species (T. b. brucei, T. congolense, T. vivax), all of which are 

transmitted by the bite of the tsetse fly [13]. Consequently, the disease occurs across 

the entire habitat of Glossina spp., an estimated area of 10 million sq. kilometres. 

Although infectious to a range of wild and domestic animals, the diseases impact is 

most severe for cattle. Annually, an estimated 3 million livestock perish from nagana, 

causing enormous economic losses and food insecurities in the affected areas [14]. 

While intensive screening and monitoring campaigns have resulted in high morbidity 

but low mortality of AAT, emerging drug resistance of the parasites and a lack of 

technological advances in treatment of the disease raises concerns about the 

sustainability of the current approach [14]. While vector control and eradication of the 

tsetse fly, as outlined by the Pan African Tsetse and Trypanosomiasis Eradication 

Campaign (PATTEC), would circumvent these problems, the practicability of this 

method has been questioned [15]. Alternatively, the use of farm animals with 

increased immunity towards the parasite could alleviate the disease burden.  While a 

range of ‘trypanotolerant’ livestock breeds are known, the genetic foundation that 

confers resistance to the parasite is poorly understood, thereby jeopardizing efforts to 

selectively breed these species for high productivity [16]. 
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I.1.3 Clinical manifestation  

 

Human African trypanosomiasis progresses through two stages, each with a 

commonly associated subset of clinical manifestations. A first sign of infection, more 

commonly observed in T. b. rhodesiense infection, is the development of a painful skin 

chancre at the site of the tsetse fly bite as a result of a local immune response, 

5-15 days post-infection [17]. From the site of infection, the parasites migrate into the 

blood and lymphatic system, marking the beginning of the first (or early) clinical stage, 

also referred to as haemolymphatic stage [18]. Early-stage symptoms are unspecific 

and variable, but often include intermittent fever with rigors, weight loss, fatigue, 

malaise, arthralgia, haemolytic anaemia, hepatomegaly and abnormal liver function, 

splenomegaly and generalised or regional lymphadenopathy [18]. A typical clinical 

manifestation of early T. b. gambiense infection is posterior triangle cervical 

lymphadenopathy, also referred to as ‘Winterbottom’s sign’ [18].  

Migration of the parasite across the blood-cerebral spinal fluid (CSF) and blood-brain 

barrier (BBB) into the central nervous system (CNS) initiates the second stage of the 

disease, also referred to as late or ‘encephalitic’ stage [18]. The majority of patients 

develop a characteristic sleeping disorder characterised by daytime somnolence and 

nocturnal insomnia [18], coining the term ‘sleeping sickness’ [3]. Other psychiatric 

manifestations may include emotional instability or apathy. The late-stage disease is 

also accompanied by a wide range of motor symptoms which may include, but are not 

limited to, akinesia and involuntary movements including tremors, fasciculation, 

cerebellar ataxia and muscular hyper- or hypotonia [3]. Other symptoms that may 

occur encompass headaches, myelopathy, and pathological changes in cranial nerve 

pairs leading to, e.g. ocular alterations such as optic neuritis and diplopia [18]. Clinical 

manifestations of both stages of the disease have been extensively summarised and 

reviewed elsewhere [18, 19].  

The pathology of sleeping sickness varies with the trypanosome species causing the 

disease [3]. Based on the distinct geographical localisation of the two human-infective 

subspecies, HAT is differentiated into East and West African Trypanosomiasis, caused 

by T. b. rhodesiense and gambiense, respectively [6]. Despite constituting only a small 

fraction of reported trypanosome infections (3-5%), the manifestation of the Eastern 

form of the disease is acute and progression to the second stage occurs within weeks, 

usually accompanied by severe clinical manifestations [18, 20]. The predominant 



Chapter 1. Introduction 
 

 

 

5 

Western form of the disease on the contrary is chronic and progresses more slowly, 

averaging an estimated mean duration of 3 years [21]. Although progression of the 

disease can be clearly distinguished between the Eastern and Western form, the 

specific phenotype of sleeping sickness may vary even among infections with the 

same clinical variant in different regions of the same country [22]. Moreover, past 

studies have suggested that neurological symptoms, typically associated with late 

stage sleeping sickness, can also occur during early-stage HAT, challenging the 

traditional disease staging, diagnosis, and subsequent treatment [23].  

 

I.1.4 Treatment 

 

Although T. brucei has been identified as the causative agent of the African 

sleeping sickness already at the turn of the 20th century, only a handful of efficacious 

drugs have been approved for treatment of the disease since. As a result of a severe 

lack in development of novel treatments for HAT, anti-trypanosomal drugs 

administered to this day are accompanied by a wide range of disadvantages, including 

toxicity of the drugs, lengthy and complicated administration plans, inefficient drug 

delivery, poor bioavailability, and emerging drug resistances [24]. Due to the lack of 

an ‘umbrella drug’, capable of effectively treating HAT regardless of disease stage or 

clinical variant, identification of the correct treatment necessitates an accurate 

diagnosis [25]. As current challenges in HAT treatment and recent advances have 

been extensively reviewed in recent literature [24, 26, 27], the following chapter aims 

to provide only a brief overview.  

The haemolymphatic stage of sleeping sickness is treated with suramin and 

pentamidine for infection with T. b. rhodesiense and T. b. gambiense, respectively.  

While Suramin effectively treats the early stage of the disease caused by both clinical 

variants, it is used only for treatment of rHAT due to its high toxicity and adverse side-

effects including renal dysfunction, peripheral neuropathy, anaphylactic reactions, and 

bone marrow toxicity [24]. Additionally, suramin has to be administered intravenously 

(IV) in a lengthy and complex treatment schedule [28]. Infection with T. b. gambiense 

is treated by intramuscular injection (IM) of pentamidine instead [24]. Although 

accompanied with a range of reported side effects such as hypotension, abnormalities 
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of glucose metabolism, renal dysfunction, and gastro-intestinal symptoms, it is 

generally well tolerated and therefore the preferred treatment for Western HAT [3].  

Melarsorpol, an organic arsenical, is used in treatment of the encephalitic stage of 

both, Eastern- and Western HAT [24]. Intravenous administration of the drug is painful 

and associated with extreme toxicity, resulting in a 5-9% mortality rate caused by 

post-treatment reactive encephalopathy (PTRE) [24]. Other side effects include 

agranulocytosis, skin rashes, peripheral neuropathy, and cardiotoxicity [24]. 

Due to its significantly reduced toxicity in comparison to melarsorpol, eflornithine, or 

⍺-difluoromethylornithine (DFMO), has become the predominant treatment for late-

stage T. b. gambiense infection [24]. While DFMO monotherapy is effective, by 2010 

it had been largely replaced by nifurtimox–eflornithine combinatorial therapy (NECT) 

[26]. Co-administration of nifurtimox, an independent drug used for the treatment of 

American trypanosomiasis (Chagas disease) [26], decreases overall toxicity and 

reduces the number of required infusions from 56 to 14 while retaining equal or 

improved efficacy over DMFO monotherapy [28].  

A century after the discovery of the first anti-trypanosomal drugs, the first orally 

administered drug for treatment of T. b. gambiense infection was developed [24]. 

Since 2019, fexinidazole is the WHO’s recommended first choice treatment for early 

and non-severe late-stage infections, eliminating the need for systematic lumbar 

punctures for disease staging and injection-based treatments for a subset of patients 

[29]. As an oral treatment, administration of fexinidazole is significantly less labour 

intensive than IV or IM infusions, does not require systematic hospitalisation and 

reduces costs and logistical challenges for the health care system.  

Although the introduction of fexinidazole is likely to aid in achieving the WHO’s goal of 

eliminating sleeping sickness by the year 2030, some critical challenges remain. While 

several emerging drug resistances have been identified in trypanosomes [30], their 

incidence in endemic areas and consequently the risk posed by drug resistant strains 

has not been elucidated yet. Regardless, reports of fexinidazole and nifurtimox cross-

resistance are cause for concern as the efficacy of NECT in fexinidazole resistant 

strains may be diminished [31]. A lack of both active and passive screening campaigns 

in remote areas of endemic countries as well as a growing body of evidence for the 

existence of asymptomatic carriers [18] suggest that wide-spread prevention of 

infection rather than treatment of HAT may be key to successful eradication of the 

sleeping sickness.  Despite significant efforts, no vaccine against HAT is available to 



Chapter 1. Introduction 
 

 

 

7 

this date [32, 33]. Elaborate immune evasion mechanisms employed by the parasite 

(see I.3.3) have stalled vaccine development, posing an obstacle that has yet to be 

overcome.    

 

I.2 The African trypanosome 

 

I.2.1 Structure and morphology of Trypanosoma brucei 

 
 Throughout their lifecycle, Trypanosoma brucei spp. pass through a wide range 

of different environments across both mammalian and insect hosts, each posing a new 

challenge to parasite survival. To overcome these environmental changes, different 

developmental stages are accompanied by distinct morphological adaptations (see 

I.2.2). Certain key features, however, are conserved throughout the entire lifecycle 

(Figure 2). 

 

 
 
 
Figure 2 – Schematic illustration of a trypanosome cell. 

A Schematic drawing of a bloodstream (slender) trypomastigote. Key organelles conserved throughout the 

lifecycle, namely flagellum, kinetoplast, flagellar pocket and the nucleus, are illustrated and labelled accordingly. B 

Schematic drawing of an epimastigote stage trypanosome as found in the salivary gland of the insect vector. The 

same organelles as in panel A are illustrated. Contrary to the trypomastigote stage, the kinetoplast is located 

anterior to the nucleus in the epimastigote stage. This figure was adapted from [34].   

 

The arguably most prominent feature of the trypanosome cell is its singular flagellum, 

granting the parasite motility [35]. The flagellum emerges from the flagellar pocket, an 

invagination of the parasite’s membrane, and is attached along the entire length of the 

cell [35]. The flagellar pocket is the only site for endo- and exocytosis on the parasite 

membrane, playing a crucial role in acquisition of nutrients and immune evasion 

mechanisms [36] (see I.3.3 & I.4). Localised adjacent to the flagellar pocket and 

connected to the basal body of the flagellum via the tripartite attachment complex 

(TAC) is the diagnostic feature of the kinetoplastida order, the kinetoplast [37]. The 
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kinetoplast is a specialised region of the mitochondrion, harbouring the kinetoplast 

DNA (kDNA), a complex, disk-shaped mass of circularly arranged mitochondrial DNA, 

catenated into a single network [38]. The relative position of the kinetoplast to the 

parasites nucleus varies throughout the parasite’s life cycle, imposing distinct 

morphologies (Figure 2) [34]. In the bloodstream stage, the mitochondrion adapts a 

smooth, tubular configuration devoid of cristae, indicating the lack of mitochondrial 

respiration [38]. Indeed, in the glucose-rich environment of the hosts bloodstream, the 

parasites depend entirely on glycolysis as their sole source of energy [39]. By confining 

glycolysis into specialised, peroxisome-related organelles called glycosomes [39], 

T. brucei achieve glycolysis rates 50-fold higher than mammalian cells [40].    

 

I.2.2 Life cycle  

 

Throughout their development, Trypanosoma brucei undergo various 

significant changes in their biology, including gene expression, metabolism, and cell 

morphology (Figure 3). At the peak of parasitaemia within the mammalian hosts, the 

typically slender bloodstream form of the parasite undergoes a transformation to the 

cell-cycle arrested, stumpy trypomastigote morphology, conducive to tsetse-fly 

infection (Figure 3). Upon ingestion by the insect vector during the bloodmeal on an 

infected host, the parasite undergoes differentiation in the midgut of the fly, giving rise 

to proliferating procyclic trypomastigotes (Figure 3) [41]. A subset of these procyclic 

cells adopts an elongated, non-proliferative morphology, denoted as mesocyclic 

trypomastigotes, initiating migration toward the anterior region of the midgut (Figure 3) 

[41]. Upon reaching the proventriculus (cardia), these cells become slimmer and 

transform into epimastigote morphology (Figure 3) [41], characterised by the relocation 

of the nucleus to the posterior side of the kinetoplast (Figure 2) [34]. From the cardia, 

the epimastigotes migrate to the salivary glands via the foregut of the fly, engaging in 

asymmetric division and generation of short epimastigotes within the salivary gland 

lumen (Figure 3) [41]. The short epimastigotes subsequently affix themselves to the 

salivary gland epithelium via the flagellum, where they proceed to proliferate [41]. 

Although two distinct modes of proliferation occur simultaneously, the prevailing mode 

is determined by the state of advancement of the infection [42]. During the early stage 

of infection, the epimastigotes undergo symmetric division, producing two equivalent 
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cells attached to the salivary gland epithelium, thereby precipitating a rapid 

amplification of the parasite population [42]. In later stages of infection asymmetric 

division ensues, producing a daughter cell that matures into the human infective 

metacyclic trypomastigote form which is subsequently released into the saliva [42]. 

When an infected fly is taking a bloodmeal, the metacyclic trypomastigotes from the 

saliva are deposited into the hosts dermis (Figure 3) [17]. The parasites travel to the 

afferent lymphatic vessels from where they are subsequently transported into the 

draining lymph nodes [17]. Once the parasite reaches the bloodstream, it differentiates 

into the long and slender bloodstream form and proliferates by binary fission [38]. As 

parasitaemia increases, a yet to be determined parasite-derived factor, denominated 

stumpy induction factor (SIF), accumulates [43]. In a form of quorum sensing[44], large 

amounts of SIF induce cell-cycle arrest and morphological transformation into the 

stumpy trypomastigote morphology at the peak of the parasitaemia wave, preparing 

the parasite for uptake by the insect vector  and thus completing the lifecycle [44].   
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Figure 3 – Lifecycle of human infective African trypanosomes. 

When a tsetse fly takes a bloodmeal on an infected mammalian host, it ingests stumpy trypomastigotes (1). In the 

midgut of the fly, the parasites differentiate into proliferating procyclic trypomastigotes (2). A subset of this cell 

population develops into mesocyclic trypomastigotes (3) and initiate migration to the anterior midgut. In the cardia, 

the trypomastigotes differentiate into the epimastigote morphology (4). The epimastigotes migrate to the salivary 

gland, where after successful establishment of infection, asymmetric division produces human infective metacyclic 

trypomastigotes (5), which are released into the saliva. When bitten by an infected fly, metacyclic trypomastigotes 

are injected into the mammalian host (6). Once the parasites reach the bloodstream, they differentiate into the long, 

slender BSF (7) and proliferate via binary fission (8). At the peak of parasitaemia, accumulation of parasite-derived 

SIF induces cell-cycle arrest and morphological transformation into stumpy trypomastigotes (9), completing the cell 

cyle. This diagram was adapted from [45]. Illustration of trypanosome morphology was adapted from [41].  
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I.3 Immune evasion mechanisms 

 

As exclusively extracellular parasites [3], African trypanosomes continuously face the 

full pressure of the host’s immune system throughout their entire lifecycle, in both their 

vertebrate and invertebrate hosts. Consequently, they had to evolve a wide range of 

sophisticated immune evasion mechanisms to ensure survival and propagation. As 

the research presented in this work has evolved primarily around the immune-evasion 

mechanisms of the bloodstream form of T. b. gambiense, the following chapter will 

focus only on the human immune system, it’s response when challenged with T. brucei 

infection and the corresponding immune evasion strategies employed by the parasite. 

The interplay between the immune response across different hosts and other tissues 

as well as the parasites tissue specific survival strategies has been reviewed 

extensively elsewhere [17, 46-50]. 

 

I.3.1 Serum resistance  

 

Humans are inherently resistant to infection by Trypanosoma congolense, 

vivax, evansi and the Trypanosoma brucei brucei subspecies. This intrinsic protection 

mechanism is facilitated by two serum complexes, termed trypanolytic factor (TLF) 1 

and TLF2 [51]. TLF1 is a high-density lipoprotein (HDL) particle found in the HDL3 

fraction [52], whereas TLF2 is an IgM-rich, lipid-poor (<2%) apolipoprotein A1 complex 

[53]. Both TLF1 and TLF2 owe their toxicity to the action of apolipoprotein L1 (ApoL1) 

[54]. Following internalisation, the protein complexes are shuffled to the parasite’s 

lysosome for degradation, where ApoL1 inserts into the lysosomal membrane and 

forms a pore [55]. The resulting disruption in the ionic balance of the cell leads to lysis 

and subsequent cell death [55]. While this model has been widely accepted [56], 

alternative mechanisms based on ApoL1 pore formation at the plasma membrane 

have been suggested [57, 58]. 

TLF1 uptake into the parasite is mediated by the Trypanosoma brucei haptoglobin 

(Hp) - haemoglobin (Hb) receptor (TbHpHbR) [59]. The HDL particles contain a close 

haptoglobin homologue, the Hp-related protein (Hpr), which binds haemoglobin and 

forms the Hpr-Hb complex [60]. Binding of this complex to the TbHpHbR facilitates 

endocytosis, targeting the TLF1 particle to the lysosome where ApoL1 is released [60]. 
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Although Hpr is also found in TLF2, studies have shown that uptake of TLF2 occurs 

independently of the TbHpHbR [61]. The molecular mechanism underlying TLF2 

uptake has not been elucidated to this date [62].  This inherent resistance mechanism 

does not confer protection against T. b. gambiense and T. b. rhodesiense. 

 

I.3.1.1 Serum resistance of T. b. rhodesiense 

 

Resistance of T. b. rhodesiense to lysis by normal human serum (NHS) is linked 

to expression of the ‘serum resistance associated’ (SRA) gene [63]. Genes encoding 

the variant surface glycoproteins (VSGs), which constitute the vast majority of the 

protective protein surface coat in bloodstream form parasites (see  I.3.3), are located 

in telomeric loci called VSG expression sites (ESs) [64]. The T. brucei spp. genomes 

contain 15 to 20 highly similar, although not identical, ESs [64, 65]. In addition to the 

genes encoding VSGs, 12 additional ES associated genes (ESAGs) are found in the 

VSG expression sites [66]. Not every ESAG is present across all ESs, the SRA gene, 

for example, is found exclusively in a specific ES known as the R-ES [67]. When 

metacyclic trypomastigotes differentiate into the long, slender BSF, different VSG ESs 

may be activated. Only cells transcribing the R-ES are resistant to lysis by human 

serum and thus will survive in the bloodstream [67]. In absence of this selection 

pressure, T. b. rhodesiense resistance to lysis by NHS is quickly lost in non-human 

hosts due to transcriptional switching between the R-ES and previously silenced ESs 

[67, 68]. Structurally, SRA resembles a truncated VSG, lacking the characteristic 

surface loops of the N-terminal head domain [69]. Contrary to its evolutionary 

ancestors, SRA is not targeted to the plasma membrane but is exclusively located in 

the endosome [69]. Inhibition of cell lysis was initially attributed to binding of ApoL1 to 

SRA via a coiled ⍺-helix interaction, thought to preclude pore formation in the 

lysosome [54, 70]. Contrary to the previously proposed hydrophobic interaction, a 

structural study subsequently demonstrated that the interaction between the proteins 

is of electrostatic nature instead [69]. The discovery of hitherto unidentified protein 

contact sites indicated a more complex binding mechanism than previously 

anticipated, the molecular details of which remain to be elucidated [69].  
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I.3.1.2 Serum resistance of T. b. gambiense  

 

Resistance to TLF mediated lysis of T. b. gambiense is conferred by expression 

of the T. b. gambiense-specific glycoprotein (TgsGP) [71]. TgsGP, although unrelated 

to SRA, is also a modified VSG found in the endocytic compartments [71]. Binding of 

TgsGP to ApoL1 via a hydrophobic beta-sheet inhibits TLF toxicity and was proposed 

to induce stiffening of membranes upon interaction with lipids [71]. It has been 

postulated that additional factors such as elevated cathepsin activity, due to a 

decrease in endosomal pH, and activity reducing mutations in the TbHpHbR could 

facilitate T. b. gambiense resistance to lysis by NHS further [71]. 

 

I.3.2 Complement  

 

I.3.2.1 The complement system – an overview 

 

The complement system is part of the innate immune system and serves as the 

first line of defence against invading pathogens in the human bloodstream [72]. It 

comprises a series of proteolytic events, resulting in multi-component enzyme 

complexes called convertases. The complement system can be divided into three 

‘early’ pathways, the classical (CP), lectin (LP) and alternative pathway (AP), which all 

converge in the ‘late’ or terminal pathway (TP) (Figure 4) [72]. 

The classical pathway is initiated by binding of complement component C1, either to 

the pathogen surface directly or to surfaces opsonised by immunoglobulin (Ig) G or 

IgM [72, 73]. C1 is composed of a single molecule of serum protein C1q and two 

molecules each of C1r and C1s [73]. Binding of C1q to a pathogen surface or an 

antibody-antigen complex leads to proteolytic activation of C1s, generating an active 

serine protease [72, 73]. Activated C1s subsequently cleaves complement component 

C4 to C4b, thereby revealing an active thioester which allows covalent attachment to 

the pathogen surface [73]. Immobilised C4b then binds complement C2, rendering it 

susceptible to cleavage by C1s into C2a, an active serine protease in itself [73]. The 

complex of membrane bound C4b and activated C2a forms the C3 convertase of the 

classical (and lectin) pathway, C4bC2a (Figure 4) [72]. Although the lectin pathway, 

also referred to as the mannan-binding lectin (MBL) pathway, leads to the formation 
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of a C3 convertase identical to the classical pathway convertase, it is initiated by the 

binding of MBL to mannose-containing carbohydrates on pathogens [73]. Analogous 

to the C1 complex, MBL is associated with two proteases highly homologous to C1r 

and C1s, the mannan-binding lectin serin protease (MASP) 1 and MASP-2 [73]. 

Following the binding of MBL to the pathogen surface, the MASPs are activated to 

cleave C4 and C2, producing the same C3 convertase as formed in the classical 

pathway (Figure 4) [73].   

The active C3 convertase C4bC2a proceeds to cleave its substrate, native 

complement factor C3, to C3b, the central hub and main effector of the complement 

system [74]. Cleavage of C3 to C3b exposes a reactive thioester, facilitating covalent 

attachment of C3b to the pathogen surface in a similar fashion to C4b [73]. The C3a 

fragment, proteolytically liberated during the activation of C3b, is a potent mediator of 

inflammation [75]. The newly generated C3b molecules can then associate with 

C4bC2a, creating the C5 convertase of the CP/LP, C4bC2aC3b (Figure 4) [73]. 

Cleavage of its substrate complement component C5 to C5b marks the beginning of 

the terminal pathway and the point of convergence of CP, LP and AP [72].  

Unlike the CP and LP, the alternative pathway is initiated in absence of pathogen 

binding in a process termed ‘tickover’ [76, 77]. C3, at approximately 1.2 mg/mL the 

most abundant of the serum proteins [78], can undergo spontaneous hydrolysis to 

C3(H2O), inducing a conformational change believed to closely resemble the structural 

changes caused by proteolytic activation to C3b [79]. Binding of C3(H2O) by Factor B 

(fB) induces a conformational change in the latter, enabling proteolytic activation by 

the serine protease Factor D (fD) [72, 73]. The cleavage product of fB, an active serine 

protease denominated Bb, binds to C3(H2O), forming the so-called fluid phase C3 

convertase, C3(H2O)Bb (Figure 4) [73]. Function and substrate of C3(H2O)Bb are 

identical to the CP/LP C3 convertase, converting large amounts of C3 to C3b. While 

most of the activated C3b will be hydrolysed and thus rendered inactive, a fraction will 

covalently attach to nearby cell surfaces of both, foreign and host cells (Figure 4) [72]. 

To prevent progression of the complement cascade and subsequent lysis of host cells, 

humans possess a range of soluble and cell-surface associated regulators of the 

complement. The membrane bound decay-accelerating factor (DAF) competitively 

inhibits fB binding to C3b and can also displace Bb from previously activated 

convertases [73]. The soluble plasma protein Factor H (fH) fulfils a regulatory role 

identical to DAF [73, 80]. Additionally, fH serves as a cofactor to the plasma protease 
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Factor I (fI) which prevents convertase formation by cleavage of membrane bound 

C3b to inactive iC3b [73, 81]. Factor H has a high affinity for sialic acid, thereby 

preferentially binding to and inhibiting convertase formation on vertebrate cells [73]. 

Other fI cofactors include the complement receptor 1, CD46 and the C4b-binding 

protein cells [73]. In absence of these negative regulators, C3(H2O)Bb generated C3b 

will covalently attach to pathogen surfaces, where in a manner identical to fluid phase 

convertase formation, binding of fB will result in formation of the active AP C3 

convertase, C3bBb (Figure 4) cells [73]. In some cases, covalent attachment of C3b 

to pathogen surfaces can be facilitated further by the soluble plasma protein properdin, 

also referred to as Factor P (fP), the only positive regulator of the complement 

(Figure 4) [82]. Properdin can act as an initiator, recruiting C3b to the cell surface, or 

exert a stabilising function on the AP C3 convertase, increasing the convertase half-life 

by 5 to 10-fold [83]. 

The activation of the complement system is greatly amplified through the AP, 

regardless of which pathway was initiated originally [73]. Both CP/LP and AP C3 

convertases generate novel C3b, which, in turn, forms more AP C3 convertases. 

Newly generated C3b also binds to either of the two C3 convertases, thereby forming 

the C5 convertases C4bC2aC3b and C3bBbC3b, respectively. C5 convertases cleave 

C5 to C5b, exposing a binding site for complement C6. The liberated C5a fragment, 

like C3a, functions as an inflammatory regulator [75]. This step marks the beginning 

of the terminal pathway (Figure 4) [73]. C5bC6 reversibly binds to the pathogen 

surface, providing the base for the formation of the membrane attack complex (MAC). 

Association of C7 to the complex induces a conformational change, exposing a 

hydrophobic domain of C7 which then inserts into the pathogen’s lipid bilayer [73]. C8 

is recruited and inserted into the membrane in a similar fashion. Lastly, C8 induces 

polymerisation and membrane insertion of 10 to 16 copies of C9, completing formation 

of the MAC (also known as terminal pathway complete complex (TPCC)) [73]. The 

complex forms a large pore, up to 100 Å in diameter, thereby disrupting cellular 

homeostasis, ultimately resulting in cell lysis and death [84].  

 
 



Chapter 1. Introduction 
 

 

 

16 

 
 

Figure 4 – Schematic overview of the three complement pathways and their components. 

The LP and CP are initiated by recognition of specific pathogen surface antigens, subsequently resulting in 

proteolytic cleavage of C2 and C4, which form the CP/LP C3 convertase, C4bC2a. In addition to serving as an 

amplification loop of the CP/LP, the AP can be initiated by spontaneous hydrolysis (‘tickover’) of C3, resulting in 

formation of the fluid-phase C3 convertase. Analogously to CP/LP C3 convertase formation, covalent attachment 

of C3b to the pathogen surface forms the basis of the AP C3 convertase (C3bBb). Although structurally distinct, all 

C3 convertases cleave C3 to C3b, which in turn can bind to the convertases, forming the C5 convertases 

C4bC2aC3b and C3bBbC3b, respectively. Properdin may stabilise the AP C3 and C5 convertases. C5 cleavage 

by the C5 convertases initiates the terminal pathway, leading to sequential binding of C6, C7, C8 and poly-C9, 

triggering insertion into the pathogen membrane where it forms a lytic pore called the membrane attack complex.  

MBL Mannose-binding lectin, MASP MBL-associated serine protease, fB factor B, Ba factor B fragment a, Bb factor 

B fragment b, fD factor D, fP factor P (Properdin), TPCC terminal pathway complete complex, MAC membrane 

attack complex. This figure was reprinted from [85] with permission from the authors.   

 

I.3.2.2 T. brucei evasion of complement mediated lysis 

 

As blood-dwelling parasites, trypanosomes had to evolve a mechanism to 

either avoid activation of the complement system or prevent subsequent lysis.  

In 1983, A. Ferrante and A. C. Allison demonstrated that T. congolense TC35U, a 

strain devoid of the protein surface coat characteristic for BSF trypanosomes 

(see I.3.3), specifically activates the AP and triggers complement mediated cell lysis 

in presence of normal human serum [86]. Trypanolytic activity of the serum could not 
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be observed for the T. congolense parent strain which possesses a fully developed 

surface coat [86]. Similarly, T. b. brucei BSF parasites were protected from 

complement mediated lysis whereas procyclic trypanosomes were lysed as a result of 

AP activation [86]. These findings initially suggested that presence of the protective 

VSG coat limits serum accessibility to activators of the complement system on the 

parasites surface. By demonstrating deposition of complement component C3 on the 

surface of T. b. gambiense via radioimmunoassays in human serum with selectively 

inhibited complement pathways, Devine et al. confirmed specific activation of the AP 

[87]. This finding was further corroborated by the absence of any detectable IgG on 

the parasites surface, indicating that the CP is not initiated [87]. While the authors 

were able to detect factor B on the cell surface, they could not detect the presence of 

complement component C5 [87]. In synthesis, these findings indicated that rather than 

preventing the activation of the complement system altogether, the AP is indeed 

activated but does not progress beyond the formation of the AP C3 convertase [87]. 

Although this pointed to a dedicated mechanism of complement inactivation on the 

surface of trypanosomes, no receptor or molecular mechanism was identified at the 

time. Almost 40 years later, ISG65 was simultaneously identified as the trypanosome 

surface receptor for human complement C3 in T. brucei by multiple, independent 

research groups (see 4.2) [85, 88].    

 

I.3.3 Variant surface glycoproteins 

 

After transmission from the insect vector to the mammalian host and 

differentiation into the slender BSF forms, T. brucei spp. start to express a dense 

surface protein coat comprised of 5 to 10 million copies (~10% of the cell’s total 

protein) of variant surface glycoproteins (VSGs), covering the entire cell surface [89]. 

The VSG coat plays a pivotal role in the immune evasion of the parasite by (i) creating 

a physical barrier against complement mediated attacks [86], (ii) mediating rapid 

antibody clearance from the parasite surface via VSG recycling [90], (iii) providing an 

immunomodulatory decoy on the surface [91] or when shed [48] and (iv) constituting 

a mechanism for escaping the host’s primary humoral response, ensuring long-term 

survival [92]. When metacyclic trypanosomes are first transmitted during the 

bloodmeal of the insect vector, they are promptly faced with the full pressure of the 
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hosts immune system. To ensure their initial survival, the cells possess a surface 

protein coat comprised of metacyclic VSGs (mVSG) [91]. Although structurally highly 

similar to the mature BSF VSGs, the number of mVSG encoding genes is severely 

limited [91]. To avoid elimination as the surface recognition by the host improves, the 

parasite needs to prevent exhaustion of this repertoire. Differentiation into the long 

slender BSF stage provides access to the much wider range of bloodstream form 

VSGs [91]. 

Most VSGs are homodimeric and contain three functional units: the signal peptide for 

cell surface targeting (cleaved off after translocation), a large N-terminal domain (NTD) 

and a smaller C-terminal domain (CTD) [93]. The mature VSGs are approximately 100 

to 120 kDa in size with a membrane distal NTD spanning 300-400 residues and the 

CTD, connected to the NTD via an unstructured linker region, spanning 80 to 120 

amino acids [93]. Each VSG protomer is attached to the cell surface via a 

glycosylphosphatidylinositol (GPI) anchor in the CTD [93]. The NTD is based on an 

approximately 100 Å long, three-helix bundle scaffold, oriented perpendicular to the 

parasite membrane, with globular top and bottom lobes at opposite ends of the coiled-

coil [93]. The CTD is comprised of either one or two small structured regions with a 

compact fold, featuring two short ⍺-helices, a short anti-parallel β-sheet, and an 

optional C-terminal ⍺-helix (Figure 5) [93].  
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Figure 5 – AlphaFold2 models of type A T. b. brucei VSGs. 

AlphaFold2 models of the mature homodimers of T. brucei brucei VSGs LiTat1.5 (left) and AnTat1.1 (right).  

The N-terminal domains of individual protomers are coloured in light blue and yellow, the C-terminal domains of 

both protomers are coloured in red. The position of the N- and C-termini of the same protomer have been marked.  

This representation was adapted from [94]. 

 

Historically, NTDs of VSGs have been categorised into two classes (type A and B) 

based on the number and position of conserved cysteine residues [93]. However, with 

an increase in experimental models and recent advances in protein structure 

prediction, a novel, structure-based classification [93] has been suggested instead: 

Two structural ‘superfamilies’ of VSGs are distinguished by the configuration of the 

NTD bottom lobe, class A and class B. Class A VSGs form homodimers while class B 

can transition from monomeric to trimeric arrangements in a concentration dependent 

manner, in vitro [95]. Based on the assumed arrangement of VSGs on the parasites 

surface, it has been postulated that the trimeric arrangement is also found in vivo [93], 

however, this has yet to be confirmed experimentally. Additionally, the top lobe of class 

B NTDs is subject to O-linked glycosylation, a post-translational modification 

associated with an increase in pathogenicity of the parasite [96]. The class A 

superfamily may be divided further into subclasses A1 and A2 based on the 
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distribution of disulphide bridges, a large, prominent β-sheet in the top lobe of the 

longer class A1 VSGs, the relative positions of the N-termini and localisation of N-

linked glycans (Figure 5) [93]. Subclass A1 can be further subdivided into three 

additional groups based on size, conformation and twist of the top-lobe β-sheet and 

the gap size between the three-helix bundles in the dimer [93]. Although no major 

structural differences occur between the class B NTDs, minor differences allow further 

categorisation into two subgroups [93].  

During early stages of infection, when specific antibody concentrations are low to 

moderate, VSG endocytosis and recycling is an effective way to remove surface bound 

antibodies. Studies have shown that T. brucei can endocytose and recycle the entire 

plasma membrane within approximately 12 minutes [97]. Even though this rapid 

endocytic turnover is highly efficient, it was demonstrated that trypanosomes can 

remove a complete layer of surface-bound IgG within 120s, greatly exceeding the 

reported endocytosis rates [98]. This phenomenon has been attributed to 

hydrodynamic forces created by the cell’s motility. Bound immunoglobulins act as 

‘molecular sails’, inducing drag when the parasites are in motion [98]. The VSG-

antibody complexes are therefore preferentially pulled towards the posteriorly located 

flagellar pocket, where they are rapidly endocytosed [98].  

The VSG coat is highly immunogenic, inducing a robust, VSG-specific antibody 

response by the mammalian host, resulting in efficient opsonisation of the parasite cell  

[92]. With increasing parasitaemia and antibody titres, rapid endocytosis and recycling 

of Ig-bound VSGs becomes insufficient to remove the opsonising immunoglobulins 

[98]. Subsequently, trypanosomes are recognised and killed by the primary humoral 

response. In an effort to evade these antibodies, trypanosomes employ a mechanism 

called antigenic variation [99]. By continuously switching expression between different 

VSGs from a repertoire of over 2000 genes, including pseudo- and mosaic genes 

formed by gene conversion, antibodies recognising a previous variant are rendered 

obsolete [99]. This dynamic leads to characteristic waves of parasitaemia in the hosts 

bloodstream [100]. VSGs are transcribed from one of 15 to 20 specialised, 

subtelomeric bloodstream expression sites (ES) [65]. These sites exhibit a conserved 

structural pattern, encompassing an RNA polymerase I promoter [99], a series of 

expression site-associated genes (ESAG1-13) [101], and a solitary VSG gene situated 

near the telomeric repeats [99]. To ensure strictly monoallelic expression, only a single 

ES is active at any given time. Antigenic switching can occur via two distinct 
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mechanisms: transcriptional switching and homologous recombination [64]. In 

transcriptional switching, the expression of an active ES is turned off and a previously 

silenced ES is activated in situ. Homologous recombination, on the contrary, requires 

replacement of the active VSG gene within the same ES. This can occur either via 

gene conversion or reciprocal exchange. The timing of VSG expression during 

infection appears to depend on the location of VSG genes: While telomeric VSGs are 

more likely to be expressed early on, recombinant mosaic variants tend to appear in 

later stages of infection [102, 103].  

In addition to the parasite’s evasion of the primary humoral immune response of the 

mammalian host via antigenic switching, the immune response against T. brucei is 

further complicated by the parasites ability to induce a B-cell depletion pathology, 

characterised by rapid depletion of immature B-cells from the bone marrow, 

disappearance of transitional and IgM+ marginal zone (MZ) B-cells from the spleen 

and subsequent, gradual depletion of follicular B-cells (FoB) [49]. The loss of various 

B-cell populations consequently inhibits the hosts ability to mount a protective antibody 

response against newly arising VSG variants and disables the development of an 

effective B-cell memory against previously encountered serotypes [104]. The 

molecular mechanisms underlying this pathological B-cell depletion have been 

associated with VSG induced, non-specific, polyclonal B-cell activation leading to 

clonal exhaustion, IFN-𝛾-mediated inflammation, natural killer cell (NK) and direct cell-

cell contact-mediated B-cell death [2]. Previous studies with animal models showed 

that trypanosome infection even resulted in the loss of vaccine induced protective 

immunity to a number of non-trypanosome related pathogens [104].   

 

I.4 Invariant surface glycoproteins  

 

Although the vast majority of the BSF surface coat is dedicated to immune 

evasion via antigenic variation (see I.3.3), embedded in between the VSGs are the 

highly expressed, yet poorly understood, members of the protein superfamily of 

invariant surface glycoproteins (ISGs) [105]. ISGs are exclusively expressed by the 

BSF of African trypanosomes and constitute the second most abundant surface 

antigen [106]. They are transcribed from multi-gene arrays containing various closely 

related paralogues that are almost identical in sequence [107]. Despite some 
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architectural similarities shared with other characterised surface antigens, ISGs also 

exhibit a set of distinct features.  

In addition to evading detection by the hosts immune system, parasite growth and 

survival also depend on the uptake of a multitude of abundant host substrates such 

as glucose [108] or iron [109]. Invariant receptors mediating nutrient uptake, such as 

the TbHpHbR [59, 110] or transferrin receptor [109, 111], are confined to the flagellar 

pocket to minimize exposure to the host’s immune system [36]. On the contrary, ISGs 

are distributed across the whole cell surface [112]. Instead of being tethered to the 

plasma membrane via a GPI-anchor, ISGs are type-I transmembrane proteins with a 

large, extracellular N-terminal domain and a short, cytoplasmic C-terminus [112]. The 

C-terminus is subject to ubiquitylation and mediates rapid endocytosis, targeting the 

protein either for endosomal recycling back to the cell surface or lysosomal 

degradation [113-115]. Noticeably, ISG turnover is significantly faster than VSG 

recycling (40-fold difference), resulting in a considerable presence of ISGs in the 

endosomal system [116]. Collectively, these characteristics suggest a functional role 

in the immunobiology of BSFs, either as part of the immune defence or as nutrient 

receptors. 

The most abundant ISGs are ISG65 and ISG75 with 70.000 and 50.000 copies, 

respectively [112]. From the several multi-gene ISG families that have been identified, 

only these two have been extensively studied as their high abundance implies a 

functional significance. Their invariant nature and relatively high abundance across 

the cell surface have made ISG65 and ISG75 prime candidates for vaccination trials 

[33, 117]. They have been shown to be highly immunogenic and trigger a humoral 

immune response detectable by presence of antibodies in blood [118, 119]. However, 

subsequent studies demonstrated that while ISGs initially induce very high 

ISG-specific antibody titres, vaccinations fail to confer protection in memory-recall 

experiments [33]. Thirty years after its initial discovery in 1992, ISG65 has been 

identified as a complement receptor for human complement component C3b (see 4.2) 

[85, 88]. While a recent study has demonstrated that ISG75 binds and subsequently 

internalises the trypanocidal compound suramin, experimental evidence for its 

structure and exact biological function remains elusive [106].   
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Part II – Human adenovirus C5 

 

II.1 Introduction to Adenoviridae  

 

II.1.1 Human adenoviruses and their diseases 

 

The Adenoviridae family is comprised of 6 genera, totalling 87 distinguished 

species.  The genus of mammalian-infective mastadenoviruses include the seven 

human infective species termed A-G, which span over 110 different adenovirus (AdV) 

types [120, 121]. Conditions and the commonly associated causative human 

adenovirus (HAdV) species include, but are not limited to, meningoencephalitis 

(HAdV-A, -B, and -D), cystitis (HAdV-B), hepatitis (HAdV-C), pneumonia (HAdV-B,-C, 

and -E),  keratoconjunctivitis (HAdV-B and -D) and gastrointestinal infections 

(HAdV-A, -F, -G) [122]. HAdV infections are usually mild and self-limiting in 

immunocompetent individuals, however, immunocompromised patients often suffer 

from severe and recurrent pulmonary HAdV infections as well as disseminated 

adenoviral disease (DAD), which has been attributed with a high mortality rate [122]. 

The majority of primary HAdV infections are contracted at a young age, owing to the 

lack of a developed humoral immunity. The incubation period after transmission 

ranges from two days to two weeks, depending on virus type and mode of transmission 

[122]. Infections are commonly contracted through respiratory droplet transmission, 

direct conjunctival inoculation, or faecal-oral transmission.  

 

II.1.3 Structure of the human adenovirus capsid 

 

HAdVs are non-enveloped, pseudo T= 25 icosahedral viruses with a diameter 

of approximately 920Å (Figure 6) [123]. Proteins constituting the capsid are divided 

into three ‘major’ proteins: hexon, penton base and the penton base-associated fibre; 

as well as four ‘minor’ proteins (IIIa, VI, VIII and IX) [124]. The icosahedral shape 

results in 20 quasi-identical, triangular facets. Each facet’s surface is comprised of 20 

copies of the trimeric hexon capsomer and 3 penton capsomers, interlaced with 12 

copies of minor protein IX  (Figure 6) [125].  The remaining minor proteins IIIa, VI and 

VIII are located on the inner surface of the virus capsid. Their arrangement and 
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function are beyond the scope of this work and have been reviewed extensively 

elsewhere [125].  

 

 

 

Figure 6 – Structure and organisation of the adenovirus capsid. 

Single-particle cryo-electron microscopy (cryo-EM) reconstruction of a complete HAdV-C5 virus (EMD-7034) (left) 

showing prominent densities for major capsid proteins hexon (blue), penton base (green) and penton associated 

fibre (grey) as well as minor protein IX (magenta). One of the 20 facets of the icosahedral capsid is outlined in 

orange. A schematic diagram of the facet illustrates the proteins arrangement within (right). The individual 

components are not to scale. Hexons constituting the ‘group of nines’ are coloured in light blue. One example of 

each of the four types of hexon has been labelled based on its environment within the capsid. Arrangement of the 

minor proteins on the inside of the capsid is not shown. The schematic illustration of the facet was adapted from 

[125].  

 

II.1.3.1 Hexon 

 

With 720 monomers constituting 240 trimeric capsomers, hexon is the most 

prominent capsid protein. As a major structural component, both the interactions 

among individual hexons as well as the interactions between hexons and the 

associated minor capsid proteins are integral to capsid assembly and stability [124].  

Based on their environment within the capsid, four types of hexon, designated H1 to 

H4, are differentiated. At the capsid's 12 apices, a total of 60 H1 hexons, also referred 

to as peripentonal hexons, associate with the penton capsomer bases. The remaining 
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hexons form so-called ‘groups of nine’ (GONs), a structurally robust element on each 

facet of the icosahedron [126]. Hexons located on the two- and threefold symmetry 

axes are aptly termed H2 and H3, whereas the remaining hexons are designated as 

H4 (Figure 6) [126]. 

The assembled trimer forms a pseudo-hexagonal base, created by threefold repetition 

of two β-barrels at the base of the molecule, a characteristic topology of viral coat 

proteins termed ‘jelly roll’ [127, 128]. The capsid distal end of the molecule does not 

follow the pseudo-hexagonal structure but adapts a triangular shape instead, 

prominently defined by three protruding ‘turrets’. The barrel-shaped hexon capsomer 

is hollow, forming a large, central cavity (Figure 7). Directly underneath the turrets a 

so-called beta-constriction forms a ‘hydrophobic plug’, sealing off the cavity [129].   

 

 
 

Figure 7 – Structure of the HAdV-C5 hexon. 

Surface representation of the trimeric HAdV-C5 hexon capsomer. The three contributing protomers have been 

coloured in purple, blue and yellow, respectively. Bottom (from the capsid proximal end), side and top (from the 

capsid distal end) views of the protein are shown (left to right). In the side view, the surface of the yellow-coloured 

monomer is transparent, showing the underlying model in cartoon representation, prominently featuring the two 

jellyroll motifs that form the base of the hexon. The HVR-1 loop of the yellow protomer, constituting the turret on 

top of the hexon, has been outlined in red in the side view. The displayed full-length model is a computationally 

augmented model based on a HAdV-C5 hexon cryo-EM reconstruction (PDB: 8Q7C). Model and figure have been 

adapted from [130].  

 

The hexon turrets are created by extended loops intercalated between the β-sheet 

strands of the N-terminal jelly roll. These loops also house the hyper variable regions 

(HVRs) [129]. The HVRs vary in length and number between serotypes, HAdV-C5 

hexons contain 7 HVRs and feature an atypical abundance of acidic residues in HVR1 
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[131]. The hexon HVRs are a primary target of neutralising antibodies generated by 

the host [132]. While pre-existing HAdV-C5 immunity has been shown to decrease 

immunogenicity of HAdV-C5 based vaccine vectors  [133], exchange of the HVRs to 

those of other serotypes successfully restored immunogenicity [132].  HAdV-C5 HVRs 

have also been demonstrated to mediate the recruitment of systemic coagulation 

factor X, facilitating infection and controlling tissue tropism by targeting the virus to the 

liver [134, 135]. Similarly, it has been shown that species C HAdVs utilise human 

lactoferrin (hLF) and its antimicrobial cleavage product lactoferricin (Lfcin) for 

enhanced infection of epithelial cells (see II.2.1.3) [136, 137]. Structural insights into 

the interaction were obtained recently, demonstrating that hLF engages the HVR-1 via 

the N-terminal Lfcin (see 4.4) [130].  

 

II.1.3.2 Penton 

 

The penton capsomer protrudes from each of the 12 vertices of the icosahedron 

(Figure 6). It comprises a noncovalent complex of two major capsid proteins: the 

homopentameric penton base and the homotrimeric penton base-associated fibre 

(from here on also referred to only as ‘fibre’). The fibre binds the penton base with high 

affinity (KD = 200 nM for HAdV2) and forms a stable complex that is only disrupted by 

addition of chaotropic agents at elevated temperature [138]. The penton base 

monomer has an elongated shape, spanning approximately 100 Å across its longest 

axis. Each monomer is composed of two domains: a capsid proximal domain 

containing the jellyroll motif and the solvent facing insertion domain [139]. In the 

pentameric assembly, a ring of jellyroll domains creates a compact base while the 

insertion domains form a wide top lined with ⍺-helices, creating a complementary 

shape to the reverse geometry of the hexon (Figure 7, 8). The insertion domain 

consists of two long insertions intercalated between the jellyroll β-strands. The first 

insertion, spanning residues 129-436 (in HAdV-C2 and HAdV-C5) contains the glycine 

and alanine rich, hypervariable RGD loop (res. 301-374). This loop, named after its 

conserved arginine-glycine-aspartic acid tripeptide sequence motif, exhibits large 

variability in length and sequence amongst different AdV serotypes [139]. After initial 

host cell binding of the virion via the penton fibre, the highly conserved RGD motif of 
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the penton base binds to ⍺Vβ3 or ⍺Vβ5 integrins on the cell surface, promoting 

internalisation into clathrin-coated pits (see II.2.1.1) [139]. 

The penton base-associated fibre can be divided into three distinct regions: the tail, 

the shaft, and the head (or knob) (Figure 8). Upon assembly of the penton base, a 

predominantly hydrophobic pore, approximately 15-20Å in diameter, forms on the 

5-fold axis of the pentamer [139]. The resulting hydrophobic ring serves as the 

attachment point for the N-terminal tail of the trimeric fibre [140]. In addition to the 

hydrophobic interaction, the fibre is also anchored to the penton base via so called 

‘stay-cables’ [140]. The N-terminal tail of the fibre contains a FNPVYPY motif, a 

sequence highly conserved across adenovirus serotypes. This fibre peptide rests in a 

groove on the surface of the penton base, formed by two adjacent monomers 

(Figure 8) [139]. Due to the symmetry mismatch between the trimeric fibre and 

pentameric base, it has been postulated that the three fibre tails occupy two 

neighbouring sites and one separated by 144°, as this arrangement would be 

energetically favourable in comparison to occupation of three adjacent sites [139, 140]. 

The shaft of the fibre is composed of 15-residues pseudo-repeats, forming three 

intertwined strands that constitute a rigid and stable shaft (Figure 8). While HAdV-C2 

and HAdV-C5 both have 22 pseudo-repeats per strand, the length of the shaft varies 

amongst other serotypes [140].  

Lastly, another ~180 residues form the C-terminal, globular head domain [124]. Each 

protomer folds into an eight-stranded, anti-parallel β-sandwich. Upon trimerization of 

the fibre, the knob forms a three-bladed propeller motif (Figure 8) [141]. The head 

domain of the fibre is responsible for mediating the initial binding to host cell surface 

receptors, such as the coxsackie and adenovirus receptor (CAR) for serotype C 

HAdVs [142]. 
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Figure 8 – Illustrative representation of the HAdV penton capsomer. 

Due to the flexibility of the penton base-associated fibre, no experimental structure of the complete penton 

capsomer is available. The illustrative model depicted here has been constructed based on a crystal structure of 

the HAdV-C2 penton base (PDB 1X9T) (~99% identity to the HAdV-C5 penton base) and a single-particle cryo-EM 

reconstruction of the HAdV-C5 virus (EMD-7034). Four of five protomers of the penton base are depicted in green 

surface representation, one protomer is shown in cartoon representation with a semi-transparent surface (light 

purple). For the penton base-associated fibre, the cryo-EM density is shown (grey). The semi-transparent blobs 

above the penton base indicate the position of the hypervariable RGD loop. Due to its flexible nature, the precise 

location of the loop is not resolved in the symmetry averaged cryo-EM reconstruction. Notably, only the first 8 

N-terminal pseudo-repeats of the fibre are visible in the cryo-EM reconstruction due to flexibility and masking during 

data processing. In absence of density for the head domain, the globular density caused by flexibility in the kink of 

the shaft beyond the visible repeats has been used as an illustrative placeholder (of similar size) for the knob here. 

The 16 remaining pseudo-repeats missing in the EM reconstruction are representatively illustrated as an 8-fold 

repetition of a 2-fold pseudo-repeat motif. The individual pseudo-repeats are spaced 13Å apart. In the top view of 

the penton base (right), the fibre density has been omitted. The hydrophobic ring which serves as the attachment 

point for the N-terminal tail of the fibre is coloured yellow. The conserved FNPVYPY peptide of the fibres ‘stay-cable’ 

(or ‘tail’) are shown as red volumes in the grooves created by adjacent monomers. Due to the trimeric nature of the 

fibre, only three of these five illustrated sites are occupied in the assembled capsomer. The inset shows the crystal 

structure of the HAdV-C2 head with part of the fibre shaft (PDB: 1QIU). The three chains constituting the trimeric 
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assembly are individually coloured. The 13Å spacing of the pseudo-repeats is shown. The rotated view from the 

top of the fibre shows the three-bladed propeller motif formed by the fibre knob.               

 

II.1.3.3 Protein IX 

 

With only 14.3 kDa in size, protein IX (pIX) is the smallest of the minor capsid proteins. 

While strongly conserved amongst the primate mastadenoviruses, it is absent in the 

other adenovirus genera [125, 143]. On each facet of the icosahedral capsid, twelve 

copies of protein IX bind nine hexon capsomeres to form the stable GON assemblies 

(Figure 6) [125]. About halfway down the length of the hexon, protein IX is inlaid into 

the capsid surface (Figure 6, Figure 9) where it forms a network that lines the hexon 

boundaries and firmly binds them together [123].  

While pIX is not paramount for viral replication, it fundamentally increases thermostability 

of the virus [143], lending it the commonly used description as a ‘cement’ protein. Protein 

IX can be divided into three domains: an N-terminal domain (~50 Å long), a C-terminal 

helix-bundle domain with a single 12-turn long ⍺-helix (~65 Å) and a rope domain 

(~70 Å) in between (Figure 9) [123]. The N-terminal domain contains a pair of 

hydrophobic residues, Y14 and L15, which constitute the so-called ‘N-joint’ region. The 

N-termini of three pIX monomers form a hydrophobic core, creating a central trimeric 

joint (Figure 9). The three contributing protomers radiate from this joint (Figure 6) [123]. 

The C-termini of pIX form three, ~65 Å long and unusual four helix-bundles per facet 

[123]. For each bundle, the rope domains of three copies of pIX from within the same 

facet traverse the length of two hexon edges before merging into the base of the 

assembled bundle in parallel. The fourth helix however originates from a pIX copy 

situated in a neighbouring facet. The rope domain traverses the same distance along 

the hexons, but the helix joins the tip of the bundle and continues to the base in an 

antiparallel orientation (Figure 9) [123].  While the C-terminal four helix-bundle is 

essential for the self-association of protein IX, only the N-terminal domain is necessary 

to increase the thermal stability of the virus [143, 144]. It has been postulated 

previously that the C-terminal domain may serve as a transcriptional activator of 

several TATA-containing promoters [144], but the relevance of these findings has 

been contested [145]. 
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Figure 9 – Structure of HAdV minor capsid protein IX. 

The inset depicts a slice through the cryo-EM reconstruction of an HAdV-C5 virion (EMD-24881), showing that pIX, 

illustrated as magenta spheres, is located on the outside of the viral capsid, buried half-way down the surrounding 

hexons. The protein IX monomer (PDB: 7S78), shown as magenta coloured cartoon (right), can be divided into 

three domains: the N-terminal domain forming a trimeric joint (orange) with the N-terminal domains of two additional 

pIX monomers (grey), the C-terminal four helix-bundle and the connecting ‘rope’ domain. Residues missing from 

the atomic model (res. 58-66) are depicted as a dashed line. The three helices of the four helix-bundle provided by 

other pIX monomers, which are not illustrated here, are coloured using a grayscale ranging from the N- (white) to 

the C-terminus (dark grey), highlighting the antiparallel orientation of one of the helices. For orientation purposes, 

the hexon alongside which the pIX monomer is travelling, is shown in a transparent, blue surface representation.    
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II.2 Life cycle of the human adenovirus C5  

 

Viruses are commonly referred to as intracellular, obligate parasites [146]. As 

such, completion of their replication cycle, often generalised to ‘life cycle’  [147], 

necessitates the entry of host cells where they hijack the replication machinery, 

propagate, and subsequently exit the cell [148]. Entry of the host cell requires 

attachment, endocytosis, uncoating and intracellular trafficking to the nucleus. After 

gene expression and replication of the viral genome, new virions are assembled and 

released from the host cell [147].    

 

II.2.1 Cell entry 

Infection of the host cell starts with binding of the virus to the primary cell 

surface receptor. While a wide range of molecules has been shown to enable or 

facilitate HAdV binding, the primary receptor usage varies between different 

serotypes. The coxsackievirus and adenovirus receptor (CAR) was identified as a 

HAdV-C5 primary receptor first [149, 150].    

II.2.1.1 CAR mediated cell entry 

 

The human coxsackievirus and adenovirus receptor is a 365 amino acid long, 

glycosylated transmembrane protein and member of the junctional adhesion molecule 

(JAM) family [142]. The CAR is comprises an intracellular C-terminal domain, a 

transmembrane helix and two globular, extracellular Ig domains [149]. The N-terminal 

Ig domain, termed CAR-D1, binds to one of the protomers forming the three-bladed 

propeller motif in the adenovirus penton base-associated fibre knob [151].   

After initial adsorption of the virion to the cell via CAR, secondary interactions with 

integrins trigger cell entry. Integrins are heterodimeric, single-transmembrane proteins 

associated with cell signalling [142]. In vertebrates, various combinations of the two 

extracellular domains, termed ⍺- and β-chains, can produce 24 integrins (from 18 

different ⍺- and eight different β-chains) [142]. HAdV binding of ⍺Vβ3 and ⍺Vβ5 integrins 

via the RGD motif of the penton base protein triggers integrin clustering, signalling for 

endocytosis of the virion [142, 152]. While this model of the HAdV cell entry pathway 

has been well established in immortalised cell lines, both CAR and integrins are 
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predominantly buried deep within the tight junctions on the basolateral side of the 

polarised epithelium, inaccessible to virus particles on the apical side [121, 153].  This 

apparent contradiction has been partially alleviated by findings demonstrating that 

invading HAdV-C5 is taken up by resident airway macrophages, triggering a 

pro-inflammatory response and causing the secretion of interleukin-8 (IL-8) [153]. IL-8 

secretion results in increased expression of the apical CAREx8 isoform as well as apical 

migration of basolateral ⍺Vβ3 integrin, providing an entry for HAdV-C5 into the 

polarized epithelium [153, 154]. In addition, a range of CAR independent cell entry 

pathways of HAdV-C5 have been identified [155, 156].  

 

II.2.1.2 Other cell surface receptors 

 

Human melanoma and breast cancer cells, which express little to no CAR, can 

be efficiently infected with HAdV-C5 independently of the penton fibre, challenging the 

idea that HAdV-C5 transduction necessitates binding to a primary receptor before 

triggering endocytosis via secondary receptors. Very high affinity binding to ⍺Vβ5 

integrin is mediated exclusively by the penton base RGD motif instead [157]. 

Furthermore, HAdV-C5 has been shown to utilise two class A scavenger receptors 

(SR) on macrophages as an alternative cell entry pathway [158, 159]. Scavenger 

receptors constitute a large family of structurally and biologically diverse pattern 

recognition receptors (PRRs), divided into 12 classes [160]. Although well established 

as key players in innate immunity for their role in mediating phagocytosis of bacterial 

pathogens, little is known about their involvement in viral pathogenesis [161]. Targeted 

PEGylation and hepatocyte transduction experiments suggested that HAdV-C5 binds 

to SR-A1.1 (previously known as SR-AII [160]) via the hexon capsomer HVRs 1, 2, 5 

and 7 [162]. Similarly, SR-A1.1 related scavenger receptor MARCO (macrophage 

receptor with collagenous structure) has been demonstrated to facilitate HAdV-C5 

transduction in  alveolar macrophages (AM) and  AM-like macrophages (designated 

Max Planck Institute [MPI] cells [163]) [159]. A later study proposed that HAdV-C5 

binding to MARCO on murine MPI-2 cells is mediated by the hexon’s HVR-1, although 

a likely interaction with additional hexon regions or other capsid-associated proteins 

was acknowledged by the authors [164].   
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Vascular cell adhesion molecule-1 (VCAM-1), an adhesion receptor for leukocytes 

expressed on the endothelium of atherosclerotic vessels, has been shown to facilitate 

HAdV-C5 binding and infection in vitro [165]. Atherosclerosis is a multifactorial, chronic 

inflammatory vascular disease of the artery wall for which sustained treatment with 

current remedies is associated with liver injury and high risk for bleeding [166]. Since 

VCAM-1 is not expressed on normal, healthy endothelium, atherosclerosis presents a 

prime candidate for the application of adenoviral gene therapy [166]. Like CAR, the 

primary cell surface receptor for species C adenoviruses, VCAM-1 is a member of the 

immunoglobulin gene superfamily [151, 165], characterised by the presence of a 

variable number of Ig-like domains [167]. While the homology between the receptors 

would suggest a role for the penton base-associated fibre in HAdV-C5 binding to 

VCAM-1, the adenoviral protein mediating the interaction is yet to be identified [165]. 

In addition to the CAR, the ⍺2 domain of the major histocompatibility complex-1 

(MHC-1) also has been demonstrated to bind the HAdV-C5 fibre [168]. The relevance 

of this interaction for viral infection in vivo, however, remains to be elucidated [156].  

In addition to binding of a wide variety of cell-surface receptors other than CAR, HAdVs 

have also been shown to recruit several ‘adaptor molecules’ [156]. Human lactoferrin, 

for example, a host defence protein (HDP) of the innate immune system (see II.2.1.3), 

can facilitate HAdV-C5 (as well as -B35 and -D26) uptake in human dendritic cells by 

inducing a Toll-like receptor 4 (TLR-4) mediated internalisation in the absence of CAR 

[169]. When intravascularly administrating HAdV-C5 for clinical applications (see II.3), 

it is predominantly sequestered by hepatocytes in a CAR independent manner [135]. 

Instead, transduction is facilitated through a heparin-binding site on soluble 

coagulation factor X (FX) [135].  

 

II.2.1.3 Soluble components for enhanced infection  

 

Coagulation factor X is the zymogen of ‘activated coagulation factor X’, also 

commonly referred to as Factor Xa, a vitamin K-dependent serine protease. The 

soluble 55 kDa protein circulates in human plasma at concentrations of 8-10 µg/mL 

[135]. Structurally, it can be divided into four distinct domains: the N-terminal, vitamin 

K-dependent γ-carboxyglutamic acid-rich (Gla) domain, the epidermal growth factor 

(EGF)-like domain 1, EGF-like domain 2 and the C-terminal serine protease [135]. The 
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factor X Gla-EGF-like 1 domains bind to the HAdV-C5 hexon with picomolar affinity in 

a calcium-dependent manner [134, 135]. Despite their trimeric arrangement, each 

hexon capsomer binds only one FX molecule [134, 135]. Cryo-electron microscopy 

(cryo-EM) analysis revealed that the N-terminal Gla domain occupies the central 

depression in between the turrets of the hexon, binding to one of three potential 

binding sites and thereby obstructing the other two [134, 135]. Replacement of 

HAdV-C5 HVRs with those from HAdV-D48 resulted in a loss of FX-mediated 

hepatocyte transduction, confirming the HVRs as the FX binding site on the hexon 

[135]. The C-terminal serine protease domain of FX contains a heparin-binding site, 

mediating cell surface binding via heparan sulphate proteoglycans (HSPGs). Binding 

of FX to the HAdV-C5 hexon and its putative cell surface receptor bridges the 

interaction between virus and the cellular receptor [135].   

In addition to coagulation factor X, human lactoferrin and its proteolytic cleavage 

product Lfcin have been shown to enhance HAdV-C5 infection of epithelial cells 

[136, 137]. Lactoferrin, a member of the transferrin gene family, is a glycosylated 

80 kDa protein comprising two globular domains, each harbouring a nearly identical 

metal binding site, primarily coordinating Fe2+ and Fe3+ (Figure 10) [170, 171]. The 

protein is secreted by epithelial cells of the mucosa and is found in high concentrations 

in biological fluids like breast milk, saliva, and tear fluid where it exerts its function as 

component of the innate immune system [171, 172]. Both full-length hLF and the highly 

charged, 49-residue long lactoferricin peptide at the N-terminus (Figure 10) exhibit 

broad antimicrobial activity [173, 174]. In addition to antibacterial and antifungal 

properties, lactoferrin has been shown to possess antiviral activity against a wide 

range of both RNA- and DNA viruses, including hepatitis C virus, Rotavirus, Poliovirus, 

human immunodeficiency virus, cytomegalovirus and herpes simplex virus 1 and 2. 

Instead of inhibiting viral replication, lactoferrin prevents infection of the host cell either 

by binding to the virus directly or by binding to viral cell surface receptors, thereby 

obstructing cell surface attachment [171]. Surprisingly, lactoferrin exerts the adverse 

effect on species C adenoviruses, promoting their binding and infection of epithelial 

cells independently of CAR [136, 137]. The biggest improvement of infection efficiency 

was observed in viral transduction assays when hLF was added to concentrations 

ranging between 0.1 and 1 mg/mL. A concentration of 10 mg/mL diminished the effect 

and even reduced binding to a level below that in absence of hLF [136].  
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Based on the finding that only free but not cell-associated hLF promotes binding, it 

was proposed that species C adenoviruses ‘hijack’ lactoferrin to bridge the gap 

between virus and cell surface receptor [136], as observed for coagulation factor X on 

hepatocytes [135]. A subsequent study revealed that HAdV-C5 binding and 

transduction can be promoted by the N-terminal lactoferricin alone. The highly 

positively charged peptide binds to the hexon capsomer via the predominantly acidic 

HVR-1 loop, a feature unique to serotype C adenoviruses [137]. In a recent study, 

detailed structural insights into this interaction were elucidated (see 4.4) [130]. 

 

 
 

Figure 10 – Structure of human lactoferrin. 

The N-terminal lactoferricin peptide of diferric human lactoferrin (grey) (PDB: 1LFG) is coloured in teal (left). The 

coordinated Fe3+ ions are depicted as red spheres. The surface representation of hLF (right) coloured by the 

electrostatic potential (APBS plugin, PyMol 2.5.4, Schrödinger) reveals the highly positively charged nature of 

lactoferricin (highlighted with a white outline).  

 

II.2.1.4 Endocytosis and intracellular trafficking  

 

After attachment to the host cell surface, the virion-receptor complexes are 

internalised via clathrin-mediated endocytosis [175]. Internalisation of species C 

Adenoviruses requires dynamin, a GTPase enabling the constriction and budding off 

of clathrin-coated pits into coated vesicles [176], and phosphatidylinositol-3-OH kinase 

(PI3K), which induces reorganisation of actin filaments [175]. Binding of the HAdV 

penton base to ⍺Vβ3 and ⍺Vβ5 integrins triggers integrin clustering, signalling for local 

formation of clathrin-coated pits and endocytosis of the virion [142, 152]. 

Micropinocytosis, while not essential for viral uptake into epithelial cells, has been 

proposed as an additional internalisation pathway [177]. 
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Upon cell surface attachment, sequential disassembly and proteolysis of the virion 

constituents is initiated to facilitate viral DNA delivery to the nucleus. The first protein 

to dissociate is the penton base-associated fibre, followed by the release of the penton 

base protein [175]. Due to their close association with the penton capsomer, the 

peripentonal hexons and inner capsid proteins IIIa and VI are released simultaneously 

[178]. Cement protein IX and protein VIII partially dissociate from the capsid as well 

[179]. As endocytic vesicles bud from the membrane, the vacuolar H+-ATPase 

acidifies the endosomal lumen. As the virus-containing endosome matures to early 

(sorting) endosomes and the pH decreases to 6, endosomal escape of species C 

adenoviruses is initiated [176]. The pH optimum for viral escape from the endosomal 

compartment differs amongst the different HAdV species; serotype B HAdV-7 for 

example localises in the significantly more acidic late endosome [180]. While the 

disassembly of the capsomeres on the vertices of the icosahedral capsid can occur in 

the absence of acidification, uncoating is facilitated by a decrease in endosomal pH 

[175, 181]. Although the precise mechanism of the endosomal escape by HAdVs is 

still poorly understood, protein VI has been recognised as the lytic component 

[179, 182]. In addition to the release of protein VI, endosomal escape requires activity 

of the adenovirus L3 protease and close association of the penton base protein with 

the endosomal membrane [183]. In spite of being the first capsid component to 

dissociate, the penton base-associated fibre has been shown to significantly influence 

the timing of the endosomal escape [176].    

After entering the cytosol, the virus particles are rapidly transported towards the 

nucleus by dynein, a molecular motor which translocates unidirectionally alongside 

microtubules towards the microtubule organising centre [183, 184]. Upon reaching the 

perinuclear envelope, the remaining capsid binds to the nuclear pore complex, 

initiating proteolytic degradation of proteins VI and VIII and thereby detaching the viral 

DNA core from the capsid. Lastly, dissociation of cement protein IX destabilises the 

hexon facets, fully disintegrating the remaining capsid and thus liberating the DNA 

[175, 176]. Translocation of the viral genome into the nucleus is mediated by 

interaction of the HAdV protein VII with multiple nuclear import receptors [185].    
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II.2.2 Late gene expression, viral assembly, and release 

 

Adenoviral transcription is divided into two stages: early- and late-stage 

transcription. The details of early-stage gene expression are well beyond the scope of 

this work and have been reviewed extensively in literature. Briefly summarised, early 

AdV gene expression has three fundamental goals [175]. Firstly, early translation 

products stimulate host cell entry into the S phase of the cell cycle, optimising the 

cellular environment for viral replication [186]. Secondly, HAdVs need to establish 

systems for suppression of the host’s antiviral immune responses to avoid elimination 

of infected cells [187]. Lastly, the transcriptional machinery for viral DNA replication 

has to be synthesised [188]. The transcriptional activators to achieve these initial goals 

are encoded by the E1A gene [175].  

Late-stage expression of viral genes begins simultaneously with viral DNA replication. 

A complex of the viral proteins E1B-55k and E4orf6 facilitates the translocation and 

cytoplasmic accumulation of viral mRNAs while simultaneously inhibiting the 

accumulation of host mRNAs in the cytoplasm [175]. Association of mRNA to the 

protein complex is mediated by intrinsic RNA binding activity of the E1B-55k 

component whereas the nuclear export is facilitated by a nuclear export sequence in 

the E4orf6 protein [175]. It remains unclear what governs the selective export of viral 

mRNA. Discrimination from host cell mRNA is thought to be caused simply by the 

cellular localisation of the E1B-55k/E4orf6 complex rather than differences in the 

nature of the mRNA [189]. Relocating the nuclear export factor to viral transcription 

centres facilitates viral mRNA transport while simultaneously inhibiting host cell mRNA 

transport [175]. In addition to restricted host cell mRNA export from the nucleus, 

translation of cellular mRNAs is also inhibited in infected cells. As a result of viral 

replication, double-stranded RNA accumulates in the cell, activating the cellular 

protein kinase R (PKR) which in turn phosphorylates and thereby deactivates the 

eukaryotic initiation factor 2⍺ (eIF-2⍺), effectively blocking translation of host cell 

mRNA [175]. 

Replication of viral DNA and production of capsid proteins form the base for assembly 

of progeny virions. Following HAdV hexon protomer synthesis, late viral protein 

L4-100k, a protein also involved in stimulation of viral translation, nucleates rapid 

trimerisation. Penton bases and fibres oligomerise independently before merging into 

the fully assembled capsomer [175]. After their assembly in the cytosol, the capsomers 
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are translocated into the nucleus to construct the virion. Binding of inner capsid protein 

VI to the hexon capsomer is a prerequisite for its nuclear import [189]. The formation 

of a new viral capsid is initiated by association of the capsomers with viral DNA [175]. 

Virions are assembled concomitantly (assembly of capsid and genome together) 

rather than sequentially (formation of an empty capsid which is then ‘loaded’ with DNA) 

[189]. The newly assembled, immature virions are incapable of uncoating and 

therefore lack infectivity. Maturation occurs by proteolytic cleavage of capsid and core 

precursor proteins by the viral protease (AVP), destabilising the capsid and thereby 

preparing the virus for uncoating [190]. Prior to maturation, polypeptide VIII (pVIII) 

forms a ‘molecular stitch’ between the peripentonal and central hexons to stabilise the 

capsid during assembly. AVP cleavage of pVIII subsequently destabilises the capsid, 

facilitating vertex release during infection [190]. Analogously, cleavage of polypeptide 

VI is necessary to reduce its association to the hexon, facilitating the release of mature 

protein VI during endosomal escape [190]. Lastly, maturation of viral core protein VIII 

and the terminal protein results in a reduction of viral core condensation [190].  

The mechanisms mediating the release of the matured progeny virions are not fully 

elucidated. In addition to the disruption of intermediate filaments of the cytoskeleton, 

the viral E3-11.6k protein, also referred to as ‘adenovirus death protein’, induces host 

cell death as it accumulates during late-stage infection. The molecular mechanism of 

E3-11.6k induced cell death remains unknown to this date [175, 189].  

 

II.3 Medical uses  

 

II.3.1 Gene therapy  

 

Gene therapy is a medical technique that involves the transfer of genetic 

material into patient cells for the treatment of a disease. The therapeutic effect may be 

achieved either by expression of a transferred gene or by inhibition or modification of 

an endogenous gene in the target cell [191]. Insertion of foreign genetic material into 

a cell in vivo requires a vehicle for delivery. The nature of these vectors can be divided 

into viral and non-viral vectors. Non-viral vectors are accompanied by a broad 

spectrum of advantages and limitations for their use gene therapy, such as reduced 

immunogenicity at the cost of limited gene delivery capacity [192]. While they have 
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found successful application in clinical use [191], the following section will focus solely 

on viral vectors, specifically the use of adenoviruses in gene therapy.  

Retroviruses, such as the human immunodeficiency virus, integrate their genetic 

material into the genome of infected cells. While their use as gene therapy vectors 

enables continuous expression of the transgene even in mitotic daughter cells, it 

harbours a significant risk of unpredictable genome integration, potentially disrupting 

off-target genes at the site of insertion [193]. Following delivery by non-integrating 

vectors such as adenoviruses, the transgene persist as an episome in the nucleus, 

reducing the risk of genotoxicity and enabling long-term expression in postmitotic 

tissue [194]. While this presents a valuable increase of safety in clinical applications, 

replication-deficient, non-integrating vectors will be progressively lost in proliferating 

cells. Besides their epichromosomal persistence in the target cell, adenovirus-based 

vectors have high transduction efficiency in both dividing and non-dividing cells, a 

broad tissue tropism, scalable production, high expression rates, a high payload 

capacity and provide the ability to engineer replication-competent and -deficient 

vectors [193, 195-197]. 

Since the inception of gene therapy and the use of adenoviral vectors, engineering 

efforts have focused on improving their capacity, efficacy, longevity of transgene 

expression and, most importantly, safety [195]. In an attempt to reduce the 

immunogenicity associated with wild-type adenoviruses, the first generation of 

adenoviral vectors were created by replacement of the E1A gene with an expression 

cassette containing the transgene and a high activity promoter, typically the 

‘cytomegalovirus immediate early’ promoter, driving the expression [198]. While E1A 

deletion results in replication-deficient vectors (see II.2.2), strong immunogenicity of 

these vectors rendered them unsuitable for gene therapy applications [194]. In 

subsequent efforts to improve upon the safety of the vectors, additional non-essential 

viral genes were removed. Second-generation adenoviral vectors have deletions of 

the E1, E2 and/or E4 genes [196]. However, it was a second-generation adenovirus 

vector that led to the tragic death of 18-year-old Jesse Gelsinger on the 17th of 

September 1999. Jesse participated in a phase I gene therapy trial for ornithine 

transcarbamylase (OTC) deficiency when the administration of a high dose of the 

adenoviral vector based therapeutic (3.8×1013 virus particles) induced a cytokine 

storm, leading to his untimely demise and the first reported fatality in a gene therapy 

trial [196, 199-201]. The development of the third and latest generation of adenoviral 
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vectors marked a significant stride in minimising immunogenicity while simultaneously 

expanding the therapeutical potential. By deleting all viral sequences besides the 

inverted terminal repeat (ITR) and packing sequences, ‘gutless’ vectors capable of 

accommodating DNA cargo of up to 36 kilobase (kb) were created, coining the term 

‘high-capacity adenoviral vectors’ (HCAds) [195, 197]. Naturally, gutless vectors are 

replication-deficient and ‘helper-dependent’, necessitating a complementary 

adenoviral helper virus for replication [202]. While HCAds exhibit reduced 

immunogenicity, larger capacity and prolonged transgene expression in comparison 

to earlier generations [194], elimination of potential contaminations by the helper virus 

are essential for the safety of these vectors in clinical applications [195].  

Despite continuous improvements of adenoviral vectors, significant challenges 

continue to limit their use in gene therapy. Adenovirus infections are widespread and 

commonly caused by serotype C HAdVs 1, 2, 5 and 6 [203]. Over 60% of adults have 

neutralising antibodies against HAdV-C5, the most widely used adenoviral vector 

[204]. Prior infections with the virus generate antigen-specific T-cells which confer 

lifelong immunity, diminishing the vectors efficacy while inducing strong immunological 

responses when administered [195, 198]. Although the development of third 

generation vectors has significantly reduced immunogenicity over previous 

generations, gutless HCAds still elicit a potent immune response [193]. The use of 

adenoviral vectors for gene therapy is further complicated by the broad tissue tropism 

exhibited by the wild-type virus (see II.1.1). Using vectors with native adenoviral 

capsids leads to sequestration at potential off-target sites (see II.2.1.2), reducing 

transduction efficiency in the target tissue [197].  

As discussed previously (see II.1.3.1), the HVRs of the hexon capsomer pose the 

primary antigen on adenoviruses and are the target for the majority of the neutralising 

antibodies [132]. Additional evidence also suggests that antigen-specific cytotoxic 

T lymphocytes (CTL) against the hexon protein confer protection against HAdV 

infection [198]. A variety of approaches are being explored to mitigate these problems 

for the use of HAdVs in gene therapy. To evade pre-existing immunity or to reduce FX 

mediated sequestration of the HAdV-C5 vector in the liver, chimeric vectors with 

modifications or replacements in the HVR loops may be generated [197]. While 

species C adenoviral vectors with lower natural seroprevalence in the human 

population (HAdV-2, -26 and -35) have been explored, transduction efficiency was 

significantly lower than that of HAdV-C5 [195]. A seemingly better approach to avoid 
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problems associated with pre-existing immunity is the use of non-human adenoviral 

species, as neutralising antibody titres against these vectors are significantly lower. 

The most frequently used non-human vectors in clinical trials are chimpanzee-derived 

adenoviral vectors [195]. 

As much as gene therapy vectors require minimal immunogenicity for efficient 

transgene delivery and long-term expression, a controlled, localised immune response 

against vector-antigens in a tumour could also prime an immune response against 

tumour antigens [197]. Congruently, HAdV-C5 has emerged as a promising candidate 

for oncolytic virus therapy [193, 205]. In addition to carrying a tumoricidal payload, the 

oncolytic vector promotes a proinflammatory environment, inducing recruitment of 

cytotoxic immune cells to eliminate virus-infected cells, aiding in elimination of the 

cancer [203]. Although HAdV-C5 appears much better suited for application in anti-

cancer treatments than gene therapy, pre-existing immunity against frequent serotype 

C adenoviruses limits infection efficacy also in oncolytic virus therapy. Additionally, 

cancer cells frequently express little to no CAR, the primary cell surface receptor for 

adenoviruses, thwarting transduction efficacy in target cells [193]. 

 

II.3.2 Vaccines  

 

While the strong immunogenicity of species C HAdVs has significantly limited 

their use as vectors in gene therapy, it has greatly benefitted the development of 

adenovirus-based vaccines. The inherent immunogenicity of the vector serves a 

function similar to that of an adjuvant, inducing a proinflammatory environment and 

facilitating a strong humoral and antigen-specific T-cell response to the transgene 

[193, 195, 198]. The primary drawback of adenoviral vaccines is that, while a strong 

immune response induced by the vector is generally beneficial for vaccine 

applications, it has the potential to impede the specific immune response targeted 

towards the desired antigen, effectively ‘masking’ the intended epitope [197]. Despite 

this limitation, the advantages of adenovirus-based vaccines were showcased during 

the 2019 SARS-CoV-2 pandemic (COVID-19), a global health crisis with over 

770 million infections. Rapid engineering of genome and capsid, ease of production 

and induction of robust immune responses with lasting immunity facilitated the rapid 
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development of four clinically approved vaccines, enabling administration of 13 billion 

vaccine doses worldwide [193].  
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Chapter 2 

 

Aim of study  

 
The three-dimensional structure of a protein determines its function in biological 

processes. Understanding and elucidating these structures is paramount to advancing 

our knowledge of biology, disease, and, ultimately, the development of novel 

therapeutics. 

 

Part I – African trypanosomes 

 
The invariant surface glycoproteins ISG65 and ISG75 on the surface of the 

blood-dwelling, human-infective parasite T. brucei gambiense have been extensively 

studied since their discovery in the 1990s. Their invariant nature and relatively high 

copy number across the cell surface have made ISG65 and ISG75 prime candidates 

for vaccination trials. Although the large abundance implied a functional significance 

for the bloodstream form of the parasite, no biological function had been identified for 

either protein. The primary research objective of this study was to determine the 

structure of T. b. gambiense ISG65 and gain insights into its biological function. To do 

so, the study was initially partitioned into three subsidiary objectives:  

 

1. Design, recombinant expression and structural characterisation of a minimal 

protein construct of T. b. gambiense ISG65.  

 
2. Investigation of ISG65s potential as a surface receptor in the human blood 

stream and its associated biological function.  

 
3. Exploration of the extent to which the findings surrounding ISG65 could be 

extrapolated to other invariant surface glycoproteins.  
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Part II – Human adenovirus C5 

 
While respiratory infections by species C HAdVs are common, the underlying 

mechanisms are still poorly understood. Although cell entry pathways have been 

studied extensively in immortalised cell lines in vitro, inaccessibility of the primary cell 

surface receptors on the polarised epithelium of the respiratory tract point towards 

alternative entry pathways in vivo. Recent findings demonstrated that HAdV-C5 

hijacks lactoferrin, an antimicrobial immunomodulator of the innate immune system, 

to facilitate cell entry. Although the HVR-1 loop of the hexon capsomer has been 

suggested as the lactoferrin binding site, a detailed understanding of this mechanism 

is lacking. Elucidating the structural basis of this immune evasion strategy could aid in 

the development of novel antivirals or adjuvants for improved transduction efficacy in 

gene therapy applications. To obtain a mechanistic understanding of this interaction, 

two subsidiary objectives were set:  

 
1. Structural characterisation of the HAdV-C5 hexon / lactoferrin complex. 

 
2. Biophysical characterisation and validation of the proposed interaction.   
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Chapter 3 

Overview of methods   

 

The following chapter provides an overview of selected methods and 

techniques that were used throughout course of this study. Complementary methods 

not included here, work performed by collaborators, as well as more detailed 

descriptions of materials and methods outlined in this chapter can be found in the 

respective publications (see Chapter 6).    

 

3.1 Recombinant protein expression and purification  

 

3.1.1 Escherichia coli 

 

Recombinant expression and purification of all constructs used in this study 

(T. b. gambiense ISG65, ISG43 and ISG64; human C3d; as well as their truncated, 

mutated or Avi-tagged derivatives) were performed as described previously [85, 

206, 207]. Briefly summarised, following the isopropyl-β-D-thiogalactopyranoside 

(IPTG) induced expression in Escherichia coli (E. coli) T7 shuffle cells (New England 

Biolabs), bacteria were harvested, lysed and the N-terminally His-tagged protein of 

interest was purified from the soluble protein fraction via immobilised metal affinity 

chromatography (IMAC) and subsequent size exclusion chromatography (SEC). 

 

3.1.2 Insect cells 

 

Recombinant expression of T. b. gambiense ISG65 constructs in stable 

Drosophila melanogaster S2 cell lines and subsequent protein purification were 

performed as described previously [206]. In short, the C-terminally C-tagged protein 

of interest was purified from cell culture supernatant via affinity chromatography using 

CaptureSelect C-tag affinity resin (Thermo Fisher Scientific), followed by SEC.  
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3.2 Protein purification from native source 

 

3.2.1 Human complement factor C3, C3b and C3MA 

 

Native human complement factor C3 was purified from normal human serum 

as described previously [85]. In brief, a protein fraction containing C3 is isolated by 

stepwise polyethylene glycol (PEG) precipitation. After resuspension, the protein 

fraction is passed over an L-lysine affinity chromatography column before being 

subjected to ion exchange chromatography (IEX) using a Source 15Q anion 

exchanger. C3 is eluted by application of a NaCl gradient and subsequently purified 

by SEC. Purified protein was flash-frozen in liquid nitrogen and stored at -80°C until 

further use. Generation and purification of C3b and C3-methylamine (C3MA) were 

performed as described [208]. Validation of the purified components by N-terminal 

sequencing, Western-Blotting, intact mass spectrometry and IEX have been described 

in detail previously [85].   

 

3.2.2 TbgVSG LiTat3.1  

 

The LiTat3.1 VSG was purified from T. b. gambiense DAL972 cell pellets as 

described previously [209]. Briefly summarised, release of GPI-anchored proteins by 

endogenous GPI-specific phospholipase C was induced by osmotic shock. The 

solubilised VSGs were purified by anion-exchange chromatography and subsequent 

SEC.   

 

3.3 Surface plasmon resonance  

 

3.3.1 In vitro biotinylation of ligands 

 

Surface plasmon resonance (SPR) measurements were preferentially 

performed with ligands immobilised via site specific biotinylation. Biotinylation of 

Avi-tagged ligands via E. coli biotin ligase (BirA) in vitro was performed as described 

[210]. In brief, Avi-tagged protein was incubated with recombinantly produced BirA, 

MgCl2, adenosine triphosphate (ATP) and D-biotin at 30°C. After the reaction, excess 
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biotin was removed by dialysis or SEC. Successful biotinylation was confirmed by 

streptavidin gel-shift [210].   

 

3.3.2 SPR measurements  

 

All SPR measurements were performed on Biacore T200 (GE Healthcare) or 

Biacore S1+ systems (Cytiva). Wherever possible, biotinylated ligands were 

immobilised to a Series S CAP sensor chip using the CAPture kit (Cytiva). 

Alternatively, ligands were immobilised to CM5 sensorchips (Cytiva) via amine 

coupling. Buffers and injection times were varied as required [85]. Kinetic and 

steady-state affinity parameters were evaluated using the Biacore T200 evaluation 

software (GE Healthcare).   

  

3.4 Haemolysis experiments  

 

Inhibition of alternative and classical complement pathway activity in NHS and 

complement factor depleted serum was assessed using the AP50 and CH50 test kits 

(HaemoScan) as described previously [85]. Complement activity was determined from 

the extent of lysis of rabbit (AP) or sensitised sheep erythrocytes (CH50) by measuring 

the absorbance of free haemoglobin at 415 nm. Absorbance measurements were 

performed on Infinite 200 PRO plate readers (Tecan).  

 

3.5 Single-particle cryo-EM 

 

Detailed descriptions of the sample preparation, data collection parameters and 

data processing workflows are outlined in the respective publications [85, 130]. Only 

brief summaries for the individual samples are outlined here.   

 

3.5.1 ISG65:C3 

 

The ISG65:C3 complex was prepared by concentration of a 2-fold molar excess 

of ISG65 with C3 and subsequent SEC on a Superdex 200 Increase 10/300 GL column 

(GE Healthcare). The freshly purified complex was applied to newly glow-discharged 
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copper C/Flat 1.2/1.3 300 mesh grids (Protochips) and vitrified using a Vitrobot Mark 

IV (Thermo Fisher Scientific). Grids were imaged at the SOLARIS cryo-EM facility 

(Krakow, Poland) on a Titan Krios G3i microscope (Thermo Fisher Scientific), 

operated at 300 kV, and equipped with a K3 detector (GATAN Inc.). 10,380 movies 

were recorded at 25° stage tilt with a pixel size of 0.86 Å.  Data were collected using 

the automated data collection software EPU (Thermo Fisher Scientific). Data 

processing was performed using the cryoSPARC (Structura Biotechnology) [211] and 

Relion 3.1 [212] software suites. The crystal structure of C3 (PDB 2A73) and an ISG65 

model predicted by AlphaFold2 [213] were docked into the cryo-EM reconstruction 

using Phenix [214]. Both models were independently and iteratively refined via 

automated real-space refinements using Phenix [214] and REFMAC5 [215] as well as 

manual refinements in Coot [216]. After obtaining satisfactory validation metrics (as 

determined by MolProbity [217]), the models were manually and automatically refined 

in tandem using Phenix and Coot. 

 

3.5.2 ISG65:C3b  

 

ISG65 and C3b were combined in a 2:1 molar ratio and crosslinked by addition 

of a 100-fold molar excess of DSA (Di-(N-succinimidyl)adipate). After quenching of the 

reaction with ethanolamine, the crosslinked complex was gel-filtered on a Superdex 

200 Increase 10/300 GL column (GE Healthcare). For data collection at 25° stage tilt 

the ISG65:C3b complex was applied to freshly glow-discharged copper C/Flat, 1.2/1.3 

and 2/2 300 mesh grids (Protochips). For data collections at a 0° stage tilt, gold 

R1.2/1.3 300 mesh grids (Protochips) were coated with a graphene monolayer. 

ISG65:C3b was applied to the grids after glow-discharge. All grids were vitrified using 

a Vitrobot Mark IV (Thermo Fisher Scientific). Grids were imaged at the CEITEC 

cryo-EM facility (Brno, Czech Republic) using a Titan Krios, equipped with a K2 

detector (GATAN Inc.), and operated at 300 kV. A total of 18,062 movies (at 25° stage 

tilt) and 8960 movies (at 0° stage tilt) were recorded with a pixel size of 0.818 Å.  Data 

were collected using the automated data collection software EPU (Thermo Fisher 

Scientific). Processing of all collected datasets was performed independently first 

before merging selected particles with previous data collections. Particle picking on 

images acquired at a 25° stage tilt was performed using the convolutional neural 
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network-based particle picker, crYOLO [218]. All other data processing was performed 

using the cryoSPARC software suite (Structura Biotechnology) [211]. The crystal 

structure of C3b (PDB 2I07) and the atomic model of ISG65 obtained from the cryo-EM 

reconstruction of the ISG65:C3 complex were docked in the obtained density map 

using Phenix [214]. Both models were simultaneously and iteratively refined via 

automated real-space refinements using Phenix and REFMAC5 [215] as well as 

manual refinements in Coot [216]. Model validation was performed using MolProbity 

[217].  

 

3.5 Small-angle x-ray scattering  

 

Detailed descriptions of sample preparation, data collection and data 

processing methodology for small-angle x-ray scattering (SAXS) experiments are 

provided in the respective publications [85, 207]. This section briefly summarises 

individual data collections and subsequent data processing workflows. 

 

3.5.1 Data collection 

 

SEC-SAXS data for human C3, C3b, C3MA, C3d, T. b. gambiense ISG65 and 

ISG75 as well as an ISG65:C3d complex were collected at 20 °C on a Pilatus 2M 

detector (DECTRIS) at the BioSAXS beamline BM29 at the ESRF (Grenoble, France). 

SEC-SAXS data were collected in HPLC mode using a Superdex 200 3.2/300 column 

(GE Healthcare) [85].  

SEC-SAXS data for T. b. gambiense ISG43, ISG64, VSG LiTat3.1 and T. b. brucei 

VSG LiTat1.5 were collected on an Eiger X4 M detector (DECTRIS) at 20 °C at the 

BioSAXS beamline SWING at SOLEIL (Gif-sur-Yvette, France). SEC-SAXS data were 

collected in HPLC mode using a KW404-4 column (Shodex) [207]. 

 

3.5.2 Data processing 

 

The CHROMIXS programme [219] from the ATSAS software package [220] 

was used to normalise the data to the intensity of the incident beam, average the 
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recorded frames and subtract buffer scattering for all SEC-SAXS data collected over 

the course of this study [85, 207]. 

Structural parameters, namely radius of gyration (Rg), maximum particle dimension 

(Dmax), and distance distribution function (p(r)) from data collected at BM29 were 

derived using the PRIMUS programme from the ATSAS package [220]. 

Conformational flexibility of the samples was assessed using the ensemble 

optimisation method (EOM 2.0) via ATSAS online [221] as described [85].   

Data collected at SWING was analysed using the PRIMUS programme from the 

ATSAS [220] package and BioXTas RAW [222]. Theoretical scattering curves of the 

molecular models generated with AlphaFold2 [213] (TbgISG43, TbgISG65, 

TbgISG75) and AlphaFold-Multimer [223] (TbbVSG LiTat1.5, TbgVSG LiTat3.1) and 

their respective fits to the experimental data were calculated with FoXS [224, 225]. 

The conformational flexibility of the proteins was assessed via SAXS-based ensemble 

modelling with BILBOMD [226] as described [207].  
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Chapter 4 

 

Results and discussion   

 
The results of this dissertation are thematically divided into two parts. Part I 

presents the findings of the study on the structural basis of immune evasion by African 

Trypanosoma which were published across three articles in international, peer-

reviewed journals.  

 
Publication #1:  

Sülzen, H., Votrubová, J., Dhillon, A., Zoll, S., A multifaceted strategy to improve 

recombinant expression and structural characterisation of a Trypanosoma invariant 

surface protein. Sci Rep 12, 12706 (2022).  

 

Publication #2: 

Sülzen, H., Began, J., Dhillon, A., Kereïche, S., Pompach, P., Votrubová, J., 

Zahedifard, F., Šubrtova, A., Šafner, M., Hubalek, M., Thompson, M., Zoltner, M., Zoll, 

S., Cryo-EM structures of Trypanosoma brucei gambiense ISG65 with human 

complement C3 and C3b and their roles in alternative pathway restriction. Nat 

Commun 14, 2403 (2023). 

 

Publication #3: 

Sülzen, H., Volkov, A., Geens, R., Zahedifard, F., Stijlemans, B., Zoltner, M., Magez, 

S., Sterckx, Y*., Zoll, S.*, Beyond the VSG Layer: Exploring the Role of Intrinsic 

Disorder in the Invariant Surface Glycoproteins of African Trypanosomes. BioRxiv 

Preprint (2024)**.  

*These authors contributed equally to this paper and should be considered joint 

corresponding authors.  

**At the time of writing, the manuscript has been conditionally accepted for publication 

with minor revisions in PLoS Pathogens. The revised manuscript has been re-

submitted on 19.03.2024.  

 
Although T. b. gambiense ISG65 has been the subject of many studies since 

its discovery 30 years ago, its molecular structure had not yet been determined. While 



Chapter 4. Results and discussion 
 

 

 

52 

ISG65 could readily be expressed recombinantly in E. coli  [119, 227], the commonly 

used construct did not seem amendable to structural characterisation. Publication #1 

presents a multifaceted strategy for improved construct design and expression of 

challenging proteins, employing hydrogen-deuterium exchange mass spectrometry 

(HDX-MS) guided construct design, truncation scanning and targeted expression host 

switching. Publication #2 reports an atomic model of T. b. gambiense ISG65, 

describes the function as a receptor for human C3b on the surface of the parasite and 

elucidates its role as an inhibitor of the alternative pathway of the human complement 

system, providing a plausible mechanism as to how the protein may exert its function 

in the context of the VSG layer. Nucleated by the findings evolving around ISG65, the 

question whether other members of the ISG superfamily may possess similar 

functionality arose. Publication #3 shows that several other T. b. gambiense ISGs of 

different sizes may adapt distinct conformational states, suggesting that flexibility of 

intrinsically disordered linkers tethering the proteins to the parasite membrane are a 

functional feature of trypanosome receptors of the ISG super-family. 

 
Part II presents the results of investigating the structural aspects of HAdV-C5’s 

ability to bind the human defence protein lactoferrin to facilitate cell entry into epithelial 

cells. The findings were summarised in an article published in the ‘Journal of Virology’.  

 
Publication #4: 

Dhillon, A., Persson, D., Volkov, A., Sülzen, H., Kádek, A., Pompach, P., Kereïche, 

S., Lepšik, M., Danskog, K., Uetrecht, C., Arnberg, N., Zoll, S., Structural insights into 

the interaction between adenovirus C5 hexon and human lactoferrin. J. Virol. Feb 

7:e0157623 (2024).  

 
A growing body of evidence suggests that instead of the CAR mediated cell 

entry pathway of species C HAdVs, which has been well characterised in vitro, 

alternative uptake routes facilitate the initial infection of epithelial cells in vivo 

[121, 135, 153, 154, 157]. Human lactoferrin, a component of the non-specific immune 

system with antiviral activity against a multitude of virus species [171, 172], has been 

shown to exert the adverse effect on HAdV-C5, facilitating uptake into epithelial cells. 

Publication #4 presents the structural mechanism underlying the binding of lactoferrin 

to the viral hexon capsomer, shedding more light onto alternative cell entry pathways 
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and thereby potentially paving the way for advancements in vaccine or gene therapy 

applications and the development of novel antivirals.   

 

Part I – African trypanosomes 

 

4.1 A multifaceted strategy to improve recombinant expression and 

structural characterisation of a Trypanosoma invariant surface 

glycoprotein.  

 

4.1.1 Author’s contributions 

 

My contribution to the work included (1) joint conceptualisation of the study, 

experimental design, and data analysis with the corresponding author; (2) expression 

and purification of all bacterial expression constructs used in the study; (3) purification 

of ISG6518-363 and ISG6532-306 from S2 cell culture supernatant; (4) joint preparation of 

figures with the corresponding author and (5) review and editing of the manuscript.   

 

4.1.2 Results  

 

Secondary structure prediction is likely to be the most commonly used method 

for the design of recombinant expression constructs. While modern prediction 

algorithms can achieve >90% accuracy for proteins with homologues of known 

structure [228], secondary structure prediction of T. b. gambiense ISG65 resulted in 

low confidence scores across the entire sequence with especially low scores in the 

C-terminus. An initial expression trial of a construct comprising the entire extracellular 

domain (ISG6518-386), truncated after the N-terminal signal peptide and directly before 

the transmembrane domain (TMD), failed to express. A revised construct with a 

C-terminal truncation placed further away from the TMD (ISG6518-363) did express and 

yield soluble protein [206]. To rationalise the identification of the C-terminal domain 

boundaries for design of a minimal construct amendable to structural characterisation, 

HDX-MS was employed to localise low complexity regions in the protein. In 

comparison to well-structured domains, regions of low complexity exhibit faster 

deuteration rates [229]. Proteolytic digest of ISG65 with a Nepenthesin-2 column 
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(AffiPro) resulted in maximum sequence coverage of 97% with a high degree of short, 

overlapping peptides, providing the foundation for high resolution analysis by 

HDX-MS. While the N-terminal domain boundaries could be readily inferred from the 

deuteration plot, the C-terminus exhibited a steady increase in deuteration, starting 

from residue 260.  The deuteration rates plateaued at residue 300 and remained high 

for the remaining sequence with exception of a local minimum around residue 330 

[206]. Truncation of the construct at residue 270, the beginning of the low-complexity 

region as determined by HDX-MS, resulted in failure to express [206]. To determine 

the C-terminal domain boundaries, truncation scanning was performed. Starting from 

the local deuteration minimum at residue 330, a series of constructs with the newly 

identified N-terminus and sequentially shortened C-termini were generated by 

introduction of stop codons every two residues. Normalised yields of purified protein 

increased until the C-terminus was truncated to residue 322, successive shortening 

increasingly diminished yields. The shortest construct that could be expressed 

successfully, albeit with exceedingly low yields (< 0.1 mg per litre of culture after two 

purification steps), was ISG6532-306 [206]. 

With decreasing construct length, the amount of soluble protein aggregates eluting in 

the void volume of the size exclusion chromatography column increased, indicating 

that the E. coli folding machinery was failing to produce correctly folded protein. To 

mitigate the problem, the recombinant expression host was switched to an eukaryotic 

expression system. Drosophila melanogaster S2 cells were chosen for their easy 

handling and relatively low associated costs. To further facilitate folding in the 

non-reducing environment of the serum-free culture medium, a signal sequence for 

the secretory pathway was added. Based on a report showing that the use of a C-tag 

for affinity purification improved expression of a Plasmodium surface protein [230], the 

N-terminal hexa-His-tag of the bacterial expression construct was replaced with a 

C-terminal C-tag for the expression in insect cells.  

Expression of ISG6532-363 and ISG6532-306 in S2 cells resulted in yields exceeding the 

results from expression in E. coli 40 to 250-fold [206]. Noticeably, the minimal 

construct expressed to levels identical to the full-length protein and, based on SEC, 

neither of the two constructs produced soluble aggregates. Circular dichroism 

spectroscopy (CDS) revealed that the fraction of random coils in the minimal construct 

was reduced by over 10% in comparison to the full-length construct. Furthermore, 

identical melting temperatures were observed for both ISG6518-363 produced in E. coli 
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and ISG6532-306 produced in S2 cells, indicating that removal of the terminal regions 

did not compromise the structural integrity of the overall fold [206]. 

 

4.1.3 Discussion 

 

By combining well established and readily available technologies in an 

innovative and targeted fashion, the strategy for recombinant production of complex 

eukaryotic proteins outlined in this study may serve as a template for expression of 

other challenging proteins. Using the structurally uncharacterised T. b. gambiense 

ISG65, the presented findings demonstrate that soluble expression in E. coli does not 

guarantee high protein yields and that weak expression is not necessarily a sign for 

incorrectly chosen domain boundaries [206]. Whether the presented approach bares 

general validity and may readily be applied to other proteins without homologous 

refence structures remains to be elucidated. For most proteins, the limiting step of the 

proposed strategy is likely to be the proteolytic digest for HDX-MS analysis. Insufficient 

sequence coverage and a lack of small peptides with sufficient overlap will lead to 

decreased resolution, potentially rendering the identification of domain boundaries 

even more difficult than in the case of the ISG65 C-terminus.  

While the design, expression, and purification of a minimal ISG65 construct did not 

translate into obtaining an experimental structure, identification of the domain 

boundaries resulted in significant improvements in computational protein structure 

prediction. Prediction of the protein structure for ISG6518-363 via the popular prediction 

programme iTASSER [231] did not yield a model with any resemblance to other 

trypanosome proteins of known structure. Removal of the experimentally determined 

low complexity region produced a model exhibiting a fold similar to the canonical 

three-helix bundle commonly found in structurally characterised Trypanosoma surface 

receptors. While the study was under review, the now widely adapted AlphaFold2 

[213] became readily accessible via the fast and easy-to-use ColabFold (published 

30th of May 2022) [232]. AlphaFold2 exhibits unprecedented accuracy in protein 

structure prediction, greatly outperforming almost all other structure prediction tools 

[233]. Alongside the predicted structural model, AlphaFold2 produces a predicted local 

distance difference test (pLDDT) score based on the lDDT-Cα metric, reflecting a 

per-residue estimate of the confidence in the predicted model [234]. Regions with a 
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pLDDT score above 90 are expected to have correctly predicted backbone and side 

chains, residues with a score between 70 and 90 are likely to have a good backbone 

prediction and scores between 50 and 70 are considered low confidence and should 

be interpreted cautiously. A pLDDT score below 50 indicates a strong propensity for 

disorder in that region of the protein. Structure prediction of full-length T. b. gambiense 

ISG6518-436 via AlphaFold2, only omitting the N-terminal signal peptide, yields a model 

featuring the canonical three-helix bundle of the extracellular domain, largely predicted 

with a pLDDT above 90, inspiring confidence in the predicted structure (Figure 11). 

While the TMD exhibits pLDDT scores above 70, the remainder of the long C-terminal 

helix is predicted only with low confidence, similarly to the disordered loops in the 

N-terminal head region of the protein. After the third and last helix of the three-helix 

bundle, AlphaFold2 predicts a short, 14-residue long ⍺-helix, connected to the long 

C-terminal helix via a long disordered (pLDDT < 50) linker (Figure 11). The 

experimentally determined C-terminal boundary for the longest expression construct, 

ISG6518-363, therefore could have been inferred from the predicted structure. On the 

contrary, the computational model does not provide any insights into the local 

decrease of deuteration rates around residue 330 observed during the HDX-MS 

analysis (Figure 11). Stunningly, a gradual decline of the pLDDT score can be 

observed around residue 322, the C-terminus of the bacterial expression construct 

with the highest protein yields. While residue 319 is predicted with low confidence 

(pLDDT score of 52) and residue 320 only marginally falls into the range residues 

predicted to be disordered (pLDDT score of 48), residues 322 and 323 show a large 

decrease in confidence, dropping to pLDDT scores of 41 and 32 respectively, 

indicating the beginning of a low complexity region (Figure 11). The same observation 

can be made for N-terminal residues 31 to 33. These predictions coincide well with the 

observations made using the prokaryotic expression system. While Alphafold2 does 

predict that residue 306, the C-terminal residue of the shortest expression construct 

used (ISG6532-306), lies at the beginning of a short ⍺-helix, the gradual decline of 

successive truncations from residues 322 to 306 and failure to express when truncated 

even further could not have been inferred from the predicted structure (Figure 11). 

HDX-MS analysis showed a steady increase of deuteration rates, starting with 

residues approximately half-way down the third ⍺-helix of the three-helix bundle, 

indicating increased flexibility in solution. Although not necessarily beneficial in 
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determination of the C-terminal domain boundaries, the high confidence in the 

prediction of this region in the protein suggests a rigid fold not supported by the 

experimental data.  

 

 
 

Figure 11 – AlphaFold2 model of Trypanosoma brucei gambiense ISG65. 

A complete atomic model of T. b. gambiense ISG6518-436 (lacking only the N-terminal signalling peptide), as 

predicted by AlphaFold2, is illustrated in cartoon representation (left) and coloured based on the predicted local 

distance difference test (pLDDT) score, reflecting (local) model quality as indicated by the legend: pLDDT ≥ 90: 

correct backbone and side chain; pLDDT > 70: correct backbone; pLDDT > 50: low confidence; pLDDT < 50: likely 

disordered. The region corresponding to the TMD has been highlighted by a dashed box. The inset shows a 

close-up view on key residues of the study. Using the same model, the predicted structure of the longest 

(ISG6518-363) and shortest (ISG6532-306) expression constructs used in the study have been illustrated. Residues 

contained in the expression constructs have been coloured in blue and green, respectively. Truncated residues 

are shown in grey. The N- and C-termini are annotated for all models.  

 

In the case of T. b. gambiense ISG65, the information AlphaFold2 has provided could 

have been used to reliably infer the N-terminal domain boundary at Lys32 and the 

C-terminal domain boundary of the longest expression construct, Asp363 (Figure 11). 

While it may have provided an approximation of the C-terminal boundary of the 

minimal construct, the predicted structure incentivises truncation of the construct 

beyond residue 306, which, at least using prokaryotic expression systems, did not 
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yield soluble protein in practice. In a recent study with the closely related 

T. b. gambiense ISG75, we could show that protein regions predicted even with very 

high pLDDT scores do not necessarily accurately describe the behaviour of the protein 

in solution (see 4.3) [207] . While AlphaFold2 undoubtedly adds a highly valuable and 

versatile tool to the structural biology toolkit, supplementing and improving 

experimental strategies like the one proposed in this study, it does not serve as a 

replacement for the latter.  

Despite the successful generation of a highly expressing minimal construct, no protein 

crystals for determination of the structure by x-ray crystallography could be produced. 

As outlined previously, ISG65 exhibits a disordered N-terminal head region and 

considerable flexibility in the last ⍺-helix of the bundle, both features likely to interfere 

with the formation of an orderly crystal. The addition of various combinations of 

crystallisation chaperones, including three different nanobodies and an 

antigen-binding fragment (Fab) generated against ISG65, did not generate crystals 

either (data not shown). Although unsuccessful, the validity of the approach was later 

corroborated by publication of a crystal structure of Trypanosoma brucei brucei ISG65 

in complex with human C3d (PDB 7PI6) [88]. While each ISG65 molecule contacted 

three copies of C3d within the crystal lattice, no crystal contacts in between ISG65 

molecules could be observed [88]. The electron density for N-terminal residues 1-26, 

C-terminal residues beyond residue 316 or the loops of the disordered head region 

could not be resolved [88]. 

Upon identification of Trypanosoma brucei gambiense ISG65 as a receptor for human 

complement factor C3b, single-particle cryo-EM was deemed a more appropriate 

method of structure determination due to the size of the protein complex (see 4.2) [85].   

 

4.2 Cryo-EM structures of Trypanosoma brucei gambiense ISG65 with 

human complement C3 and C3b and their roles in alternative pathway 

restriction. 

 

4.2.1 Author’s contributions 

 

My contribution to the work included (1) joint conceptualisation of the study, 

experimental design and data analysis with the corresponding author; (2) recombinant 
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protein expression and purification; (3) purification of native C3 from human serum, 

generation of C3b and C3MA; (4) fluorescent labelling of antibodies and C3b; (5) joint 

SPR sample preparation; (6) SPR measurements (jointly for proteolytic fragments of 

C3, solely for validation of interface and AP pro-convertase formation); (6) design, 

execution and analysis of haemolysis assays; (7) sample preparation for cryo-EM 

analysis; (8)  cryo-EM data processing, model-building and molecular modelling; (9) 

joint analysis of SAXS data with the corresponding author; (10) joint preparation of the 

manuscript with the corresponding author; (11) preparation and/or revision of all 

figures and (12) review and editing of the manuscript.   

 

4.2.2 Results  

 
 Based on the high abundance of ISG65 on the surface of blood-stream form 

Trypanosoma brucei gambiense, the search for a potential interaction partner began 

in the natural habitat of the parasite: the human bloodstream. Using the extracellular 

domain of ISG65 (ISG6518-363) as bait in pulldown experiments, subsequent 

SDS-PAGE analysis, in-gel digestion, and LC-MS/MS analysis revealed specific 

enrichment of human complement factor C3. SEC with purified ISG65 and human C3b 

confirmed the interaction and demonstrated formation of a stable complex [85]. 

SDS-PAGE analysis after crosslinking with homobifunctional crosslinker 

Di-(N-succinimidyl)adipate (DSA) indicated equimolar stoichiometry. Fluorescence-

activated cell sorting (FACS) with Alexa Fluor 594 (AF594) labelled C3b showed 

efficient internalisation in T. b. gambiense cells. Saturation of C3bAF594 with ISG65 (by 

addition of a 1.5 molar excess of the latter) led to a 60% reduction of C3b surface 

binding and a 40% reduction of AF594 positive cells after 5min of uptake. The addition 

of T. b. gambiense ISG75 had no effect on C3b surface binding or internalisation, 

confirming the suspected role of ISG65 as a C3 receptor [85].   

Previous research showed that T. b. gambiense specifically activates the alternative 

complement pathway without subsequently succumbing to cell lysis [87]. Using 

immunofluorescence staining of T. b. gambiense cells incubated in a variety of human 

sera depleted of pathway-specific complement factors, the present study revealed that 

factor Bb, a component of the AP convertases, but not C4b, a core component of the 

CP and LP convertases, is deposited onto the parasite surface. By demonstrating 

factor Bb deposition in complement factor C2-depleted serum, activation of the 
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amplification loop via minor deposition of CP/LP C3 convertase could be ruled out. 

Congruently, C3b deposition could be observed in C2-depleted, but not fB-depleted 

serum, confirming specific activation of the alternative pathway by T. b. gambiense 

[85]. The absence of a flagellar pocket signal for C5b, the first component of the 

terminal pathway, indicated that the inhibition of the complement cascade occurs as a 

consequence of alternative pathway restriction, upstream of terminal pathway initiation 

[85]. Addition of ISG65 as an inhibitor in functional haemolytic assays resulted in 

almost complete inhibition of rabbit erythrocyte lysis upon activation of the AP (AP50 

test, Haemoscan), but had no discernible effect on lysis of sensitised sheep 

erythrocytes following induction of the classical pathway (CH50 test, Haemoscan). 

Addition of ISG75 in either assay had no measurable impact, confirming that ISG65 

specifically restricts alternative pathway activity [85].  

Based on SPR experiments demonstrating successful AP C3 pro-convertase 

formation and computational modelling suggesting unimpaired activity of the mature 

AP C3 convertase in presence of ISG65, ISG65 mediated inhibition of the AP C5 

convertase was assessed using an adapted AP50 assay (Haemoscan). Addition of 

ISG65 to erythrocytes coated with pre-assembled AP C5 convertase decreased 

haemolysis by up to 40%, indicating that ISG65 binding to the AP C5 convertase can, 

at least partially, abrogate C5 substrate cleavage in vitro [85]. Addition of ISG75 had 

no measurable effect on haemolysis. 

Throughout the progression of the complement cascade, complement factor C3 

undergoes a range of proteolytic cleavages, resulting in a variety of fragments, each 

with specific functions within the pathway (see I.3.2.1). SPR analysis revealed that 

native C3 has the lowest affinity for ISG65 (KD = 130 nM), followed by C3b 

(KD = 81 nM) and C3-methylamine (C3MA), a mimic for C3(H2O) (KD = 18 nM). 

Noticeably, the increase in the measured affinity correlates well with the decrease in 

abundance of the respective fragments in human serum [76, 78, 235]. The highest 

affinity binding was observed for C3d (KD = 7 nM), the proteolytically liberated thioester 

domain (TED) of C3. On the contrary, no binding could be observed for C3c, indicating 

that C3d is the minimally interacting domain [85].   

To obtain further mechanistic insight into the restriction of alternative pathway by 

T. b. gambiense, the structures of ISG65 in complex with C3 and C3b were 

determined by single-particle cryo-EM. The ISG65:C3 complex could be reconstructed 

to a Fourier shell correlation (FSC0.143) of 3.58 Å, resulting in a near complete model 
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of C3 exhibiting high overall similarity (RMSD = 2 Å, 11.878 atoms) to the previously 

published structure of C3 (PDB 2A73) [236], and an atomic model of T. b. gambiense 

ISG65, comprising residues Thr35-Ala145, Thr203-Val226 and Glu256-Ala312 (~55% 

of the ISG6518-363 construct used) [85]. N-terminal residues Leu18-Leu34, 

Arg146-Ser202 and Lys227-Met255, constitute intrinsically disordered loops and 

could not be resolved. Only poor density was obtained for residues following Ala312 

and the disordered C-terminal linker could not be resolved in its entirety. While ISG65 

adopts the canonical three-helix bundle fold commonly observed in trypanosome 

surface receptors of known structure, it exhibits an unusual 20° curvature along its 

longest axis, facilitating an almost perfect complementary fit to the convex shape of 

the C3 TED. Binding of ISG65 to the TED is predominantly mediated via hydrophobic 

contacts and few hydrogen bonds [85]. Residues in the binding interface thought to 

contribute to the binding were unequivocally confirmed via SPR analysis; individual 

residues on ISG65 or recombinantly expressed C3d were mutated to alanine, the 

binding affinity determined and compared to the wild-type proteins. Furthermore, 

HDX-MS placed all residues modelled to form the interface in regions of low 

deuteration, thereby confirming their correct identification. In addition to the primary 

interface with the TED, ISG65 forms a second, smaller interface with the ANA domain 

(referred to as C3a when proteolytically liberated) of C3 [85]. SPR analysis confirmed 

binding of recombinant C3a to ISG65. Despite poor side chain densities, two 

potentially interacting residues could be identified on ISG65 and their identity was 

confirmed by a reduction in binding affinity upon mutation to alanine. 

The complex of ISG65:C3b was reconstructed to a reported FSC0.143 of 3.59 Å [85]. 

The local resolution however varied significantly across the reconstruction, reaching 

only 5-10 Å in the interface between C3d and ISG65. While secondary structure 

features like ⍺-helices in ISG65 and β-sheets of the CUB-domain in C3b could still be 

identified, lack of higher resolution did not permit atomic modelling of ISG65 or the 

interface. Superposition of the ISG65 model obtained from the ISG65:C3 

reconstruction indicated an identical primary interface in both complexes. The majority 

of C3b could be modelled, producing a model closely resembling the previously 

published structure of C3b (PDB 2I07) (RSMD = 2 Å, 11.068 atoms) [237]. Minor 

rearrangements in CUB and TED could be observed and may be caused by binding 

of ISG65. Coulomb potential corresponding to the disordered head domain of ISG65 

suggested a secondary interface with the CUB domain of C3b [85].  
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To elucidate how ISG65 may exert its function as a receptor for C3b in the context of 

the VSG surface coat, conformational flexibility of the C-terminal linker was assessed 

using SAXS and the ensemble optimisation method (EOM) [238]. Consequently, two 

distinct conformational pools were identified. While the majority of models in the 

selected ensemble were compact (~100-115 Å), a small subset adapted an extended 

conformation (~170 Å) [85]. Using AlphaFold2-assisted molecular modelling, a 

complete model of full-length ISG6518-436 was generated. Predicted models of the 

cytoplasmic domain and the membrane-embedded C-terminal helix were appended 

to the models of the two distinct conformational states. A model of the disordered 

N-terminal head domain was generated using AlphaFold2-based, template-guided 

structure prediction, applying real-space constraints of the cryo-EM reconstruction and 

MS-based disulphide mapping as selection criteria for the models. The final hybrid 

model was deposited in the PDBDev database (PDBDEV_ 00000201). Based on the 

reported findings, a model for the interaction between ISG65 and C3b on the surface 

of the parasite was proposed [85]. In the compact conformation, ISG65 resides within 

the VSG coat, exposing only the disordered head domain to the hosts immune system, 

concealing other epitopes under the protective VSG umbrella. When fully extended, 

ISG65 protrudes the VSG coat by ~60 Å, thereby enabling the interaction with C3b.  

 

4.2.3 Discussion 

 

In this study, the invariant, immunogenic yet abundant surface protein ISG65 

from the blood-stage form of the human parasite T. b. gambiense [117, 119] has been 

identified as a receptor for human complement C3b. The reported findings indicate 

that ISG65 facilitates innate immune escape by specifically restricting the alternative 

complement pathway at the level of the C5 convertase, while exerting no control over 

the classical or lectin pathway [85].  

The study demonstrated that binding of ISG65 to native C3 does not prevent formation 

of the AP C3 proconvertase and computational modelling suggests that assembly of 

the enzyme-substrate complex (C3bBb:C3b) or subsequent conversion of the 

substrate are not inhibited in the presence of ISG65, either. On the contrary, addition 

of ISG65 to the AP C5 convertase, pre-assembled on erythrocytes, significantly 

reduced subsequent cell lysis. Addition of erythrocytes into serum pre-incubated with 
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ISG65 abrogated haemolysis almost completely, indicating that in vitro, complete 

inhibition of the AP C5 convertase requires ISG65 interference with both, convertase 

formation and substrate cleavage [85]. The underlying molecular mechanisms of the 

inhibition are yet to be elucidated as no structural information about the architecture 

of the AP C5 convertase is available to this date.           

While this study was under review, the crystal structure of ISG65 from the animal 

infective Trypanosoma brucei brucei (Tbb) in complex with human C3d (PDB 7PI6) 

was published [88]. Alignment of T. b. brucei ISG65:C3d to the presented cryo-EM 

structures reveals an overall high similarity of the assemblies 

(RMSDISG65:C3 vs 7PI6: 1.72 Å (1791 atoms); RMSDISG65:C3b vs 7PI6: 1.03 Å (1954 atoms)).  

Congruently, most interface residues occupy similar positions amongst the models. 

Although positioned in a flexible loop region, the ISG65:C3 cryo-EM structure shows 

a well resolved side-chain density for ISG65 Trp211, constituting two hydrophobic 

interactions with the TED. The importance of these interactions was confirmed by 

HDX-MS and affinity measurements with an alanine mutant, resulting in a significant 

reduction of the binding affinity [85]. Surprisingly, Trp211 does not engage with C3d in 

the TbbISG65:C3d complex [88].   

Noticeably, SPR data reported by the authors of the aforementioned study show 

results that markedly diverge from those reported here. Based on their affinity 

measurements, the authors proclaim the identification of a secondary binding site 

within C3c [88]. For their experiments, the authors reportedly immobilised ISG65, 

site-specifically biotinylated at the C-terminus, onto streptavidin coated SPR chips until 

a response of 800 response units (RU) was achieved. Injection of 500 nM C3c resulted 

in a maximum response (Rmax) of 122 RU. Using a 1:1 binding model to perform a 

kinetic fit, a KD of 750 nM is reported. Neither the low curvature of the sensorgrams, 

the reported KD well outside of the range of measured concentrations, nor the 

insufficient injection times used during the measurement instil confidence in the 

conclusions drawn by the authors. Reliable determination of binding kinetics 

necessitates an accurate estimation of the Rmax. While complete saturation of the 

ligand is not required in order to do so, a wide concentration range for the analyte, 

typically 0.1x to 10x the KD, should be used and ideally at least one concentration 

should reach equilibrium [239]. Importantly, it should be noted that the kinetic 

parameters reported in the supplementary information of the aforementioned study do 

not reflect the kinetic parameters reported in the main text and figures, casting further 
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doubt on the reported findings [88]. The proteins used by the authors for the presented 

affinity studies were reportedly purchased from CompTech (Texas, USA) but no data 

validating the identity or heterogeneity of the product are presented [88]. In early 

attempts of determining the structure of T. b. gambiense ISG65 in complex with C3 

via cryo-EM during this study, human C3 protein was purchased from CompTech as 

well. During assessment of the products homogeneity, a heavy contamination with 

C3b was determined (data not shown) and the product deemed unsuitable. While 

merely speculative, it cannot be excluded that the commercially available C3c used in 

the study contains traces of a fragment with binding affinity to ISG65, such as C3, C3b 

or C3(H2O). The presence of a small fraction of an ISG65-binding contaminant may 

also explain the comparatively little response upon injection of C3c. While the data 

presented by the authors unfortunately precludes a detailed analysis, it should be 

noted that injection of 500 nM of C3b resulted in a maximum (recorded) response of 

832 RU [88]. Although saturation of the ligand has not been achieved, as indicated by 

the continuously steep slope of the sensorgram throughout the injection, it may 

illustrate the inconsistencies within the binding affinity data presented for C3c. The 

highest concentration of C3 used exceeds a 10-fold molar excess of the reported 

KD [88], theoretically a concentration sufficient to induce ~90% of Rmax [239]. 

Hypothetically, the expected response for C3c at concentrations approximately equal 

to the reported KD should elicit ~50% of Rmax [239]. Based on the recorded maximum 

response for C3b and the difference in molecular weight between the two C3 

fragments, assuming similar association kinetics (9x104 M-1s-1 and 2x104 M-1s-1, [88]), 

injection of 500 nM C3c should have resulted in a response of 614 RU by the end of 

the injection whereas only 122 RU were observed by the authors [88]. While this 

comparison is only illustrative and necessitates many assumptions, it supports the 

suspicion of the presence of an ISG65-binding contaminant in the C3c sample used 

in the aforementioned study. In addition to the poor quality of the SPR data underlying 

the authors claim for ISG65 binding to C3c, the lack of evidence for C3c binding in the 

cryo-EM structures and the contradictory SPR data presented in this study [85] 

indicates that ISG65 does indeed not bind to C3c. 

Although the reported affinity of T. b. brucei ISG65 for human C3b (40 nM) [88] is 

comparable to the KD determined here for T. b. gambiense ISG65 (81 nM) [85], it 

should be noted that most methodological errors outlined in the context of C3c are 

also applicable to the other SPR experiments presented in the study [88]. 
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Conspicuously, analysis of the binding kinetics of T. b. brucei ISG65 to commercially 

obtained C3b (CompTech) necessitated the use of a 2-state model [88]. 

T. b. gambiense ISG65 binding to purified C3b, whose identity and homogeneity had 

been confirmed via intact mass-spectrometry, N-terminal sequencing, Western 

blotting and IEX, could be analysed using the Langmuir model [85, 240].  

In a subsequent study, the authors present a cryo-EM structure of T. b. brucei ISG65 

in complex with human C3b [241], confirming the secondary interface between ISG65 

and the CUB domain predicted here [85]. Based on a higher local resolution of the 

reconstruction, the authors attribute the secondary interface to the loop surrounding 

residues Tyr190 on ISG65 and residue Arg954 on C3b [241]. While plausible, the 

related PDB and EMDB entries were not publicly accessible at the time of analysis 

(accessed 13.02.2024) and the claims could not be independently verified. Notably, 

the authors attribute the presence of the aforementioned secondary interface to both, 

preferential binding of T. b. brucei ISG65 to C3b over native C3, as well as the 

previously observed 2-state binding [88, 241]. Strikingly, neither do the authors provide 

experimental evidence, such as binding affinity measurements using alanine 

mutations, to support their hypothesis, nor do they acknowledge that ISG65 also forms 

a secondary interface with the ANA domain in native C3 [85]. 

Contrary to C3b, the reported affinity for T. b. brucei ISG65 binding to C3d 

(KD = 602 nM) [88] stands in stark contrast to the findings reported here (KD = 7 nM) 

[85]. It should be noted that T. b. brucei is not human infective and the affinity of 

TbbISG65 to human C3 and its fragments could conceivably be lower than that of 

ISG65 from the biologically relevant parasite T. b. gambiense. However, a structural 

comparison of the complex interfaces in TbbISG65:C3d and TbgISG65:TED places 

most interacting residues, with exception of Trp211, in near identical positions [85]. 

While mutation of Trp211 to alanine decreased the binding affinity of T. b. gambiense 

ISG65 to C3d to 67 nM [85], the absence of this interaction alone does not appear to 

account for the marked deviation. Although the binding affinity measurements of 

TbbISG65 and C3d are reported alongside with and compared to those of C3b and 

C3c, they were performed using an entirely different experimental setup [88].  

Whereas TbbISG65 had previously been site specifically biotinylated at its C-terminus 

and immobilised via binding to streptavidin, thus mimicking the likely orientation of the 

protein on the parasite surface, it was immobilised via non-specific amine coupling for 

binding affinity measurements of C3d [88]. Reportedly, 345 RU of ISG65 were 
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immobilised [88], resulting in a theoretical Rmax of ~300 RU for the marginally smaller 

C3d fragment. Based on the presented KD of 602 nM [88], injection of the highest 

concentration of C3d (4 µM) should, theoretically, elicit a maximum response of at 

least 150 RU [239]. Despite reaching equilibrium, an injection of 4 µM C3d resulted in 

a maximum response of 54 RU [88], indicating that as a result of the chosen 

immobilisation technique, the vast majority of ligand molecules were inaccessible for 

binding of C3d. While the fraction of inactive ligand molecules does not influence the 

binding kinetics, previous studies have demonstrated that the presence of free reactive 

amine groups close to the binding site can reduce the affinity for the analyte [242]. The 

authors did not disclose the reason for choosing a different immobilisation technique 

[88]. Surprisingly, the binding kinetics were fitted using the Langmuir model although 

the goodness of fit to the dissociation rate appears rather low [88]. In light of the fast 

dissociation kinetics reported and based on the concentration range presented in the 

study [88], a bulk shift, for example caused by unspecific binding, cannot be 

distinguished from fast kinetics of a biomolecular interaction [239]. To instil confidence 

in the presented measurement, saturation of the ligand at high analyte concentrations 

should have been demonstrated. From their analysis, the authors conclude that the 

observed binding for C3b is best described by a rapid, initial binding of ISG65 to the 

TED, as (supposedly) observed for binding to C3d, followed by a secondary binding 

event which increases the overall binding affinity [88]. This conclusion directly 

contradicts the cryo-EM structures and binding affinity data presented here [85]. Using 

the same experimental setup for measurement of binding affinity data of TbgISG65 to 

all C3 fragments, data obtained for C3b, C3(MA) and C3d could be fitted using the 

Langmuir model [85]. On the contrary, native C3, which was demonstrated to form a 

secondary binding interface with ISG65 via the ANA domain, had to be fitted with a 

two-state model [85]. Based on the recent structural insights on the nature of the 

proposed secondary interface of TbbISG65 and the CUB domain on C3b [241], is 

seems highly unlikely that the coordination of a single residue constitutes a secondary 

binding event that markedly stabilises the interaction over 49 bonded and non-bonded 

contacts found in the primary complex interface [85].  

To elucidate the biological role of ISG65 binding to C3b, the authors of the 

aforementioned study performed mouse infection experiments with a T. b. brucei 

ISG65 knock-out strain [88]. Based on the observation that initial parasite burden in 

C3+/+ and C3-/- mice increased at an equivalent rate, the authors concluded that neither 
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the alternative nor the lectin pathway of the complement system control infection. 

Instead, based on the observation of a decrease in parasitaemia progression of the 

ISG65 K.O. strain, temporally coinciding with the induction of infection-specific IgGs, 

the authors propose the CP as the likely target of ISG65 [88].  

While the alternative pathway activation via ‘tickover’ formation of C3(H2O) and 

assembly of a liquid-phase C3 convertase has been well established, the precise rate 

of activation and relevance of the AP as a surveillance system for pathogens are still 

controversial [243]. Regardless, it is widely accepted that formation of C3(H2O) is a 

weak initiator of the complement cascade in comparison to initiation of CP or LP [243]. 

Studies of T. b. rhodesiense infections in humans have estimated that, on average, a 

subcutaneous dose of 300-450 metacyclic parasites might be sufficient to establish a 

systemic infection [244]. Intraperitoneal injection of 1x106 BSF parasites, as performed 

in the aforementioned study [88], does not only omit events associated with the natural 

infection pathway [17], but also exceeds the biologically relevant infective dose by 

more than 3 orders of magnitude [244]. In conjunction, these findings suggest that 

administration of the reported parasite dose [88] instantaneously overwhelmed the 

protective capacity of the AP, not permitting any conclusion about activation of the 

latter. In addition to an excessive initial parasite burden, the first assessment of 

trypanosome growth was conducted only one day after infection [88], effectively 

precluding the detection of the AP's prompt actions, which are known to unfold within 

minutes of exposure to pathogens [245].  

Despite acknowledging earlier studies demonstrating that Trypanosoma brucei 

gambiense specifically activate the AP [87], the authors do not comment on the fact 

that the same study also demonstrates that the CP is not activated [88]. No additional 

evidence supporting the proposed role of ISG65 as an inhibitor of the classical 

pathway of the complement is presented [88].  

On the contrary, immunofluorescence experiments in the study presented here are in 

good agreement with earlier studies [87], indicating that the CP/LP does not progress 

to the formation of the CP/LP C3 convertase C4bC2a  [85]. Whether the CP/LP is not 

triggered or the lack of C4b on the parasite surface is a result of inhibition of the CP/LP 

prior to C4b deposition was not investigated [85]. Identification of AP convertase 

components on the surface of T. b. gambiense and a lack of C5b, the first component 

of the terminal pathway, suggested inhibition of the alternative pathway upstream of 

terminal pathway initiation. Congruently, abrogation of human serum induced 
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haemolysis by soluble IGS65 was only observed following initiation of the AP but not 

CP [85]. While the findings reported in this study strongly suggest a role of ISG65 as 

an inhibitor of the alternative complement pathway in vitro [85], further studies will be 

needed to elucidate the structural mechanism of ISG65 mediated inhibition of the AP 

C5 convertase and the significance of these findings in vivo.   

 

4.3 Beyond the VSG Layer: Exploring the Role of Intrinsic Disorder in the 

Invariant Surface Glycoproteins of African Trypanosomes. 

 

4.3.1 Author’s contributions 

 

My contribution to the work included (1) joint recombinant protein expression 

and purification; (2) purification of T. b. gambiense VSG LiTat3.1 from native source; 

(3) joint data processing and analysis of SAXS data; (4) joint analysis of HDX-MS data; 

(5) joint SAXS driven ensemble modelling and subsequent analysis with a 

corresponding author;  (10) joint preparation of the manuscript with the corresponding 

authors; (11) preparation and/or revision of all figures and (12) review and editing of 

the manuscript.   

 

4.3.2 Results  

 

 Sparked by novel insights into the conformational flexibility of T. b. gambiense 

ISG65 and its role as a receptor for C3b in the context of the VSG coat [85], this study 

investigated whether prototypical invariant surface glycoproteins TbgISG43, 

TbgISG64, and TbgISG75 may exhibit similar conformational dynamics.  

All atom models of TbbVSG LiTat1.5, TbgVSG LiTat3.1 and the aforementioned 

TbgISGs were predicted by AlphaFold2 with high confidence [207]. For the VSGs, 

especially the N-terminal domains and the dimer interfaces appear to be modelled with 

high accuracy as indicated by low predicted aligned error (PAE), good pDockQ scores 

with very high positive predictive values (PPV) and good interface predicted template 

modelling (ipTM) scores. Noticeably, AlphaFold2 predicted an unusually long 

C-terminal helix for TbgVSG LiTat3.1. While good pLDDT scores suggest reliable 

prediction of that protein region, this architecture has not yet been described for any 
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other VSG. Structural alignment classified TbbVSG LiTat1.5 and TbgVSG LiTat3.1 as 

Class A1 and Class A2 VSGs, respectively (see I.3.3) [93]. Similarly, the N-terminal 

domains of the ISGs were predicted with high confidence and are in good agreement 

with recently published experimental structures of TbgISG65 [85, 88]. Although 

significantly lower pLDDT scores reported for the C-terminal domains of TbgISG43 

and TbgISG64 suggest intrinsic disorder [246], the C-terminus of TbgISG75 is 

predicted with reasonably high confidence to consist of two long, intertwined, 

antiparallel ⍺-helices [207].  

In agreement with the predicted structures, circular dichroism spectroscopy (CDS) 

confirmed high ⍺-helical content of the TbgISGs. Contrastingly, secondary structure 

analysis of the CD spectra also revealed a notable degree of disorder unaccounted 

for by the AlphaFold2 models [207]. Congruently, Kratky analysis of small angle x-ray 

scattering experiments demonstrated significant flexibility of the proteins, suggesting 

that the solution behaviour would be best approximated by a conformational 

ensemble. Predictably, theoretical scattering curves derived from the single-conformer 

AlphaFold2 models were insufficient to explain the observed solution behaviour of the 

proteins under study [207].  

Using the molecular dynamics based BILBOMD protocol for generation and selection 

of conformational ensembles against experimental SAXS data [226], the solution 

behaviour of the studied VSGs was best approximated with a rigid N-terminal domain 

and flexible CTD, contrasting the single-state conformers predicted by AlphaFold2 

[207]. The experimental scattering data for TbbVSG LiTat1.5 was best explained by 

an ensemble composed of five models, 40% of which adapted a compact conformation 

(Dmax = 155 Å) and 60% displayed various degrees of extension (Dmax = 196 Å for the 

most extended conformer) [207]. Similarly, the ensemble with the best fit to the 

experimental data for TbgVSG LiTat3.1 was also obtained when granting full 

conformational flexibility to the CTD, revealing a primarily compact conformation 

(Dmax = 167 Å) and only 21.5% extended conformers (Dmax = 211 Å) [207]. These 

findings were in good agreement with an earlier study investigating the structural 

flexibility of TbbVSG MiTat1.1 and TbbVSG IlTat1.24 via a SAXS-based, rigid body 

modelling approach [209], thereby validating the molecular dynamics-based protocol 

utilised here.  

To assess whether the low pLDDT scores (< 50) in the C-terminal regions of the 

AlphaFold2 predictions for TbgISG43 and TbgISG64 correlate with intrinsic disorder 
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in the protein, HDX-MS was employed. As exemplified on TbgISG65, protein regions 

of lower complexity typically exhibit faster deuteration rates than their well-folded 

counterparts [229]. Congruently, the canonical three-helical bundle predicted for 

TbgISG43, TbgISG64 and TbgISG75 with high confidence exhibited significantly lower 

deuteration rates than the remaining residues. Residues predicted to form the 

disordered loops of the membrane-distal head domains as well as the C-terminal 

domains of TbgISG43 and TbgISG64 exhibit large degrees of deuteration already after 

20s, supporting the AlphaFold2 prediction [207]. Underlining the predictive power of 

AlphaFold2, residues predicted to form C-terminal helices in TbgISG43 and TbgISG64 

showed markedly reduced initial deuteration rates, suggesting the presence of 

secondary structure elements in solution [207].   

While deuteration rates of TbgISG43 and TbgISG64 aligned well with predicted 

structural features, the experimental data for TbgISG75 does not support the existence 

of the long, C-terminal pair of intertwined ⍺-helices in solution. However, in contrast to 

the other TbgISGs studied, the CTD of TbgISG75 did not appear strictly disordered 

either. Residues Arg272-Arg317 and Lys339-Ala370 deuterated markedly slower than 

truly disordered parts of the protein but showed increased deuteration rates in 

comparison to residues of the predicted three-helical bundle [207]. A significant 

increase in deuteration rates around residue Lys255 suggested similar domain 

boundaries of the three-helical bundle as observed for the other TbgISGs. In sum, 

these findings indicated that while the C-terminus of TbgISG75 is largely disordered, 

it is likely to undergo structural transitions and therefore may occur partially folded in 

solution. Corroborated by the findings that the single-state AlphaFold2 models 

inadequately approximated the experimental scattering data, it was concluded that the 

C-terminal regions of TbgISG43, TbgISG64 and TbgISG75 are subject to a significant 

degree of intrinsic disorder [207].  

To further elucidate the solution behaviour of TbgISGs, insights into protein flexibility 

inferred from the HDX-MS data were used as restraints in SAXS-based ensemble 

modelling via the BILBOMD protocol. In general, N-terminal domains were treated as 

rigid bodies whereas the C-terminal regions were considered disordered. For all ISGs 

under study, a good fit to the experimental data was obtained with an ensemble 

composed of one compact and one highly extended conformer each [207]. The largest 

deviation between chosen ensemble and the experimental data was observed for 

TbgISG43 (χ2 = 3.28) whereas the TbgISG64 ensemble could be fitted with a 
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χ2 = 1.51. Based on the apparent structural promiscuity of the C-terminal region in 

HDX-MS, TbgISG75 was modelled more extensively. A range of ensembles was 

generated by restricting conformational sampling in either or both of the protein 

regions characterised by lower deuteration rates, thus preserving the ⍺-helical fold for 

these residues. Alternatively, no restrictions outside the NTD were applied, accounting 

for a fully disordered C-terminus. While a two-conformer ensemble with good fit to the 

experimental data (χ2 = 1.08 to 1.66) was obtained regardless of the applied restraints, 

the nature of the ensemble changed markedly. When the C-terminus was granted full 

flexibility, the ensemble was composed of nearly equal fractions of compact and fully 

extended conformers, spanning a maximum distance of 90 and 276 Å, respectively 

[207]. While the Dmax of the respective conformers did not change drastically when 

retaining the ⍺-helical fold in residues Arg272-Arg317 (Dmax = 112 and 308 Å), the 

fraction of fully extended conformers decreased to only 11%. Despite the noticeable 

difference, the theoretical scattering curves of both ensembles approximated the 

experimental SAXS data nearly to the same degree (χ2 = 1.08 vs χ2 = 1.1) [207]. 

Although similar observations were made when the helical fold of residues 

Lys339-Ala370 was retained, the resulting ensemble showed the least optimal fit to 

the experimental data (χ2 = 1.66) [207]. Simultaneously restraining conformational 

sampling in both residue regions resulted in an ensemble equally representative of the 

experimental data as a completely disordered C-terminus (χ2 = 1.08). 86% of 

conformers were modelled compact, spanning a maximum distance of 103 Å, whereas 

the remaining 14% stretched to 308 Å [207].    

 

4.3.3 Discussion 

 

The ability of AlphaFold2 to rapidly generate highly accurate, all-atom models 

without any experimental input has undoubtedly revolutionised the field of structural 

biology [213]. Despite its relatively recent inception, AlphaFold2 has already proven a 

valuable tool in a wide variety of applications [247]. However, by generating only a 

single conformer, the prediction does not account for the behaviour of proteins in 

solution, severely limiting insights into their potential biological function. This limitation 

is further exacerbated by intrinsically disordered proteins (IDPs) or proteins with 

intrinsically disordered regions (IDRs). In such cases, an accurate description of the 
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conformational flexibility of a protein in solution may be ascertained by combination of 

AlphaFold2 with SAXS-based conformational sampling [248, 249]. Prompted by 

recent work demonstrating the conformational flexibility of TbgISG65 [85], the 

molecular dynamics driven ensemble modelling approach BILBOMD [226] was used 

to investigate the structural flexibility of other TbgISGs and interpret the findings in the 

context of the VSG coat.  

The validity of the applied protocol was established by analysis of the solution 

behaviour of TbbVSG LiTat1.5 and TbgVSG LiTat3.1 and comparison of the findings 

to earlier reports for TbbVSG MiTat1.1 and TbbVSG IlTat1.24 [209].  In both studies, 

the solution behaviour of the VSGs was best described by conformational ensembles 

with rigid N-terminal domains and flexible CTDs. Using a SAXS-based rigid body 

modelling approach, Bartossek et al. observed 2.5-fold smaller differences in Dmax 

between the conformational states than observed when using the BILBOMD protocol 

[207, 209]. Similarly, the Dmax of the most extended conformation of the VSGs studied 

here exceeded the previously reported values by approximately 50 Å. Although the 

VSGs from both studies are members of the same protein family and were obtained 

through identical purifications from native source, ultimately, they are different proteins 

and thus could exhibit different conformational flexibility in solution. Moreover, it seems 

conceivable that the molecular dynamics-based approach samples a larger 

conformational space than the rigid-body modelling approach utilised in the previous 

study. Overall, the ensembles generated using the BILBOMD protocol were found to 

be in good agreement with those reported in the earlier study [209].  

Recently published findings demonstrated that TbgISG65 is tethered to the parasite 

membrane via a disordered, C-terminal linker, facilitating extension beyond the 

boundaries of the VSG layer, enabling interaction with its ligand, human complement 

C3b [85]. To determine whether this is a structural feature conserved amongst other 

TbgISGs, HDX-MS disorder mapping was employed for TbgISG43, TbgISG64 and 

TbgISG75. The results demonstrated that the TbgISGs under investigation also 

possess a membrane-proximal IDR, anchoring the well-structured NTDs to the 

parasite surface. While AlphaFold2 accurately determined the intrinsically disordered 

nature of the C-terminal linker for TbgISG43 and TbgISG64, the C-terminus of 

TbgISG75 was predicted with high confidence scores to form a long pair of intertwined, 

antiparallel ⍺-helices. Coincidentally, a recent study has found that AlphaFold2 can 

readily identify conditionally folded IDRs and IDPs [250]. The study demonstrated that 
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(primarily ⍺-helical) secondary structure predictions with high and very high pLDDT 

scores in protein regions identified as IDRs via traditional, sequence-based disorder 

predictors are likely to resemble a conditionally folded conformation of the protein. 

Although HDX-MS analysis suggested a largely disordered C-terminal linker in 

TbgISG75, two regions in particular exhibited reduced deuteration rates, indicating a 

partial fold in solution [207]. Based on its copy number on the parasite surface, ISG75 

has long been suspected to serve a function as an abundant receptor for a yet to be 

discovered ligand. Considered collectively, the presence of transient secondary 

structure in the largely disordered C-terminus, the suspected role as a receptor, and 

the apparent discrepancy between the experimentally determined conformational 

ensemble and the AlphaFold2 prediction suggests that the TbgISG75 C-terminal linker 

may be a conditionally folding IDR. A similar contradiction between the experimental 

data and the highly confident AlphaFold2 prediction was observed for the unusually 

long, C-terminal ⍺-helix in TbgVSG LiTat3.1. 

TbgISG65 and TbgISG75 are highly immunogenic and elicit a robust immune 

response detectable through the presence of antibodies in patient blood [117]. In line 

with these findings, immuno-affinity chromatography with T. b. gambiense infection 

IgG could selectively enrich the most abundant invariant surface glycoproteins ISG64, 

ISG65 and ISG75 [119]. Contrary to expectations, immunisation with ISG75 was 

unable to confer any protection against repeated infection in memory recall 

experiments [33]. These observations are consistent with earlier studies where ISG65 

on T. brucei has been proven generally inaccessible to antibodies whereas only 

minimal binding to ISG75 could be observed in fixed but not live cells [117]. These 

findings contradict the prevailing hypothesis of the VSG umbrella as a static, protective 

barrier, effectively shielding the underlying invariant surface proteins from recognition 

by the host’s immune system. While permissive to penetration by small molecules, 

larger molecule such as antibodies have been demonstrated to be excluded 

[105, 251-253]. Consequently, exposure of the ISGs to the hosts immune system must 

therefore occur either through increased permissiveness of the VSG coat or shedding 

of the antigens. In addition to the findings presented here, recent studies 

demonstrating conformational flexibility of TbgISG65 [85] and metacyclic invariant 

surface proteins (MISP) [254] have favoured the former hypothesis. In addition to 

flow-mediated antibody clearance facilitated by fast endocytosis and recycling of 

surface antigens [98], telescopic extension and retraction of ISGs may enable 
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biological function beyond the VSG coat while simultaneously minimising exposure to 

the hosts immune system, thereby effectively reducing their immunogenic footprint. 

In synthesis with reports from earlier studies [85, 209, 254], the data gathered here 

have prompted the formulation of an updated model of the trypanosome surface coat. 

The revised model acknowledges the apparent conformational flexibility conserved 

across various invariant surface glycoproteins of T. b. gambiense that was previously 

unaccounted for. Prior studies have estimated the VSG coat to extend approximately 

140 Å to 160 Å from the parasite membrane [209]. With maximum distances for the 

compact conformations approximated to 90 Å (TbgISG64, TbgISG75) and 129 Å 

(TbgISG43), all of the TbgISGs under study appear deeply embedded within. It should 

be acknowledged that, due to technical limitations of the applied methodology, the 

minimum dimensions inferred from the solution scattering data are likely to be 

underestimated. In absence of a transmembrane domain anchoring the protein to a 

lipid bilayer, the intrinsically disordered C-terminal linker may adopt conformations in 

solution that are not permitted on the surface of the parasite. While applicable to all 

ISGs studied here, this limitation is best exemplified by the compact conformer of the 

ensemble calculated for TbgISG64 where molecular-dynamics driven modelling 

placed the C-terminus in vicinity of the membrane-distal head domain [207].  

Regardless of this limitation, when retracted, the majority of the TbgISG N-terminal 

domain is likely to be localised approximately 70 Å off the parasite surface, thereby 

co-residing with the C-terminal domain of the surrounding VSGs. Earlier studies have 

demonstrated that the latter is inaccessible to host antibodies [255], suggesting that 

the majority of invariant epitopes are shielded from the hosts immune system in the 

compact conformation, potentially exposing only the disordered, N-terminal head 

domains.   

Considering even the largest distances observed for TbgVSG LiTat3.1 (which exceed 

earlier reports for other VSGs significantly [209]), both TbgISG43 and TbgISG75 could 

extend well beyond the boundaries of the VSG surface coat when fully extended. 

Based on a comparatively low Dmax of 234 Å, TbgISG64 seems to extend at least 40 Å 

less than the other TbgISGs under study. The NTD could extend well beyond the CTD 

of the VSG coat regardless, thereby enabling access to the host’s bloodstream and 

any potential ligands therein. This hypothesis is supported by earlier reports 

demonstrating that TbgISG65, a cell surface receptor for complement C3b, extends 

only to ~170 Å [85]. 
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Although the data presented here provide mechanistical insights into the 

conformational flexibility of Trypanosoma brucei surface coat constituents in solution, 

it remains to be elucidated whether these findings translate to the biological assembly 

in vivo. While an inherent ramping mechanism has been suggested for a multitude of 

variant and invariant surface proteins individually [85, 207, 209, 254], the molecular 

mechanisms choreographing that flexibility into a cohesive biological function are yet 

to be determined. It has been previously hypothesised that conformational switching 

may be a result of spatial constraints imposed by in- or decreasing surface protein 

density [209] but the existence of other thermodynamic or molecular triggers is 

conceivable. A clue towards the latter is provided by the potential function of the 

TbgISG75 C-terminal linker as a conditionally folding IDR. The identification of 

biologically relevant ligands for ISGs other than ISG65 [85] might shed more light on 

the matter.  

 

Part II – Human adenovirus C5 

 

4.4 Structural insights into the interaction between adenovirus C5 hexon 

and human lactoferrin. 

 

4.4.1 Author’s contributions 

 

My contribution to the work included (1) joint cryo-EM data processing and data 

curation for subsequent molecular modelling; (2) SPR measurements‡; (3) joint 

preparation of figures with the first author and (4) writing, review and editing of the 

manuscript. ‡Due to technical limitations, SPR was unsuited for binding affinity 

determination and was subsequently not included in the published manuscript 

(see 4.4.3).   

 

4.4.2 Results 

 

 While CAR mediated cell entry of adenoviruses into epithelial cells has been 

well established in vitro, a growing body of evidence suggests the existence of 

alternative pathways for initial infection of epithelial cells in vivo [121, 135, 
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153, 154, 157]. Results of earlier studies have suggested that lactoferricin, the 

antimicrobial, N-terminal peptide of the human host defence protein lactoferrin, 

facilitates transduction of HAdV-C5 in epithelial cells via binding of the HVR-1 loop of 

the hexon capsomer [137]. The results of the study presented here elucidate the 

structural basis of this interaction, thereby providing further insights into the 

alternatives routes of species C adenovirus infection.     

Based on observations made in viral transduction assays, association of hLF with the 

HAdV-C5 hexon was suggested to occur via binding of the alkaline Lfcin peptide to 

the highly acidic HVR-1 of the viral capsomer [137]. In agreement with these findings, 

a stable complex of the proteins could only be observed in SEC when the salt 

concentration of the mobile phase did not exceed 5 mM. Already 10 mM sodium 

chloride were sufficient to abrogate binding almost entirely [130]. The electrostatic 

nature of the interaction was unequivocally confirmed by native MS. In 20 mM 

ammonium acetate (AA) buffer, the trimeric hexon capsomer could be observed in an 

almost exclusively unbound state, only a small fraction of the total hexon was bound 

to a single hLF molecule. Reduction of the buffers ionic strength by dilution to 

approximately 6 mM AA resulted predominantly in formation of a complex with 3:1 

stoichiometry (hexon:hLF) as well as small fractions of unbound hexon and a complex 

containing an additional hLF molecule [130].  

Using single-particle cryo-EM, the structure of the HAdV-C5 hexon capsomer could 

be reconstructed to a FSC0.143 of 2.9 Å. With the exception of hypervariable loop 

residues 137-164, 188-190, 252-256, 271-278 and 431-436, the trimeric assembly 

could be modelled in its entirety and bears a close resemblance (RMSD = 0.9 Å) to 

the previously published crystal structure (PDB 3TG7) [130].     

While a set of good 2D class averages for ‘top’ and ‘bottom’ views of the hexon:hLF 

complex were obtained, strong preferential orientation, irreproducible grid preparation 

and a large degree of dissociation of the complex upon vitrification precluded a 

three-dimensional reconstruction. A previously published modelling protocol [256] 

utilising the XPLOR-NIH program [257] for refinement of all atom models against 

experimental  2D projections obtained by cryo-EM was adapted here to generate an 

atomic model of the hexon:hLF complex.  

Distance constraints for initial rigid body docking were generated by crosslinking MS. 

Incubation of the hexon:hLF complex with homobifunctional crosslinker DSBU 

(disuccinimidyl dibutyric urea) resulted in crosslinks between hexon residues located 
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in the protruding turrets (Ser174, Ser446) (see II.1.3.1) and hLF residues in the N-lobe 

(Lys282) as well as the junction of N- and C-lobe (Lys676) (see II.2.1.3) [130]. The 

homotrimeric arrangement of the hexon capsomer hypothetically accommodates 

crosslinking of hLF to residues on different protomers. Orientation of Lfcin towards the 

intermolecular interface however was permitted only when both crosslinking pairs 

were attributed to the same protomer. Based on previous reports demonstrating the 

importance of Lfcin for this interaction [137], the latter arrangement was assumed to 

be most likely. 

To append the residues missing from the experimental structure, a full-length 

HAdV-C5 hexon model was generated with AlphaFold2 [213], residues 137-164, 

188-190, 251-256, 271-278 and 431-436 were excised from the predicted structure 

and grafted onto the experimental model. The arrangement of the resulting model 

deviated noticeably from the quaternary structure inferred from the experimental 2D 

projections. The class averages obtained for the hexon:hLF complex suggested the 

presence of a pivoting motion between the protruding turrets, resulting in a significant 

change in their relative positions [130]. To obtain a more accurate starting model for 

subsequent modelling steps, a molecular dynamics simulation of the hexon was 

performed. To accelerate computation, the rigid base of the model was removed and 

only residues 129-315 and 415-460 of each protomer were used in the simulation. A 

conformation closely resembling the arrangement inferred from the 2D class averages 

was selected towards the end of the simulation, post-convergence of the RMSD [130]. 

The structure of diferric hLF (PDB: 1LFG) [170] and the hexon model selected from 

the MD simulation were used for rigid body docking and energy minimisation in 

XPLOR-NIH [257]. Out of 100 generated models, the ten lowest energy solutions 

without violations of the distance constraints imposed by crosslinking MS were used 

in subsequent refinement against the experimental 2D projections. From the ten 

lowest energy solutions generated in the refinement step, the model with the highest 

cross-correlation score to the experimental data [256] was chosen for subsequent 

analysis.  

In addition to the predicted interaction between Lfcin and the HVR-1 loop of the hexon, 

the selected model also exhibited a secondary interface between the hLF C-lobe and 

an adjacent hexon protomer. This finding placed the crosslink previously postulated to 

be located on the same protomer as the interacting HVR-1 onto a different subunit of 

the hexon trimer, contradicting the earlier hypothesis [130].    
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To instil confidence in the interactions inferred from the computationally generated 

model, binding affinity of hLF to fluorescently labelled HAdV-C5 hexon was assessed 

via microscale thermophoresis (MST). Charge-reducing point mutations were 

introduced in residues suspected to facilitate protein binding. Single point mutation of 

Lfcin residues in direct vicinity to the hexon HVR-1 loop (R24S, R27A, K28A, and 

R30A) reduced binding affinity of all respective constructs in comparison to the 

wild-type protein, albeit to various degrees (6 to 53% reduction) [130]. Congruently, a 

quadruple mutation encompassing all four residues diminished the binding affinity to 

only 19% of that of the wild-type protein, amounting to the largest reduction amongst 

all mutants tested [130]. Due to their close proximity to Lfcin and the HVR-1 loop, the 

residues adjoining Lys282, one of the two hLF residues found to form crosslinks with 

the HAdV-C5 hexon, were also suspected to facilitate binding. While this region of hLF 

has not been associated with binding to the viral capsomer previously, a triple mutation 

(K277S/K280A/K285S) reduced binding affinity by 80% in comparison to the wild-type 

protein, thereby suggesting a significant role for these residues in complex formation 

[130]. For validation of the secondary interface between hexon and the C-lobe of 

lactoferrin, two double mutants (N673A/S678A and E687A/K691A) were introduced in 

the residues surrounding the second crosslinking residue of hLF, Lys676. Although 

less pronounced than the observations made for the mutations introduced in the 

N-lobe, the double mutants exhibited a reduction in binding affinity to 58% and 32%, 

respectively, confirming a considerable contribution of the C-lobe to the overall binding 

of HAdV5-C5 hexon binding [130].  

 

4.4.3 Discussion  

 

In addition to other antimicrobial activities [173, 174], human lactoferrin acts as 

an antiviral against a wide range of both RNA- and DNA viruses [171]. Binding of hLF 

to invading viruses or their cell surface receptors prevents viral attachment to the host 

cell surface, thereby inhibiting infection [171]. In striking disparity, previous studies 

demonstrated that binding of both full-length lactoferrin and its N-terminal lactoferricin 

peptide to the hexon capsomer of species C adenoviruses exerts the adverse effect, 

promoting infection of epithelial cells instead [136, 137]. Based on a series of viral 

transduction assays, the authors hypothesised that the binding is facilitated by 



Chapter 4. Results and discussion 
 

 

 

79 

electrostatic interactions between the highly acidic HVR-1 loop of the hexon and the 

predominantly basic N-terminus of lactoferrin [137]. The biochemical and structural 

findings outlined in this study provide novel insights into CAR-independent infection 

pathways and possibly shed light onto an immune evasion strategy employed 

specifically by species C adenoviruses. 

Formation of the hLF:hexon complex in SEC and native MS was observed only in 

buffers of low ionic strength, supporting the suspected charge-driven nature of the 

interaction. Already the presence of 10mM NaCl or 20 mM ammonium acetate 

abrogated formation of the complex almost entirely [130]. These findings appear to 

contradict earlier transduction experiments which were performed in Dulbecco’s 

modified Eagle’s medium (DMEM) [137]. Alongside sodium chloride concentrations 

exceeding 100 mM, DMEM contains a plethora of other inorganic salts like calcium 

chloride, magnesium sulphate, potassium chloride, a multitude of amino acids and a 

wide range of vitamins, resulting in far greater ionic strength than the buffers used in 

the present study [130]. The conspicuous discrepancy between these findings may be 

explained by the presence of a secondary cell surface receptor, facilitating attachment 

to the epithelial cells used in the transduction assay. It is also conceivable that the use 

of complete virions and the resulting avidity of 240 capsomeres operating in 

conjunction may compensate for the susceptibility of purified components to the higher 

ionic strength buffers.  

Species C HAdVs exhibit strong tropism for the eye and upper respiratory tract [122], 

both of which are covered by a thin layer of fluid or mucus with a tightly regulated ion 

balance [258, 259]. Although electrolyte concentration in the periciliary fluid of the 

respiratory epithelium is unknow, NaCl abundance in sputum and tear fluid have been 

estimated to 100 mM (± 27 nM) [259] and 140 mM [260, 261], respectively. While the 

relevance of hLF mediated enhancement of HAdV-C5 transduction has yet to be 

demonstrated in vivo, average NaCl concentrations reported for tissues specifically 

targeted by the virus and the earlier results of viral transduction assays in DMEM [137] 

indicate that the requirement for low ionic strength buffers for complex formation may 

be caused by the use of purified components.       

Efforts to elucidate the structural details governing the binding of hLF to the viral 

capsomer via single particle cryo-EM were unsuccessful due to inconsistent sample 

preparation and strong preferential orientation of the hLF:hexon sample upon 

vitrification. An integrative modelling approach, combining experimental distance 
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constraints obtained via crosslinking MS, the generation of starting models using 

protein structure prediction software and molecular dynamics simulations, rigid-body 

docking and subsequent refinement against 2D projections was used to generate a 

plausible model of the HAdV-C5 hexon capsomer in complex with human lactoferrin 

[130]. While providing a good approximation of the complexes overall arrangement, 

detailed information about residues constituting the two identified protein-protein 

interfaces could not be inferred from the model [130].  

Site-specific mutagenesis of hLF in conjunction with MST confirmed correct prediction 

of the interfaces and established key residues facilitating the interaction. Previous 

findings showed that C-terminally truncated Lfcin1-18 does not enhance viral 

transduction efficacy [137]. Congruently, the biggest reduction of binding affinity was 

observed when mutating positively charged residues R24S, R27A, K28A and R30A in 

the N-terminal Lfcin peptide [130]. A similar decrease in binding affinity could be 

observed when mutating solvent accessible residues in a protein region adjacent to 

the Lfcin peptide. While not previously implicated in hexon binding, charge reducing 

mutations also revealed a significant contribution to the overall binding affinity [130].   

Analysis of crosslinking-MS data indicated the presence of a secondary interface 

between hexon and the C-lobe of lactoferrin. Mutational analysis of interface residues 

demonstrated a notable decrease in binding affinity, albeit to a lesser degree than 

observed for residues of the N-lobe [130]. While these findings are in good agreement 

with the experimental 2D class averages obtained for the hexon:hLF complex, their 

significance remain to be elucidated in vivo. A secondary interface with little 

contribution to the overall stability of the complex could facilitate correct orientation of 

lactoferrin for subsequent binding to a cell surface receptor. Viral transduction assays 

previously demonstrated that full-length hLF increased transduction efficacy 4-fold 

whereas equimolar concentrations of Lfcin induced a 6-fold increase in transduction 

[137], indicating that the hLF C-lobe is not required to bridge the interaction between 

virus and epithelial cell.  

It is conceivable however that correct orientation of full-length lactoferrin is required 

for binding of a surface receptor on cell types other than epithelial cells. A multitude of 

lactoferrin receptors have been reported across a wide range of different cell types 

[262]. Previous reports showed that lactoferrin induces TLR-4 mediated uptake of 

HAdV species B, C and D in dendritic cells [169]. While Lfcin marginally increases 

HAdV-B35 transduction into epithelial cells, the HVR-1 region of species D 
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adenoviruses, such as HAdV-D37, carries a positive net-charge similar to lactoferricin, 

likely precluding binding of the latter [137]. In synthesis, these observations suggest 

that adenoviruses may have developed several distinct mechanisms to hijack 

lactoferrin via the hexon capsomer, figuratively turning it into ‘general key’, providing 

access to a variety of different cell types.  

Despite the homotrimeric arrangement of the hexon, no capsomers harbouring three 

copies of lactoferrin were observed in native MS experiments. The predominant form 

of the complex contained a single lactoferrin molecule and only a minor fraction 

containing two hLF molecules was identified. The cryo-EM 2D class averages 

suggested a prominent conformational change in the protruding turrets of the hexon 

upon lactoferrin binding [130]. Structural alterations during binding of the first 

lactoferrin copy could diminish the affinity for subsequent binding whereas binding of 

a second ligand may inhibit the binding of a third entirely. The proposed hypothesis 

may also explain why full-length hLF increased HAdV-C5 transduction efficacy in 

epithelial cells 4-fold while equimolar concentrations of Lfcin induced a 6-fold increase 

[137]. The 49 residue lactoferricin peptide is unlikely to encounter steric inhibition, 

enabling binding of an additional molecule compared to the much larger full-length 

protein. This could potentially account for the observed increase in transduction 

efficacy [137].  

To assess the binding dynamics governing the interaction between lactoferrin and 

hexon, SPR measurements were performed. While an earlier study investigated the 

binding affinity of hexon protein from various adenovirus serotypes to lactoferrin and 

lactoferricin via SPR, depiction of any sensorgrams is omitted from the publication, 

precluding analysis of the underlying dynamics or stoichiometry of the interaction 

[137]. The authors reportedly immobilised the hexon covalently to a CM5 sensor chip 

via amine coupling and performed all binding affinity measurements in HBS-EP+ 

(10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% P20, pH 7.4) buffer [137]. Using 

this experimental setup, the alleged binding affinity of the HAdV-C5 hexon to full-length 

lactoferrin was reportedly determined to 29 nM, featuring moderate association and 

slow dissociation rates [137]. These reports strongly contradict the findings shown 

here. Using a buffer of similar ionic strength (20 mM HEPES, 150 mM NaCl, 

0.02% P20, pH 7.2), MST experiments revealed a binding affinity of hLF to HAdV-C5 

hexon of approximately 2 µM, a difference of two orders of magnitude [130]. The latter 

is in good agreement with observations made in SEC and native MS. An argument 
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could be made that a sensor chip densely coated with immobilised hexon might better 

approximate the virion surface than the use of purified, soluble components in MST, 

thereby potentially overcoming the higher ionic strength of the buffer through 

increased avidity. Adopting the widely accepted approximation that 1 RU is equivalent 

to a surface concentration of 1 pg/mm2 on the sensor chip [263], the authors reportedly 

immobilised hexon to a surface concentration of approximately 1000 pg/mm2 [137]. 

On each facet of the virus capsid, 18 hexon capsomers cover a crudely estimated 

surface area of 68.000 Å2, totalling approximately 14.242 pg/mm2, exceeding the 

surface concentration used in the SPR experiment more than 14-fold. Confidence in 

the previously reported binding affinity was diminished further by the inability to 

reproduce the findings. After successful immobilisation of HAdV-C5 hexon to 

approximately 900 RU onto a CM5 sensor chip (Cytiva) via amine coupling 

(Figure 12A), injection of 200 nM hLF in low ionic strength buffer (20 mM HEPES, 

5 mM NaCl, 0.005% P20, pH 7.2) did not result in any specific binding (Figure 12B).  

  

 

 
 

Figure 12 – SPR sensorgrams of HAdV-C5 hexon immobilisation and hLF injection. 

A Immobilisation of hexon to a CM5 sensor chip. Activation of the sensor surface with EDC/NHS, four injections of 

ligand and subsequent quenching with ethanolamine are shown and marked accordingly. After quenching, 900 RU 

of hexon remained immobilised. B Reference subtracted sensorgram of lactoferrin binding on immobilised hexon. 

Start and end of the injection are highlighted with red arrows. The negative slope of the curve is caused by an 

increased amount of unspecific background binding in the reference channel. Injection of 1.5 M NaCl removed 

non-specifically bound protein, effectively regenerating the surface.  

 

The immobilisation step was performed in 10 mM sodium acetate buffer at pH 4.5. In 

buffers with a pH over 3.5 the dextran matrix of the used CM5 sensor chip is negatively 

charged. While immobilisation of the hexon in an orientation precluding binding to 
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lactoferrin cannot be excluded, the highly acidic nature of the hexon turrets renders 

this hypothesis unlikely. Congruently, immobilisation of site-specifically biotinylated 

lactoferrin to a CAP sensor chip (Cytiva) and subsequent injection of 200 nM HAdV-C5 

hexon, using the same low ionic strength buffer, did not result in any specific binding 

either (data not shown).  

To elucidate the binding mechanism of human lactoferrin to the adenoviral hexon 

capsomer in detail and to determine whether its interaction may differ across various 

viral serotypes, the identification of the corresponding cell surface receptors will be 

crucial. The findings presented here may serve as a basis for development of Lfcin 

based antivirals against species C HAdVs or pave the way for novel adjuvants in gene 

therapy applications to facilitate viral transduction efficiency in the lungs.  

An increasing number of complex biological structures are being determined via 

integrative modelling approaches, combining experimental data and computational 

methodologies [264]. While protein structure prediction via AlphaFold2 has become a 

versatile tool to support interpretation of cryo-EM reconstructions [265], not all samples 

are readily amendable to three-dimensional reconstruction. The combination of 

crosslinking data, rigid body docking and subsequent refinement against a limited 

number of unique experimental 2D class averages, as described here, produced a 

likely model of the studied interaction. While general validity of this approach remains 

to be elucidated, it could serve as a template for generation of models of other 

specimen which elude structural characterisation by experimental means alone. 
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Chapter 5 

Conclusion 

 

The primary research objective of this study was to elucidate the structural 

basis of immune evasion mechanisms employed by the human-infective pathogens 

Trypanosoma brucei gambiense and human adenovirus C5. Acquiring a detailed 

understanding of the molecular events driving such strategies is essential to advance 

our knowledge of the disease and thus indispensable for the development of novel 

therapeutics. 

 

Part I – African trypanosomes 

 

Despite a big surge in the number of annually published protein structures 

determined by cryo-EM following the so-called ‘resolution-revolution’ [266], x-ray 

crystallography remains the most commonly used method for structure determination 

at the time of writing (www.rcsb.org, accessed March 2024) [267]. Although 

tremendous advances in protein x-ray crystallography have been made since its 

inception in the late 1950s, the design and production of protein minimal constructs 

amendable to crystallisation pose a major bottleneck to this date [268]. This problem 

is further exacerbated if the protein exhibits an especially complex fold and no 

homologues of known structure are available. The advent of highly reliable protein 

structure prediction via AlphaFold2 [213] has been hugely beneficial to overcome the 

latter obstacle, but identification of protein domain boundaries based on computational 

models alone has proven difficult (see 4.1.3).   

Using the example of ISG65, a prominent member of a structurally mostly 

uncharacterised protein family from the human-infective parasite Trypanosoma brucei 

gambiense, a multifaceted strategy for improved construct design and recombinant 

expression of challenging proteins was developed. Through strategic integration of 

well-established and widely accessible laboratory techniques such as hydrogen-

deuterium exchange mass spectrometry (HDX-MS), truncation scanning and targeted 

expression host switching, a minimal construct that can be expressed with high yields 

at relatively low cost was generated [206].  
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Despite being one of the most abundant invariant surface proteins of the bloodstream 

form of T. b. gambiense and the subject of numerous previous studies, the biological 

function of ISG65 has remained elusive for the past 30 years. The work published 

within the scope of this dissertation identified ISG65 as a receptor for the human 

complement component C3b and demonstrated its role in the selective inhibition of 

the alternative pathway of the complement system [85]. In vitro experiments 

demonstrated that by interfering with both the assembly and function of the AP C5 

convertase, ISG65 prevents progression of the complement cascade to the terminal 

pathway, thereby thwarting complement-mediated lytic activity. In good agreement 

with earlier reports [87], no evidence for activation of the classic or lectin pathway by 

the parasite was found. Congruently, ISG65 had no noticeable effect on classical 

pathway activity in haemolytic assays.  

Additionally, this work presented the cryo-EM structures of native C3 and the 

proteolytically activated C3b in complex with ISG65, revealing two distinct modes of 

interaction [85]. In combination with data generated in SAXS experiments, these 

findings led to the proposal of a likely model for the receptor-ligand interaction in 

context of the VSG surface coat of the blood-stage parasite and how it may facilitate 

their escape from the host’s innate immune system. T. b. gambiense ISG65 is tethered 

to the parasite membrane via a disordered, C-terminal linker. Conformational flexibility 

of this membrane-proximal region could grant the ability to adopt both compact and 

elongated conformations. While the well-structured N-terminal domain of ISG65 

resides within the protective VSG layer in the compact conformer, upon extension the 

protein could reach beyond the boundaries of the protective VSG umbrella, enabling 

interaction with its ligand [85].   

To explore whether conformational flexibility conferred by a disordered C-terminal 

linker may be a common feature amongst members of the Trypanosoma brucei 

gambiense ISG super-family, three prototypical ISGs of various sizes were studied.  

The dynamic solution behaviour of TbgISG43, TbgISG64 and TbgISG75 was 

assessed via an integrative structural biology approach combining AlphaFold2 based 

structure prediction, HDX-MS and molecular dynamics based conformational 

ensemble-modelling against experimental SAXS data. Similarly to ISG65, all ISGs 

under study possess a membrane-proximal IDR, anchoring the well-structured NTDs 

to the parasite surface. While single-state conformers predicted by AlphaFold2 were 

insufficient to explain the scattering data, the solution behaviour of all three proteins 
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was approximated well by a conformational ensemble composed of one compact and 

one highly extended conformer each. In good agreement with findings of earlier 

studies [209], application of the same SAXS based ensemble modelling approach to 

VSGs from both T. b. brucei  and T. b. gambiense (TbbVSG LiTat1.5 and TbgVSG 

LiTat3.1) revealed a similar conformational dynamic in solution.   

In synthesis with reports from earlier studies [85, 209, 254], the data accumulated here 

have prompted the formulation of a revised model of the trypanosome surface coat, 

accounting for large-scale conformational changes of surface antigens from the ISG 

super-family. Flexible extension of ISGs facilitated by intrinsically disordered, 

membrane-proximal linkers could conceivably serve as a functional feature to 

overcome the spatial constraints imposed by the surrounding VSG coat. Besides clear 

significance for the reduced immunogenicity of invariant surface proteins and the 

potential implications for the parasite’s evasion of the host immune system, these 

findings could also indicate that not only ISG65, but other members of the same protein 

family may serve as abundant receptors for yet to be discovered ligands.  

 

Part II – Human adenovirus C5 

 

Although respiratory infection by species C HAdVs are widespread and over 

60% of adults possess neutralising antibodies against HAdV-C5 [204], the precise 

molecular interactions governing initial cell entry in vivo remain elusive. Using 

immortalised cell lines, it has been firmly established that viral attachment to the cell 

surface is facilitated by the coxsackie and adenovirus receptor, followed by integrin 

mediated endocytosis [142, 149, 150, 152]. However, both CAR and integrins are 

predominantly localised deep within the tight junctions on the basolateral side of the 

polarised respiratory epithelium, inaccessible to virus particles on the apical side 

[121, 153]. A continuously growing body of evidence suggests that alternative, CAR 

independent pathways facilitate initial HAdV-C5 cell entry instead [135, 153, 157, 169]. 

Astonishingly, recent studies have demonstrated that human lactoferrin, a soluble 

component of the human innate immune response with antiviral properties [171, 172], 

facilitates HAdV-C5 transduction in epithelial cells in a CAR independent manner 

[136]. In a subsequent study the HVR-1 loop of the viral hexon capsomer was 
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proposed as the lactoferrin/lactoferricin binding site but a detailed understanding of 

the mechanism was lacking [137].  

In good agreement with previous reports, the work presented here confirmed the 

suspected electrostatic nature of the interaction via SEC and native MS. In addition to 

a cryo-EM reconstruction of the HAdV-C5 hexon to a FSC0.143 of 2.9 Å, the highest 

resolution structure obtained for the viral capsomer by electron microscopy yet 

(www.rcsb.org, accessed March 2024) [267], an integrative modelling approach was 

employed to construct a plausible hybrid model of the hexon:lactoferrin complex. 

These structures confirmed a primarily charge driven interaction between lactoferrin’s 

N-terminal lactoferricin domain and the hexon’s hypervariable region 1. Targeted 

introduction of charge-reducing point mutations and subsequent binding affinity 

measurements using MST revealed critical Lfcin contacts and identified a previously 

unsuspected, secondary interface between the C-lobe of hLF and an adjacent hexon 

protomer. In summary, the findings presented in this study provide a structural 

understanding of the molecular mechanism by which HAdV-C5 exploits a soluble 

component of the human immune system to facilitate infection of the respiratory 

epithelium. These insights could provide a solid foundation for the development of 

novel antivirals or adjuvants for improved transduction efficacy in gene therapy 

applications.
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Chapter 6 

Associated publications 

 

6.1 A multifaceted strategy to improve recombinant expression and 

structural characterisation of a Trypanosoma invariant surface 

glycoprotein.  
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6.2 Cryo-EM structures of Trypanosoma brucei gambiense ISG65 with 

human complement C3 and C3b and their roles in alternative pathway 

restriction. 
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6.3 Beyond the VSG Layer: Exploring the Role of Intrinsic Disorder in the 

Invariant Surface Glycoproteins of African Trypanosomes. 
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Figure 1. The VSG and ISG solution structures exhibit a high degree of flexibility. (A) The predicted 
AlphaFold2 models of TbgISG43, TbgISG64, TbgISG75, TbgVSG LiTat3.1 and TbbVSG LiTat1.5 illustrated in 
cartoon representation, depicted next to the hybrid structure of TbgISG6518-363 (PDBDEV_00000201). The three 
helices in the TbgISGs constituting the canonical three helix bundle have been colored uniformly and labelled on 
TbgISG65, arrows indicate the direction of the peptide chain from N- to C-terminus. Bottom and top lobe as well 
as C-terminal domains of the VSGs are highlighted in orange, green and blue, respectively. For representation 
purposes, the N-termini of TbgISG64 and TbgVSG have been shortened, deleted residues are indicated with a line 
break (full length models are shown in Figure 2). (B) CD spectra for TbgISGs (experimental), VSGs (calculated 
from AlphaFold2 models) and BSA (calculated from PDB 4F5S). Secondary structure analyses (performed using 
CONTINLL [46,47]) for the respective spectra are summarized in the table. All CD spectra exhibit minima at 208 
and 222 nm, characteristic for a largely alpha-helical fold. Similarly, all proteins have a high content of turns and 
disordered regions. (C) Dimensionless Kratky plots (Rg) for TbgISGs (left) and TbbVSG LiTat1.5 and TbgVSG 
LiTat3.1 (right). Comparison of the plots for Tbg and Tbb proteins to reference samples for strictly folded (BSA, 
blue) and completely disordered proteins (Tau protein, red) demonstrate that all measured proteins contain 
significant fractions of both ordered and disordered components. 
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Bartossek et al. As shown in Figure 3A, the CTD of VSGs is highly flexible, thereby allowing 
the molecule to adopt more than one conformational state. For TbbVSG LiTat1.5, the 
experimental scattering data was best explained by an ensemble (χ2 = 2.00), 40% of which 
consists of a compact conformer (Rg = 42.16 Å, Dmax = 155 Å), while the remaining 60% 
comprises conformers with varying degrees of extension (Rg = 47.6 Å, Dmax = 196 Å for the 
most extended conformer). The application of the same protocol to TbgVSG LiTat3.1 reveals 
that the best fit to the experimental data is provided by a conformational ensemble in which 
the CTD is also granted full conformational flexibility (χ2 = 1.75, Figure 3B), contrasting the 
AlphaFold2 model discussed above (Figure 1A). The majority of the ensemble (78.5%) 
comprises a compact conformation (Rg = 43.57 Å, Dmax = 167 Å), while the remaining 21.5% 
corresponds to an extended conformation (Rg = 48.67 Å, Dmax = 211 Å).  
In contrast to the relatively small differences in Dmax (up to 16 Å) between the 2 conformational 
states of TbbVSGs reported by Bartossek et al., the differences in Dmax found for the compact 
and the most extended conformers of TbbVSG LiTat1.5 and TbgVSG LiTat3.1 are much larger 
with 41 Å (Figure 3A) and 44 Å (Figure 3B), respectively. Furthermore, the most extended 
conformers of the VSGs investigated here exceed the Dmax reported for VSGs by Bartossek 
et al. by approximately 50 Å.  
 
 

 
Figure 3. Conformational ensemble modelling reveals structural flexibility of VSGs in solution. (A) The 
solution scattering of TbbVSG LiTat1.5 is best described by a conformational ensemble composed of 5 models. 
Three representative conformations are shown, alongside a scale bar indicating the Dmax of the individual 
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Figure 5. Conformational ensemble modelling reveals structural flexibility of ISGs in solution. 
Representative ensembles of (A) TbgISG43, (B) TbgISG64 and (C) TbgISG75 for the experimental SAXS data, 
calculated using BILBOMD. The smallest ensemble producing a reasonable improvement in goodness of fit of the 
theoretical scattering curve to the experimental data was chosen. Models constituting the selected ensemble are 
shown with their respective weight. For each model, the Dmax is displayed with a representative scalebar. For ISG75 
in (C) four ensembles are shown, corresponding to ensemble calculation without HDX-MS restraints, restraints 
applied to residues Arg272-Arg317 (highlighted in red) [left insert], residues Lys339-Ala370 (highlighted in blue) 
[middle insert] and both [right insert]. (D) Experimental scattering data are shown, overlaid with the theoretical 
scattering curves of the selected ensembles and the respective ! 2 of the fit. Residuals are shown as insets. For 
ISG75, the residuals for the ensemble without restraints for modelling of the CTD (orange) and with restraints in 
both res. 272-317 and res. 339-370 (purple) are shown.    
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Figure 6. An updated model of the Trypanosoma surface coat – Functional implications of ISG 
conformational flexibility within the VSG umbrella model.  (A) In the retracted form, ISGs reside within the 
VSG coat (represented here by TbgVSG LiTat3.1), leaving only their disordered, loop-rich head domains accessible 
to molecules in the host’s blood stream, while concealing all other epitopes under the protective VSG umbrella. (B) 
In the extended conformation, both ISG43 and ISG75 protrude well beyond the boundaries of the VSG layer, even 
when the latter is in its extended conformation. Whilst in this model ISG64 would not be able to fully extend beyond 
the maximally extended VSG umbrella, it still protrudes beyond the VSGs CTD, thereby implying accessibility to 
potential ligands. The GPI anchors of the VSGs are depicted as a red “zigzag”, while transmembrane domains of 
ISGs are shown as gray cylinders. The N- and C-termini of the protein models obtained from SAXS modeling were 
manually modified for this figure to allow for membrane anchoring via the C-terminal linker without altering the Dmax 
of the models. 
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6.4 Structural insights into the interaction between adenovirus C5 hexon 

and human lactoferrin. 
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ABSTRACT Adenovirus (AdV) infection of the respiratory epithelium is common but 

poorly understood. Human AdV species C types, such as HAdV-C5, utilize the Coxsackie-

adenovirus receptor (CAR) for attachment and subsequently integrins for entry. CAR 

and integrins are however located deep within the tight junctions in the mucosa 

where they would not be easily accessible. Recently, a model for CAR-independent AdV 

entry was proposed. In this model, human lactoferrin (hLF), an innate immune protein, 

aids the viral uptake into epithelial cells by mediating interactions between the major 

capsid protein, hexon, and yet unknown host cellular receptor(s). However, a detailed 

understanding of the molecular interactions driving this mechanism is lacking. Here, we 

present a new cryo-EM structure of HAdV-5C hexon at high resolution alongside a hybrid 

structure of HAdV-5C hexon complexed with human lactoferrin (hLF). These structures 

reveal the molecular determinants of the interaction between hLF and HAdV-C5 hexon. 

hLF engages hexon primarily via its N-terminal lactoferricin (Lfcin) region, interacting 

with hexon’s hypervariable region 1 (HVR-1). Mutational analyses pinpoint critical Lfcin 

contacts and also identify additional regions within hLF that critically contribute to 

hexon binding. Our study sheds more light on the intricate mechanism by which 

HAdV-C5 utilizes soluble hLF/Lfcin for cellular entry. These f ndings hold promise for 

advancing gene therapy applications and inform vaccine development.

IMPORTANCE Our study delves into the structural aspects of adenovirus (AdV) 

infections, specif cally HAdV-C5 in the respiratory epithelium. It uncovers the molecular 

details of a novel pathway where human lactoferrin (hLF) interacts with the major capsid 

protein, hexon, facilitating viral entry, and bypassing traditional receptors such as CAR 

and integrins. The study’s cryo-EM structures reveal how hLF engages hexon, primarily 

through its N-terminal lactoferricin (Lfcin) region and hexon’s hypervariable region 1 

(HVR-1). Mutational analyses identify critical Lfcin contacts and other regions within hLF 

vital for hexon binding. This structural insight sheds light on HAdV-C5’s mechanism 

of utilizing soluble hLF/Lfcin for cellular entry, holding promise for gene therapy and 

vaccine development advancements in adenovirus research.

KEYWORDS adenovirus, lactoferrin, cryo-EM, immune evasion, viral entry

Adenoviruses are non-enveloped viruses with a capsid of icosahedral symmetry 

that encapsulates a double-stranded DNA genome (1). Currently, more than 110 

human adenovirus (HAdV) types have been identif ed that are categorized into “species” 

A through G based on tissue tropism and genetic diversity (2). HAdVs usually cause 

self-limiting ocular (species B, C, D, and E), respiratory (species B, C, and E), gastroin

testinal (species A and F), and urinary tract (species B) infections, which might turn 

lethal in immuno-compromised individuals and children (3). Species C adenoviruses that 

include HAdV-5 may also cause persistent infections of the adenoids and tonsils (4, 5) 
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