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Abstract

This thesis focuses on the structure and molecular function of Vitellogenin (Vg) from honey
bees (Apis mellifera). Vg is an ancient protein found in animals. Most biological processes
depend on proteins' activities, and the structural shape of proteins determines what they can
do and how they work. It is important to understand the shape and associated functional
properties of honey bee Vg, as honey bees are important pollinators in our natural
environment and agricultural food system. A yolk-protein that transports nutrients like lipids
and zinc, Vg is necessary for honey bee reproduction, and the protein also regulates social
behavior and has immune-related functions. Paper I presents a full-length protein structure
for honey bee Vg, generated using computational structure prediction. For the first time, we
describe the complete structural fold of the protein, revealing previously unknown structural
features. In Paper II, I use structural- and sequence-data analysis to identify seven potential
zinc-binding sites at different protein regions. Element analysis of purified Vg shows that, on
average, three zinc-sites are occupied per molecule - a ratio not reported before. Paper 111
explores the Vg structure from the perspective of allelic variation on the honey bee vg-gene.
We used amplicon Nanopore sequencing with barcoded primers to identify 121 Vg variants.
With these data, I found that the domains and subdomains of Vg are characterized by different
levels of variation. While some of these patterns were expected, my results also provide new
insights on possible structure-function relationships. I use findings from Papers [, II, and I in
Paper IV to develop a novel explanatory model for how Vg holds its lipid load. In sum, this
thesis presents a detailed structural study that contributes toward understanding the
multifunctional role of honey bee Vg.



Norsk sammendrag

Denne avhandlingen fokuserer pa strukturen og funksjonen til Vitellogenin (Vg) hos
honningbier (Apis mellifera). Vg er et gammelt protein som finnes i mange dyr. De fleste
biologiske prosesser er avhengige av proteiners aktivitet, og den strukturelle formen til et
protein bestemmer hva det kan gjgre og hvordan det fungerer. De er viktig & forsta formen og
de assosierte funksjonelle egenskapene til Vg i honningbia, ettersom honningbier er viktige
pollinatorer i vart naturlige miljg og for matproduksjon i landbruk. Vg er ngdvendig for
reproduksjon i honningbier som et egg-protein, ved a transportere nzaeringsstoffer som lipider
og sink, men proteinet regulerer ogsa sosial adferd og har immunrelaterte funksjoner. Paper
I presenterer en full-lengde proteinstruktur av Vg i honningbia, generert ved & bruke
beregningsmessig protein-prediksjon. Vi beskriver en fullstendig strukturell form av
proteinet for fgrste gang, som avdekker nye strukturelle egenskaper. I Paper 1, bruker jeg
struktur- og sekvensdata-analyser til & identifisere syv potensielle sink-bindingsseter pa ulike
omrader i proteinet. Element-analyse av renset Vg viser at tre sink-seter, i snitt, er bundet per
molekyl - en ratio som ikke har blitt rapportert tidligere. Paper Il utforsker Vg strukturen fra
et genetisk variasjonsperspektiv i vg-genet til honningbia. Vi bruker amplikon Nanopore-
sekvensering med seriekodede primere for d identifisere 121 Vg-varianter. Med disse data
fant jeg ut at domener og subdomer i Vg karakteriseres av variasjonsniva. Noen av disse
mgnstrene var forventet, men mine resultater bidrar ogsa til ny innsikt i forholdet mellom
Vgs struktur og funksjon. Jeg bruker funnene fra Paper I, II, og I1l i Paper IV for a utlede en ny
forklaringsmodell for hvordan Vg bzerer sin lipidlast. Min avhandling representerer en
detaljert strukturell studie som tar viktige steg mot a forsta den flerfunksjonelle rollen til Vg

i honningbia.



Synopsis

Introduction

Proteins

Proteins are essential molecular building blocks in living organisms [1]. Proteins come in
many shapes and sizes, with a variety of specialized functions [2]. Some are long and thin and
can create muscle movement, while others have a spherical shape and contain metal ions that
can transport oxygen. Proteins in the immune system can defend against damaging
substances, while other proteins can regulate or control the expression of genes. They can
also work together with other substances inside cells to make factories that produce new
proteins. All proteins are composed of amino acids. Genes in the genetic material provide the
main instructions for making unique proteins, and copies of this information are delivered to
the factories. The factories build proteins by linking amino acids together in the instructed
order. The twenty standard amino acids, each having a unique side chain, consist of a basic
structure: a carbon atom, an amino group, and a carboxyl group [3]. The amino group from
one amino acid is combined with the carboxyl group from another amino acid to form a
covalent peptide bond. A sequence of covalent peptide bonds makes up the protein's primary
structure (polypeptide), which is its backbone (Figure 1). The sequence quickly folds into
secondary structures, mainly caused by hydrogen bonds formed in the backbone. Interactions
between the side chains create the tertiary shape. Water molecules or other proteins are
additional factors that can influence the folding. For example, hydrophobic side chains avoid
contact with water and clump together. Proteins may sometimes need the assistance of other
proteins to fold correctly. Occasionally, a metal ion or a modification might be inserted or
bound to the protein structure so that the protein can function accurately. The multiple
interactions in and between the backbone and the side changes result in a loss of free energy
and create a stable structure [3]. Longer polypeptide chains can sometimes fold into two or
more compact regions, called domains, that can usually be stable enough to exist

independently. Finally, several polypeptides can interact, making a quaternary structure.

The amino acid types and order in the protein sequence dictate the protein’s structural shape,
and the structure of the protein determines its function. The final form is precisely folded so
that the protein can complete its specific tasks. Although the protein structure typically
persists if there are minor changes to the amino acid sequence, changing a single amino acid
can sometimes disrupt the structure. Such disruptions can result in lost, gained, or altered
functions [2, 3]. How often changes occur may depend on the proteins’ function. For example,
proteins with many interacting partners or proteins produced at several locations tend to

have few changes, while updates can sometimes be necessary when the recognized binding



partner keeps on changing [4]. Determining a protein amino acid composition and describing

the resulting protein structure can help us better understand most biological processes.

Amino acid

Primary structure Secondary structure Tertiary structure Quaternary structure

Figure 1: The primary structure of a protein is the polypeptide chain of covalently linked amino acids (blue
circles). The chain folds into secondary structural elements, for example, a f3-strand (arrow) or an a-helix
(spiral). The elements pack together to create the tertiary structure. Several polypeptides can create a

quaternary protein structure.

Honey bees

Wild or domesticated honey bees (Apis mellifera) are ecologically and economically important
social insects; they are efficient pollinators and primary producers of materials like honey and
beeswax. Honey bees are under natural or artificial selection, and their labor is critical for the
agricultural food system, helping flower plants and ensuring the survival of the animals that
feed on these plants [5]. Honey bees are also a good model organism for studying
sophisticated behaviors [6]. These social insects live together in a well-organized colony [5].
A colony contains an egg-laying queen, tens of thousands of functionally sterile workers, and
male drones. Worker bees conduct a variety of tasks like collecting pollen and nectar, cleaning
the colony, or feeding developing larvae. The drones' main role is to mate with queens. A
queen mates with several drones early in her life and stores the sperm. She fertilizes her eggs
by supplying sperm, which gives rise to female worker bees or new queens (unfertilized eggs
become drones). Worker bees can be full sisters with the same father or be half-sisters with
different fathers, increasing the colony's genetic diversity [7].

This “superorganism” is an evolutionarily successful strategy and an example of thousands of
individuals successfully working together for common goals [8]. For example, teamwork is
important for locating pollen and nectar. Honey bees are heavily dependent on the
environment close to the colony for food, and the quantity and quality of food sources in the
local environment can vary significantly. When a foraging bee has identified a rich food
source, she communicates its direction and distance from the hive to her sisters by dancing



[5]. Honey bee workers also collaborate during cold weather or winter to keep the queen and
the food warm and safe by clustering and producing heat [9]. Furthermore, honey bees fight
infections as a group. They do this through so-called social immunity, which involves
behaviors to kill pathogens and prevent transmission. The food brought into the colony
(during foraging seasons) can have side passengers like bacteria, viruses, fungi, or toxins.
Honey bees live in dense populations, putting them at high risk for infectious diseases. To
combat this risk, the bees groom each other to inspect for and remove potential parasites. If
this is not sufficient, individuals who become infected or die are removed from the colony by
other workers [10]. Taken together, honey bees are one of the most studied social insects on
our planet [5, 6]. The available genome information, their global presence, and the low cost of
obtaining many individuals make them a practical study system. We have much to learn from
honey bees, and my thesis brings the research field one step further in this endeavor.

Vitellogenin

The egg yolk precursor protein Vitellogenin (Vg) provides lipids and other nutrients to
developing embryos [11-13]. In insects, Vg is mainly synthesized in fat body (a tissue that is
functionally comparable to the vertebrate liver and white fat) before it is transported to the
hemolymph (insect blood). From there, the protein is generally transferred to ovaries through
a receptor-mediated process and deposited into eggs [14, 15]. In honey bees, Vg is found in
the muscles, gut, and brain and in both queens and the functionally sterile female workers
[14, 16-18]. These diverse locations point to Vg's functionality beyond the reproductive role.
Vg has received much attention from honey bee researchers over the last two decades.
Initially, researchers found that the protein influenced the division of labor between worker
bees [19, 20]. Young bees that care for larvae (nurses) have a higher Vg titer compared to
typically older foraging bees. The Vg levels shift according to bees’ social tasks and affect their
life expectancy. For example, if a foraging bee returns to nursing, the production of Vg
increases, and life expectancy is enhanced [21]. Workers high in Vg also have higher titers of
functional immune cells and better resistance to oxidative stress [22, 23]. Researchers have
speculated that these latter associations rely on zinc [24, 25]. Zinc is a metal ion that is
essential for development and important for thousands of proteins' structural shape and
numerous animals’ functional roles [26-28]. Vg is the main circulatory zinc-carrying protein
in honey bees [29]. For example, studies have suggested that Vg donates zinc to help immune
cells function properly [22, 23, 29]. The possible immune-related activity of Vg has been
further studied, and it was found that Vg recognizes components of the cell walls on disease-
causing bacteria and fungi (pathogens) and damaged or dying cells [30]. This recognition
potential of Vg also exists in several species of fish [31, 32] as well as invertebrates other than
bees [33, 34]. Most recently, researchers have identified that the immune function of honey
bee Vg extends to trans-generational immune priming (TGIP). This process allows females to
prime their offspring against the pathogens that they encounter and increases the likelihood
that the offspring will survive. The study of honey bees has contributed to a better



understanding of TGIP by revealing that Vg can bind and carry fragments of pathogens into
ovaries and to developing eggs [35]. Ongoing research on honey bee Vg reveals new functional
roles, exemplified by this year’s discovery that the protein can influence the transcription of

genes via subdomain translocation and DNA binding [36].

Vg belongs to a protein family that arose early in animal evolution, called large lipid transfer
proteins (LLTPs) [37]. The common structural feature of all members is the lipid binding
cavity. During evolution, the superfamily members developed otherwise specific structural
features, dividing them into subcategories. Vg is one subcategory with a large lipid binding
cavity and a well-conserved N-terminal domain (ND) [38, 39]. The ND consists of two distinct
structural folds that create two subdomains, the 3-barrel and the a-helical. The remaining
domains differ across species. Vg usually includes one or several domains of unknown
function (DUF) and a von Willebrand factor (vVWF) domain [14]. Studies have identified
various features for Vg members, for example, the presence of an extended serine-rich region
at different positions. Sequence analysis has shown that the so-called polyserine linker is
between the ND subdomains in honey bee Vg [14]. Knowledge of the structural features of Vg
primarily comes from a crystal structure of lamprey (Ichthyomyzon unicuspis) [40,41], solved
over two decades ago; this is still the only experimentally resolved structure of any Vg.
Although lamprey and honey bees are distant relatives, homology-based modeling of the
conserved ND was possible. The first subdomain reveals a -barrel-like shape conserved in
both species, but honey bee Vg includes additional structural regions only preserved in
insects [42]. The cleavage of honey bee Vg at the polyserine linker was demonstrated; two
fragments are created: one small 40 kDa fragment consisting of the f3-barrel subdomain and
one larger 150 kDa fragment. The 3-barrel subdomain was shown to be phosphorylated and
glycosylated [42, 43]. The large fragment consists of the remaining domains, including the a-
helical subdomain of ND, one DUF (DUF1943), and a vWF domain [36], where modeling was
only feasible for the second subdomain of ND. This was done soon after the first model and
demonstrated a conserved structure and a missing insect-specific structural region [30]. The
model did show an 18 a-helical repeated domain that included 34 positively charged residues
on the surface side. This finding increased the understanding of the subdomain recognition
potential to the negatively charged cell wall fragments of pathogens [30, 35]. Thus, the
lamprey crystal structure has provided important structural insights. However, the low
sequence similarity and different structural Vg domains between the lamprey and bee have
left a restricted understanding of the remaining domains, including the lipid binding cavity
and the vWF domain (Figure 2).

Thus, Vg is multifunctional and central for honey bee health and social behaviors. Its ancient
protein family has given rise to proteins with central roles in lipid transport and immunity in
species as diverse as fish and insects [37, 44]. Most egg-laying animals depend on Vg for
reproduction [13]. In honey bees, Vg’'s additional abilities to recognize and transport



fragments from pathogens, participate in transcriptional regulation, behavioral regulation,
and somatic maintenance highlight how this protein can contribute to understanding
important biological processes. Thus, progress in understanding the activities of Vg can be
fueled by an improved structural prediction for honey bee Vg.
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Figure 2: [llustration of the known structural features of honey bee Vg. The predicted structural folds of the 3-
barrel subdomain and a-helical subdomain (yellow) make up the ND (blue dotted line). The size of honey bee Vg
is known, but the structural folds of the remaining domains are unknown (grey dotted line), for example, the
DUF1943 and the vWF domain.

10



Protein structure prediction

When possible, laboratory methods are used to determine protein structures. Standard
methods include X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy
[3]- Both determine the relative positions of atoms in the protein but use different approaches.
The former method requires the protein of interest to form a crystal, which can be time-
consuming and sometimes fails. In theory, there is no size limit for determining protein
structures in this way, and the method can potentially produce very precise models directly
based on electron density calculated from the diffraction data [3]. NMR spectroscopy’s
application is limited to smaller proteins and usually requires relatively high concentrations
of recombinant protein labeled with stable isotopes. However, NMR requires no crystals as
the structure is solved while the protein is in solution or even inside a live cell [45]. The
resulting model reflects the dynamic nature of proteins, which is often related to its function
and can be further explored using NMR [46]. The relatively recent development of
experimental approaches and new hardware and software technology have made it possible
to use a third method for precise structure interpretation [47, 48], cryo-electron microscopy
(cryo-EM). This method snap-freezes the protein before using advanced electron detectors to
take high-quality images of the sample. Sophisticated programs are used to curate the
collected images and can produce near-atomic representations of tertiary protein structures
or protein complexes. The method only needs a small volume of the protein sample and
usually provides the best results for sizeable and stable proteins [49]. The approaches have
complementary strengths: cryo-EM can provide an overall shape, X-ray crystallography can
give detailed information, and NMR can fill in the blanks about conformational changes and
the dynamic nature of the protein.

Sometimes, it may be challenging to obtain the protein of interest from natural sources or in
recombinant form, which restricts experimental progress. Computational modeling is then a
good alternative. Currently, numerous approaches use different algorithms to predict the
protein fold based on the amino acid sequence. Generally, the methods either use an
experimentally solved structure as a template or attempt to predict how the amino acid
sequences fold using the laws of physics [50]. The growing number of solved protein
structures shared in public databases creates an increasingly stronger foundation for
numerous computational resources [51]. The available software and algorithms are also
becoming more powerful. For example, a neural network-based algorithm, AlphaFold, has

reached groundbreaking accuracy for computational structure predictions [52].
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Aims of the study

When I started this project, there was a general understanding of the ND structure for honey
bee Vg, mainly provided through computational methods. However, information about
several domains was lacking, including the essential lipid binding site and a precise anatomic
representation of most regions. Previous work had met roadblocks, as the protein does not
seem to crystallize (personal communications with supervisors). Furthermore, the large size
(1,770 amino acids) disqualifies Vg for NMR and provides challenges for producing a synthetic
construct. To obtain a full-length protein sample, Vg is purified from a natural source, which
is time-consuming and produces a low yield. However, new developments in structural
biology have created new opportunities. My project utilized these developments to arrive to

a more detailed understanding of the protein structure of honey bee Vg.

Research has mostly described the functional roles of honey bee Vg at an individual level. To
more fully understand the functional impact of the protein, detailed knowledge at the genetic,
molecular, and anatomic levels is needed. My study focuses on the structure-function
relationship of honey bee Vg using structural and genetic data. The project has four aims:

1. Constructing the first full-length structure prediction of honey bee Vg (Paper I)

2. Providing an in-depth analysis of a functional role of Vg using the available structural
data (Paper II)

3. Mapping out the allelic diversity of the vg-gene on a global scale and investigating
the structural effect. Outlining the functional consequences for the observed
variation (Paper III)

4. Combining the results from aims 1-3 to investigate honey bee Vg mechanisms of

action (Paper IV)
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Methods

Bioinformatics

This research used two computational approaches to predict the tertiary structure of honey
bee Vg: homology modeling and AlphaFold. Homology modeling is based on the principle that
the protein structure is more conserved than the amino acid sequence. An experimentally
resolved structure (template) is selected mainly based on the sequence identity to the protein
of interest (target). The sequence identity should not fall below 25 % for the results to be
reliable [53]. In addition, the template should ideally be from the same protein family as the
target. Next, the target and template sequences are aligned. Multiple sequences should
support the alignment to ensure that functional regions and secondary structural elements
are correctly aligned [54]. Based on the alignment, the coordinates of all atoms in each amino
acid from the template are copied to the target. Side chains and missing regions (for example,
resulting from gaps in the alignment) are modeled. Finally, the tertiary structure of the target
is refined using, for example, energy refinement and quality control, such as checking that the
bond length and angles in the model. The approach was used to predict the subdomains in ND
[30, 42] using the crystal structure of lamprey Vg as the template [40, 41]. The continuously
increasing protein structure database also allowed me to resolve the vWF domain in this

manner (Paper I). [ used Swiss-PdbViewer [55] to perform homology modeling interactively.

The full-length structure of Vg was predicted using AlphaFold (v.2), a neural network
developed and trained by DeepMind [52]. The network uses the inputted amino acid sequence
to predict the distances between amino acids and the angles of their chemical bonds. In
addition, related sequences are compiled into a multiple sequence alignment (MSA) that is fed
to the network. AlphaFold calculates a confidence score for each amino acid in the prediction,
which is used to interpret the model's reliability. Paper I presents the output of honey bee Vg
and the confidence in the output, and all four papers use the full-length structure.

The only experimentally resolved representation of honey bee Vg is a low-resolution negative
stain EM map. This experimental method fixates the protein using chemicals rather than cryo-
temperatures; combined with different hardware, it results in lower resolution surface
representations than cryo-EM. The EM map is presented in Paper I and was generated by Elias
Herrero-Galan (co-author of Paper I), using in vivo samples of honey bee Vg collected by Heli
Salmela (previous PhD student and postdoc in my research group). The EM map displays two
cavities and was used to validate the AlphaFold structure. [ used two methods to rigidly place
the full-length structure into the EM map, meaning that no flexibility to either the EM map or
the tertiary structure is allowed during the fitting process. Both methods, PowerFit [56, 57]
and ADP_EM [58], calculate the correlation between the high-resolution structure and the
low-resolution EM map at each point in a grid. The grid size is decided based on the inputted
resolution of the EM map (27 A). The automated correlation searches for all possible relative
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rotations and translations at each grid point. The resulting correlation score and number of
atoms protruding from the EM map density are used to judge the goodness of the fit. Paper |
outlines the details and results.

Apiculture

At my University, | have access to five research hives that are part of a small apiary of mainly
purebred, some freely mated, Apis mellifera carnia. Claus Kreibich, our research group
beekeeper, maintains and cares for the hives. In connection to the apiary, there is a specialized
honey bee laboratory. The lab is equipped with the necessary equipment for experiments and
the safe handling of the bees. In 2009, the Animal Welfare Act in Norway was updated to
include honey bees [59]. The insect’s legal standing as livestock is well reflected in our
standard operating procedures. Honey bees live in close contact with their nestmates inside
a warm (35 °C), dark, and humid (50 %) hive. To obtain protein samples, hemolymph needs
to be extracted from honey bees. Vg is the predominant protein circulating in the hemolymph
[60, 61]. To take hemolymph samples, honey bees are removed from the hive using soft
tweezers and placed in a small cage [62]. Between 20 to 50 honey bees are collected to keep
the stress level to a minimum, and the cage is quickly placed in a heating cabinet with the
optimal temperature, light, and humidity. The honey bees need to continuously pump the
hemolymph to make the sampling possible. Before the procedure, honey bees are placed on
ice to avoid stress and potential fleeing or stinging. The ice induces a “chill-coma,” a reversible
reduced neurological state [63]. The immobilized honey bees are placed under a microscope
and pinned down on a waxed plate. As soon as the bees wake up, a thin needle is inserted
between the second and third exoskeleton plate on the abdomen, making a small hole. With
gentle pressure to the abdomen, tiny droplets of hemolymph weep out and are collected with
a pipette (ca. 4 pL). The honey bees are quickly placed back on the ice for a more extended
period (more than 4 hours), so the coma becomes irreversible. On average, ca. 1 pg/uL diluted
samples of Vg were obtained per honey bee. The samples are pooled, and Vg is purified using
ion-exchange chromatography (explained in Papers [ and II).

The obtained purified samples of Vg were first used to evaluate the native state of the protein
(using blue native polyacrylamide gel electrophoresis and size exchange chromatography,
performed by Mateu Montserrat-Canals, co-author of Paper I). This was done to evaluate
whether several polypeptides, or monomers, of Vg interact. Purified samples were also used
in Paper II to measure the concentration of Zn2*-ions bound to Vg (using inductively coupled
plasma mass spectrometry or ICP-MS). @yvind Enger (co-author of Paper 1I) performed the
instrumental steps and analysis while I prepared the samples and calculated the molecular
ratio. This method allows for a quick ionization of the protein sample and a typically precise
detection of elements [64]. ICP-MS is also very sensitive and can measure several elements
simultaneously. The sensitivity is beneficial for the Vg samples since a small sample volume
at a low concentration is sufficient for detecting metal ions. However, zinc is a very common
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metal element that increases the risk of sample contamination. Therefore, I included extra
steps to ensure a minimum level of contamination. For example, I washed the tubes and
containers with acid, avoided using glass or metal equipment, and included negative controls

prepared in the same way as the Vg-containing samples.

[ also used honey bees to extract gDNA for sequencing of the vg-gene (Paper III). My main
supervisor and Bjgrn Dahle at Norwegian Beekeepers Association helped me contact
collaborators connected to different apiaries at several locations with diverse honey bee
subspecies. The honey bee samples were collected and shipped by scientists at honey bee
research labs or by managers of breeding associations across Europe and the USA. I created a
collection kit to facilitate a sampling scheme that was as systematic and low-effort as possible.
The kit included a step-by-step guide and the necessary equipment for collection and shipping
(Figure 3). I successfully received samples from the 21 outlined apiaries. The gDNA was
extracted from the flight muscle (thorax) in honey bees, a DNA-dense tissue [65]. To amplify
the vg-gene, I used long-range PCR and successfully obtained a full-length gene amplicon
(vg gene is 6,109 bp). The samples were barcoded with unique primer combinations, making
it possible to trace the resulting allele sequences to individual honey bees. This protocol was
developed and executed in collaboration with my co-supervisor, Jane Ludvigsen, and the team
at Cigene (co-authors of Paper III). The use of Oxford Nanopore sequencing technology
generated high-throughput results and allowed for strict error rates.

Bee Collections Kit

1 12 !7] 3
5 6
=

=

Figure 3: The collection kit included a step-by-step guide. We asked the beekeepers to choose 3-5 colonies and
collect an equal number of workers from each, 30 bees in total. The instructions were: 1) Open the hive. Wear
plastic gloves while handling to collection kit. 2) Collect 1 worker bee using tweezers, place bee in tube head
first. 3) Close the lid until you hear a “click”. 4) Open the next tube and repeat until you have collected the planned
number of worker bees. 5) Add details to the sheet in the collection kit (such as hive ID and the number of
collected worker bees per hive). 6) Place the collected samples and sheet in the return envelope. 7) Ship as soon

as possible.
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Results

Paper I:

Structure prediction of honey bee vitellogenin: a multi-domain protein important for
insect immunity

This paper presents a structural prediction of honey bee Vg using computational approaches,
including homology modeling and AlphaFold. A recently published crystallographic protein
structure of the D’'D3 assembly in human vWF protein demonstrates an appropriate sequence
identity to the vWF domain in Vg. The template identification allows us to perform homology
modeling of the vWF domain in honey bee Vg. We reveal a conserved Ca%*-ion binding site in
the domain that has not yet been described. Next, we used AlphaFold to generate a full-length
structure prediction of honey bee Vg. The resulting prediction is estimated to have overall
high confidence. AlphaFold was able to predict a structural fold of the C-terminal region. A
long loop connects the C-terminal to the vWF domain, and the calculated properties of the

loop might suggest a flexible region.

Comparing the structural folds predicted by the different computational methods shows good
consistency and demonstrates that the results are reliable. We performed a rigid-body fitting
using a low-resolution negative stain electron microscopy map to validate the predicted
structural fold and domain assembly. The map is a rough surface representation of Vg and
discloses two distinct cavities. We confirm the position of the lipid binding cavity within the
protein. The vWF domain appears to be incorporated in the lipid cavity. We also place an
additional cavity in the ND that had not yet been identified. The C-terminal region is outside
the density barriers, while the full-length structure does not occupy some regions in the

density map.

Thus, we present a high-quality structure prediction of honey bee Vg for the first time. Our
results are an important contribution to understanding the functional roles of honey bee Vg.
The presented structure builds a foundation for further work, and I use the structure in the

papers presented below.

Paper II:

Where Honey Bee Vitellogenin may Bind Zn2+-Ions

Here, we first confirm honey bee Vg to be a zinc-carrying protein. The element analysis
shows that honey bee Vg can bind on average 3 Zn%*-ions, which demonstrates a high

binding capacity compared to earlier reports in other animals.
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Zinc is a common structural, regulatory, or catalytic metal ion in many proteins. Its
coordination environment and typical binding residues are well characterized. Using the
protein structure from Paper I, [ predicted seven potential binding sites of Zn2+-ion in honey
bee Vg. 1 also generated an MSA to identify conserved residues, which included a broad
phylogenetic range of Vg sequences. The potential sites are presented as clusters that
consist mainly of conserved histidine and cysteine residues, but I also looked for conserved

aspartate, glutamate, and serine residues.

I identified seven potential clusters at several functional sites: two in the $-barrel
subdomain, two in the a-helical subdomain, two in the lipid binding site, and one in the C-
terminal region. We decided to look closer at the (3-barrel subdomain and attempted to
determine the number of Zn2+-ions bound in here experimentally. However, the in vitro

system did not provide a clear answer.

Overall, our findings show that honey bee Vg can bind 3 Zn2+-ions on average. Identification
of several potential sites suggests that zinc may be important for several activities in honey

bee Vg. This paper discusses how Zn?* could influence honey bee health.

Paper llI:

Identification of 121 variants of honey bee Vitellogenin protein sequence with
structural differences at functional sites

In this paper, we use the dataset of allelic sequence variation for the vg-gene to identify 121
Vg variants. The protein variants are identified based on non-synonymous single nucleotide
polymorphisms (nsSNPs), which occur in different combinations in the variants. We first
examined how the nsSNPs were distributed in Vg. We identify a clear difference between the
subdomains and domains. To understand this pattern, we continued to explore the structural
impact for each nsSNPs in the different subdomains or domains. The protein structure from
Paper [ was used for the structural analysis.

Our results showed that the f-barrel subdomain had relatively few changes. We found
changes in the same region close to the identified N-terminal cavity from Paper I. In the a-
helical subdomain, we identified three hotspots for amino acid substitutions. The first hotspot
is close to the changes identified in the B-barrel subdomain. The changes identified here
tended to introduce hydrophobic residues. The second hotspot in the a-helical subdomain is
located in loop regions close to the lipid binding site, while the third hotspot is slightly buried
in the subdomain. The identified substitutions at the second and third hotspot introduced
variable amino acids. Similarly, interfacing sites from the lipid binding site were also diverse.
The lipid binding site, in general, is a highly diverse region of the protein. The changes did not
appear to alter the hydrophobic cavity. The vWF domain is also a highly diverse region, and
most substitutions were identified at buried residues. Exposed changes in the vWF domain
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occurred at the domain interface to the lipid binding site. The changes here were diverse. We

also identified changes in the C-terminal region, which introduced polar residues.

Our findings confirm that the ND is, in general, well conserved. Our study also reflects earlier
reports of high diversity in the lipid binding site. Interestingly, we observe a high diversity in
the vVWF domain. In this paper, we discuss the functional impact of the observed diversity
pattern. Our observations point to honey bee Vg maintaining central functions, for example,
protein-protein interactions or the proposed DNA binding, while at the same time selectively
accommodating for functional regions that recognize pathogens and lipid molecules. Our
sequencing approach provided insight into structural variants (such as deletions and
insertions) on the vg-gene, which will be further explored in future work.

Paper IV:

How honey bee Vitellogenin holds its lipid cargo: A role of the C-terminal

In my final paper, I present a hypothesis concerning a possible mechanism of the C-terminal
region in honey bee Vg. The predicted position of the region in the AlphaFold model is not
coherent with the EM map density barriers shown in Paper L. The findings suggest possible
flexibility in the loop region leading up to the domain that allows for a conformational shift.
In Paper II, I identify two highly conserved disulfide bridges crossing each other in the C-
terminal region. Formation of disulfide bonds during oxidative conditions or loss during
reducing conditions could contribute to conformational change. In Paper 1],  identify nsSNPs
that often introduce serine residues in this region, increasing the polarity. In Paper IV, I
present my previous findings and propose a hypothesis that the C-terminal region could fold
over the opening to the lipid binding cavity and cover a large hydrophobic area.
Complementary electrostatic surface charges at the C-terminal region and the lipid binding
site supports the theory. We discuss the possibility that post-translational modifications,
metal binding, and changes in conditions, such as the secretion from the fat body to
hemolymph, could influence the proposed activity of the C-terminal. The proposed shielding
mechanism could increase the solubility of the protein, which is beneficial for Vg during the
uptake, transport, and delivery of lipid molecules. I present how the structural landscape of
honey bee Vg has the potential to a large lipid cargo and compare structural features with
homologous family members. The theory presented here demonstrates how knowledge of
structural features could help better understand proteins’ mechanisms and functional

consequences.
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Discussion

The continuous increase of available structural data and new solutions for predicting protein
structures allowed me to present a full-length structure of honey bee Vg and thus complete
aim 1. I used two structural templates that were resolved and published within the first year
of my project (VWF factor D'D3 assembly, PDB-ID: 6N29 [66] and the LLTP member,
microsomal triglyceride transfer protein, PDB-ID: 617S [67]). I was also granted the
opportunity to include the negative stain EM map of honey bee Vg in my work. When
AlphaFold [52, 68] was released, I generated a confident prediction and combined the data to
present a detailed representation of honey bee Vg (Paper I). The combination of methods
provided a unique insight into honey bee Vg; for example, I could identify the ND cavity and
Ca2+-binding site and display the coordinates for every amino acid in the protein. Reaching
my first goal provided a solid foundation for the following papers (Papers I, 1II, and IV) and
future work. The model is relevant for species beyond honey bees, as the protein belongs to a

phylogenetically broad superfamily and represents any insect's first Vg protein structure.

Having generated a good representation of the structural region of honey bee Vg, I could
continue with my next aim and investigate how Vg can carry out its many functional roles.
Combining structure, sequence, and experimental data, I demonstrated that zinc could be
important for several activities of the honey bee Vg (Paper II). The findings also indicate that
zinc might bind or release Vg depending on the situation. If honey bees are exposed to damage
or invading pathogens, circulating Vg in the hemolymph could release zinc from the a-helical
domain or lipid binding site to promote the activity of immune-related cells. However, in the
fat body, the smaller fragment of cleaved Vg could have adopted a zinc-specific fold that might
be needed for the proposed DNA binding. Unfortunately, I could not produce experimental
proof of zinc-binding to the B-barrel subdomain; nonetheless, the structural, sequence, and
motif data are supported by typical activity for zinc-finger proteins and build a logical and
encouraging hypothesis. Paper III further supports the seven identified zinc clusters, showing
that the cluster-residues are conserved in 543 honey bees at both alleles. With this, I consider
the second aim completed, as the study provides a new understanding of how zinc could be
related to the activities of Vg.

High-throughput sequencing is also a field under rapid development, considering efficiency,
cost, and availability are improving. Collaborating with beekeepers, honey bee researchers,
and Nanopore specialists, | gained a unique insight into the vg-gene. The reasonably novel
methodology enabled me to present the largest reported collection of honey bee Vg variants.
[ used the structural model from Paper I to present a detailed analysis of how diversity affects
the protein structure (Paper III). The findings confirm earlier studies showing the lipid
binding site of honey bee Vg to be diverse. Furthermore, the study finds that the vWF domain

has a similar pattern, which confirms the Paper I results as an important structural element
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in the cavity. The sizeable genetic dataset can reveal more information about the genetic
diversity across geographical locations for several Apis mellifera subspecies, which completes,

and even exceeds, my third aim.

The functional role for honey bee Vg to load, carry, and deliver lipid molecules is well
documented on a cellular level, and earlier studies of proteins from the LLTP family indicate
the structural features involved in the activity. I combed my findings from Papers [, 1], and III
to present a hypothesis for honey bee Vg. I confirm the structural features are present in the
honey bee Vg model and provide evidence supporting the claim that the C-terminal region is
an important functional area (conserved electrostatic surface charge, disulfide bridges, and a
flexible loop region). The proposed flexibility and potential conformational changes indicate
that Vg is highly dynamic and could have several active shapes. This hypothesis provides the
completion of aim four. However, the mechanism that my hypothesis outlines is probably just

the tip of the iceberg in terms of the activities of honey bee Vg.

To summarize, my thesis presents a detailed look at the structure-function relationship of
honey bee Vg and provides a good foundation for future work (Figure 4). Due to the low yield
of the purification protocol and the large size of honey bee Vg, Cryo-EM is a promising method
for solving its protein structure and could confirm my findings. I have already started a
collaboration with a research group at UiO (co-authors in Paper I), which is associated with
the cryo-EM facility at the University of Aarhus, to attempt a structure prediction of Vg. The
preliminary results indicate a potential high-resolution structure is in the making. In addition,
the genetic dataset gives several possibilities for future studies, as we have information on
structural variants, the non-coding regions of the gene, geographical location, and
phylogenetic history. Future studies are planned and can give a new perspective on the
genetic level while contributing to an understanding of honey bee Vg on a population and

ecological level.
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Figure 4: The surface representation of the full-length AlphaFold prediction of honey bee Vg with every
subdomain and domain included. The (-barrel subdomain (yellow), the polyserine linker (orange), and the o-
helical subdomain (green) make up the ND. The position of the ND cavity is ladled (yellow-green), and the zigzag
line illustrates the proteolytic cleavage of the ND. The positively charged surface (green plus signs) on the a-
helical subdomain is illustrated. The lipid binding cavity consists of four structural elements, the two (3-sheets in
the DUF1943 (blue), a third 3-sheet (blue), and the vVWF domain (cyan). The Ca¥-ion is shown in yellow. Finally,
the C-terminal (magenta) is shown as a flexible region. This figure is adapted from Figure 1 in Paper III.
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Concluding remarks

Studies have extensively examined Vg for several years in many species, but the protein keeps
giving. I am proud to have enabled progress in understanding the multifunctional nature of
Vg. I am now at the end of my project and feel like a kid in a candy store. For every turn I take
in the massive structural landscape of this protein, a new aspect is revealed. My work
represents an important step towards understanding the structure of Vg. However, the
journey to understand this impressive protein's functions, molecular mechanisms, and

properties has just started.

The illustration shows the AlphaFold prediction of honey bee Vg and is a photo taken by Cristofer Bang.

22



References

1. Marth JD. A unified vision of the building blocks of life. Nat Cell Biol. 2008;10(9):1015-6.

2. Alberts B, Johnson A, Lewis ], al. e. Molecular Biology of the Cell. 4th edition ed: New York:
Garland Science; 2002.

3. Petsko GA, Ringe D. Protein Structure and Function. Middlesex House, 34-42 Cleveland
Street, London W1P6LB, UK: New Science Press Ltd; 2004. 189 p.

4, Pal C, Papp B, Lercher M]. An integrated view of protein evolution. Nature Reviews Genetics.
2006;7(5):337-48.

5. Seeley TD. Honeybee Democracy. 41 Wiliam Street, Princeton, New Jersey 08540: Princeton
University Press; 2010. 273 p.

6. Weinstock GM, Robinson GE, Gibbs RA, Weinstock GM, Weinstock GM, Robinson GE, et al.

Insights into social insects from the genome of the honeybee Apis mellifera. Nature.
2006;443(7114):931-49.

7. Mattila HR, Seeley TD. Genetic Diversity in Honey Bee Colonies Enhances Productivity and
Fitness. Science. 2007;317(5836):362-4.

8. Tautz J. The Buzz about Bees: Biology of a Superorganism. 1 ed: Springer, Berlin, Heidelberg;
2008. X1V, 284 p.

9. Jarimi H, Tapia-Brito E, Riffat S. A Review on Thermoregulation Techniques in Honey Bees’
(Apis Mellifera) Beehive Microclimate and Its Similarities to the Heating and Cooling Management in
Buildings. Future Cities and Environment. 2020;6(1):7.

10. Cremer S. Social immunity in insects. Current Biology. 2019;29(11):R458-R63.

11. Pan ML, Bell W], Telfer WH. Vitellogenic Blood Protein Synthesis by Insect Fat Body. Science.
1969;165(3891):393.

12. Wallace RA, Selman K. Ultrastructural aspects of oogenesis and oocyte growth in fish and
amphibians. Journal of electron microscopy technique. 1990;16(3):175-201.

13. Li H, Zhang S. Functions of Vitellogenin in Eggs. In: Kloc M, editor. Oocytes: Maternal
Information and Functions. Cham: Springer International Publishing; 2017. p. 389-401.

14. Tufail M, Takeda M. Molecular characteristics of insect vitellogenins. Journal of insect
physiology. 2008;54(12):1447-58.

15. Tseng DY, Chen YN, Kou GH, Lo CF, Kuo CM. Hepatopancreas is the extraovarian site of
vitellogenin synthesis in black tiger shrimp, Penaeus monodon. Comparative biochemistry and
physiology Part A, Molecular & integrative physiology. 2001;129(4):909-17.

16. Miinch D, Ihle KE, Salmela H, Amdam GV. Vitellogenin in the honey bee brain: Atypical
localization of a reproductive protein that promotes longevity. Experimental gerontology.
2015;71:103-8.

17. Corona M, Velarde RA, Remolina S, Moran-Lauter A, Wang Y, Hughes KA, et al. Vitellogenin,
juvenile hormone, insulin signaling, and queen honey bee longevity. Proceedings of the National
Academy of Sciences of the United States of America. 2007;104(17):7128-33.

18. Sappington TW, S. Raikhel A. Molecular characteristics of insect vitellogenins and vitellogenin
receptors. Insect biochemistry and molecular biology. 1998;28(5):277-300.

19. Amdam GV, Norberg K, Hagen A, Omholt SW. Social exploitation of vitellogenin. Proceedings
of the National Academy of Sciences of the United States of America. 2003;100(4):1799-802.

20. Amdam GV, Csondes A, Fondrk MK, Page RE, Jr. Complex social behaviour derived from
maternal reproductive traits. Nature. 2006;439(7072):76-8.

21. Miinch D, Amdam GV. The curious case of aging plasticity in honey bees. FEBS letters.
2010;584(12):2496-503.

22. Amdam GV, Simoes ZL, Hagen A, Norberg K, Schroder K, Mikkelsen O, et al. Hormonal control
of the yolk precursor vitellogenin regulates immune function and longevity in honeybees.
Experimental gerontology. 2004;39(5):767-73.

23



23. Seehuus SC, Norberg K, Gimsa U, Krekling T, Amdam GV. Reproductive protein protects
functionally sterile honey bee workers from oxidative stress. Proceedings of the National Academy of
Sciences of the United States of America. 2006;103(4):962-7.

24. Martin DJ, Rainbow PS. The kinetics of zinc and cadmium in the haemolymph of the shore
crab Carcinus maenas (L.). Aquatic Toxicology. 1998;40(2):203-31.

25. Mocchegiani E, Muzzioli M, Giacconi R. Zinc, metallothioneins, immune responses, survival
andageing. Biogerontology. 2000;1(2):133-43.

26. Falchuk KH. The molecular basis for the role of zinc in developmental biology. Molecular and
cellular biochemistry. 1998;188(1-2):41-8.

27. Baltaci AK, Yuce K. Zinc Transporter Proteins. Neurochemical Research. 2018;43(3):517-30.
28. Andreini C, Banci L, Bertini I, Rosato A. Counting the Zinc-Proteins Encoded in the Human
Genome. Journal of Proteome Research. 2006;5(1):196-201.

29. Amdam GV, Aase AL, Seehuus SC, Kim Fondrk M, Norberg K, Hartfelder K. Social reversal of
immunosenescence in honey bee workers. Experimental gerontology. 2005;40(12):939-47.

30. Havukainen H, Munch D, Baumann A, Zhong S, Halskau O, Krogsgaard M, et al. Vitellogenin
recognizes cell damage through membrane binding and shields living cells from reactive oxygen
species. The Journal of biological chemistry. 2013;288(39):28369-81.

31. Zhang S, Dong Y, Cui P. Vitellogenin is an immunocompetent molecule for mother and
offspring in fish. Fish & shellfish immunology. 2015;46(2):710-5.
32. Sun C, Zhang S. Immune-Relevant and Antioxidant Activities of Vitellogenin and Yolk Proteins

in Fish. Nutrients. 2015;7(10):8818-29.

33. Du X, Wang X, Wang S, Zhou Y, Zhang Y, Zhang S. Functional characterization of
Vitellogenin_N domain, domain of unknown function 1943, and von Willebrand factor type D domain
in vitellogenin of the non-bilaterian coral Euphyllia ancora: Implications for emergence of immune
activity of vitellogenin in basal metazoan. Developmental and comparative immunology.
2017;67:485-94.

34. Wu B, Liu Z, Zhou L, Ji G, Yang A. Molecular cloning, expression, purification and
characterization of vitellogenin in scallop Patinopecten yessoensis with special emphasis on its
antibacterial activity. Developmental and comparative immunology. 2015;49(2):249-58.

35. Salmela H, Amdam GV, Freitak D. Transfer of Immunity from Mother to Offspring Is Mediated
via Egg-Yolk Protein Vitellogenin. PLoS pathogens. 2015;11(7):e1005015.

36. Salmela H, Harwood G, Miinch D, Elsik C, Herrero-Galan E, Vartiainen MK, et al. Nuclear
Translocation of Vitellogenin in the Honey Bee (<em>Apis mellifera</em>). bioRxiv.
2021:2021.08.18.456851.

37. Smolenaars MMW, Madsen O, Rodenburg KW, Van der Horst DJ. Molecular diversity and
evolution of the large lipid transfer protein superfamily<sup>s&#x20de;</sup>. Journal of Lipid
Research. 2007;48(3):489-502.

38. Roth Z, Weil S, Aflalo ED, Manor R, Sagi A, Khalaila 1. Identification of Receptor-Interacting
Regions of Vitellogenin within Evolutionarily Conserved (-Sheet Structures by Using a Peptide Array.
ChemBioChem. 2013;14(9):1116-22.

39. Li A, Sadasivam M, Ding JL. Receptor-Ligand Interaction between Vitellogenin Receptor
(VtgR) and Vitellogenin (Vtg), Implications on Low Density Lipoprotein Receptor and Apolipoprotein
B/E: THE FIRST THREE LIGAND-BINDING REPEATS OF VTGR INTERACT WITH THE AMINO-
TERMINAL REGION OF VTG *. Journal of Biological Chemistry. 2003;278(5):2799-806.

40. Thompson JR, Banaszak L]. Lipid-protein interactions in lipovitellin. Biochemistry.
2002;41(30):9398-409.

41. Anderson TA, Levitt DG, Banaszak L]. The structural basis of lipid interactions in lipovitellin,
a soluble lipoprotein. Structure (London, England : 1993). 1998;6(7):895-909.

42. Havukainen H, Halskau O, Skjaerven L, Smedal B, Amdam GV. Deconstructing honeybee
vitellogenin: novel 40 kDa fragment assigned to its N terminus. The Journal of experimental biology.
2011;214(Pt 4):582-92.

43. Havukainen H, Underhaug ], Wolschin F, Amdam G, Halskau O. A vitellogenin polyserine
cleavage site: highly disordered conformation protected from proteolysis by phosphorylation. The
Journal of experimental biology. 2012;215(Pt 11):1837-46.

44, Mahbubur Rahman M, Ma G, Roberts HLS, Schmidt O. Cell-free immune reactions in insects.
Journal of insect physiology. 2006;52(7):754-62.

24



45, Sakakibara D, Sasaki A, Ikeya T, Hamatsu ], Hanashima T, Mishima M, et al. Protein structure
determination in living cells by in-cell NMR spectroscopy. Nature. 2009;458(7234):102-5.

46. Kovermann M, Rogne P, Wolf-Watz M. Protein dynamics and function from solution state
NMR spectroscopy. Quarterly reviews of biophysics. 2016;49:e6.
47. Callaway E. The revolution will not be crystallized: a new method sweeps through structural

biology. Nature. 2015;525(7568):172-4.

48. Yip KM, Fischer N, Paknia E, Chari A, Stark H. Atomic-resolution protein structure
determination by cryo-EM. Nature. 2020;587(7832):157-61.

49. Merk A, Bartesaghi A, Banerjee S, Falconieri V, Rao P, Davis M|, et al. Breaking Cryo-EM
Resolution Barriers to Facilitate Drug Discovery. Cell. 2016;165(7):1698-707.

50. Kuhlman B, Bradley P. Advances in protein structure prediction and design. Nature Reviews
Molecular Cell Biology. 2019;20(11):681-97.
51. Kleywegt GJ, Velankar S, Patwardhan A. Structural biology data archiving - where we are and

what lies ahead. FEBS letters. 2018;592(12):2153-67.
52. Jumper ], Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate
protein structure prediction with AlphaFold. Nature. 2021;596(7873):583-9.

53. Venclovas C. Methods for sequence-structure alignment. Methods in molecular biology
(Clifton, NJ). 2012;857:55-82.
54. Sali A, Potterton L, Yuan F, van Vlijmen H, Karplus M. Evaluation of comparative protein

modeling by MODELLER. Proteins. 1995;23(3):318-26.

55. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for
comparative protein modeling. Electrophoresis. 1997;18(15):2714-23.

56.  van Zundert GCP, Trellet M, Schaarschmidt ], Kurkcuoglu Z, David M, Verlato M, et al. The
DisVis and PowerFit Web Servers: Explorative and Integrative Modeling of Biomolecular Complexes.
Journal of Molecular Biology. 2017;429(3):399-407.

57. Zundert GCPv, Bonvin AMJ]. Fast and sensitive rigid-body fitting into cryo-EM density maps
with PowerFit. 2015;2(2):73-87.

58. Garzoén ]I, Kovacs ], Abagyan R, Chacén P. ADP_EM: fast exhaustive multi-resolution docking
for high-throughput coverage. Bioinformatics (Oxford, England). 2007;23(4):427-33.

59. Dyrevelferdsloven. Lov om dyrevelferd (dyrevelferdsloven). 2009.

60. Pinto LZ, Bitondi MM, Sim&es ZL. Inhibition of vitellogenin synthesis in Apis mellifera
workers by a juvenile hormone analogue, pyriproxyfen. Journal of insect physiology.
2000;46(2):153-60.

61. Fluri P, Liischer M, Wille H, Gerig L. Changes in weight of the pharyngeal gland and
haemolymph titres of juvenile hormone, protein and vitellogenin in worker honey bees. Journal of
insect physiology. 1982;28(1):61-8.

62. Huang SK, Csaki T, Doublet V, Dussaubat C, Evans ]D, Gajda AM, et al. Evaluation of Cage
Designs and Feeding Regimes for Honey Bee (Hymenoptera: Apidae) Laboratory Experiments.
Journal of Economic Entomology. 2014;107(1):54-62.

63. Macmillan HA, Sinclair BJ. Mechanisms underlying insect chill-coma. Journal of insect
physiology. 2011;57(1):12-20.

64. Wilschefski SC, Baxter MR. Inductively Coupled Plasma Mass Spectrometry: Introduction to
Analytical Aspects. Clin Biochem Rev. 2019;40(3):115-33.

65. Bruusgaard JC, Liestgl K, Ekmark M, Kollstad K, Gundersen K. Number and spatial
distribution of nuclei in the muscle fibres of normal mice studied in vivo. The Journal of physiology.
2003;551(Pt 2):467-78.

66. Dong X, Leksa NC, Chhabra ES, Arndt JW, Lu Q, Knockenhauer KE, et al. The von Willebrand
factor D'D3 assembly and structural principles for factor VIII binding and concatemer biogenesis.
Blood. 2019;133(14):1523-33.

67. Biterova EI, Isupov MN, Keegan RM, Lebedev AA, Sohail AA, Liaqat [, et al. The crystal
structure of human microsomal triglyceride transfer protein. Proceedings of the National Academy
of Sciences. 2019;116(35):17251-60.

68. Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al. AlphaFold Protein
Structure Database: massively expanding the structural coverage of protein-sequence space with
high-accuracy models. Nucleic Acids Res. 2021.

25






Paper I






'.) Check for updates

:@'FEBSPRESS

@ science publishing by scientists

Structure prediction of honey bee vitellogenin: a
multi-domain protein important for insect immunity

Vilde Leipart’

Elias Herrero-Galan**, @yvind Halskau®

ool WwN =

Keywords

homology modeling; honey bee vitellogenin;
rigid-body fitting; von Willebrand factor
domain

Correspondence

V. Leipart, Faculty of Environmental
Sciences and Natural Resource
Management, Norwegian University of Life
Sciences, Hogskoleveien 12, 1430 As,
Norway

Tel: +47 99444807

E-mail: vilde.leipart@nmbu.no

Present address

E. Herrero-Galan, Molecular Mechanics of
the Cardiovascular System Cell and
Developmental Biology Area, Centro
Nacional de Investigaciones
Cardiovasculares (CNIC), Instituto de Salud
Carlos I, C/ Melchor Fernédndez Almagro,
Madrid, Spain

(Received 27 May 2021, revised 27
September 2021, accepted 18 October
2021)

doi:10.1002/2211-5463.13316

Edited by Cléudio Soares

, Mateu Montserrat-Canals?, Eva S. Cunha?, Hartmut Luecke®,

and Gro V. Amdam™®

Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life Sciences, Aas, Norway
Norwegian Center for Molecular Medicine, University of Oslo, Norway

Department of Physiology and Biophysics, University of California, Irvine, CA, USA

Department of Structure of Macromolecules, Centro Nacional de Biotecnologia (CNB-CSIC), Madrid, Spain

Department of Biological Sciences, University of Bergen, Norway

School of Life Sciences, Arizona State University, Tempe, AZ, United States

Vitellogenin (Vg) has been implicated as a central protein in the immunity
of egg-laying animals. Studies on a diverse set of species suggest that Vg
supports health and longevity through binding to pathogens. Specific stud-
ies of honey bees (Apis mellifera) further indicate that the vitellogenin (vg)
gene undergoes selection driven by local pathogen pressures. Determining
the complete 3D structure of full-length Vg (flVg) protein will provide
insights regarding the structure—function relationships underlying allelic
variation. Honey bee Vg has been described in terms of function, and two
subdomains have been structurally described, while information about the
other domains is lacking. Here, we present a structure prediction,
restrained by experimental data, of flVg from honey bees. To achieve this,
we performed homology modeling and used AlphaFold before using a
negative-stain electron microscopy map to restrict, orient, and validate our
3D model. Our approach identified a highly conserved Ca®'-ion-binding
site in a von Willebrand factor domain that might be central to Vg func-
tion. Thereafter, we used rigid-body fitting to predict the relative position
of high-resolution domains in a flVg model. This mapping represents the
first experimentally validated full-length protein model of a Vg protein and
is thus relevant for understanding Vg in numerous species. Our results are
also specifically relevant to honey bee health, which is a topic of global
concern due to rapidly declining pollinator numbers.
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Structure prediction of honey bee vitellogenin

Vitellogenin (Vg) belongs to an ancient and phyloge-
netically broad protein family called large lipid trans-
fer proteins [I]. In most egg-laying animals, Vg
contributes to oogenesis by providing lipids. Over the
last 20 years, studies of several species have demon-
strated additional functions of this superfamily in
health and behavior [2]. Many animals with one or
more vg genes are commercially important, and this
has incentivized analyses of reproductive and immune
traits in which Vg is likely to play a role. Effects of Vg
on host immunity have been studied in animals as
diverse as bees and fishes [3,4]. For example, Vg recog-
nizes gram-positive bacteria (i.e., Staphylococcus au-
and Bacillus subtilis) and
gram-negative bacteria (i.e., Escherichia coli and Vib-
rio anguillarum) in nonbilaterian coral (Euphyllia an-
cora) and zebrafish (Danio rerio) [5,6]. These studies
also show that Vg recognizes general bacterial and
fungal  pathogen-associated  molecular  patterns
(PAMPs). Antimicrobial activity was not detected in
these studies, but the interaction promotes apoptosis.
Zhang et al. [4] suggest that Vg in zebrafish functions
as an inflammatory acute-phase protein leading to
elimination of pathogens. This finding also applies to
honey bees (Apis mellifera) where Vg appears to have
similar immunological binding properties [7]. In addi-
tion, the Vg molecule of honey bees recognizes
damage-associated molecular patterns (DAMPs) [3]
and displays antioxidant activity [8—10].

The honey bee is one of the best studied species in
terms of the diverse roles of Vg [8,11,12]. For example,
this animal was used to show that via their eggs,
females can protect their offspring against diseases
using a Vg-mediated transfer mechanism: Fragments
of bacterial cell walls (immune elicitors) are recognized
by Vg and carried out to the honey bee eggs during
oogenesis  [7,13].  This phenomenon of trans-
generational immune priming without the use of
antibody-based (i.e., acquired) immunity was first
detected a decade ago [14]. However, the underlying
mechanisms were not understood before Vg was pro-
posed as a causal element [7]. The availability of the
genomic sequence and some functional genetic tech-
nologies in honey bees have also enabled studies of
Vg’s role in behavior [8,15], and such findings have
been extended to ants, cockroaches, and mosquitos
[16-18]. Honey bees are globally available due to api-
culture and can be obtained in large numbers at low
costs. Therefore, honey bees provide a practical and
useful model for investigating the structure—function
relationship of Vg.

In most egg-laying animals, Vg consists of three
conserved domains: The N-terminal domain (ND), a
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domain of unknown function 1943 (DUF1943) and
the von Willebrand factor (VWF) type D domain
(Fig. S1). In honey bees, the ND is further subcatego-
rized into two structural subdomains, the B-barrel and
the a-helical domains, with a highly disordered poly-
serine region linking these two domains [19]
(Fig. SIA). Circulating Vg in the hemolymph of honey
bees has a molecular mass of approximately 180 kDa.
Vg is cleaved into a 40 and a 150 kDa fragment in the
abdominal fat body tissue, the main site for Vg synthe-
sis and storage, and the polyserine linker has been
identified as the cleavage site [19]. During investigation
of pathogen recognition of Vg in honey bees, the full-
length hemolymph Vg (flVg) and the 150 kDa fat
body Vg (fbVg) subunit, together with a recombinant
peptide of the a-helical domain, were shown to recog-
nize dead and damaged cells [3]. The authors suggest
that the heavily positively charged a-helical domain is
the main contributor to pathogen recognition. The
same study also includes a recombinant peptide of
vWF, but this synthetic domain did not show similar
binding activity. Studies in fishes and one coral species
confirm that the ND can recognize PAMPs and
DAMPs but also show that the DUF1943 and vWF
can contribute to pathogen recognition [5,6]. Taken
together, these findings indicate that Vg may have
multiple pathogen-recognizing domains.

In vertebrates and invertebrates, the three main
structural domains of Vg are highly conserved at the
structural level [5] despite a low nucleic acid sequence
similarity [1]. This conservation indicates that the main
features of the Vg amino acid sequence are maintained
by natural selection. At the level of nucleic acids, the
B-barrel subdomain is the most conserved region of
the honey bee vg gene, while the presumed lipid-
binding region (o-helical domain and DUF1943)
undergoes positive selection [20]. In a previous study,
five residue positions were identified as candidates of
functional polymorphisms (marked in Fig. S1A). Local
pathogen pressure can be a significant selective force
[21-23], and several studies suggest that Vg structure
adapts to more efficiently recognize such local threats
[7,12]. This hypothesis relies on structure—function
relationships that are not fully understood. In fact,
there is no complete and detailed structure of the full-
length Vg (flVg) protein in any bee, insect, coral, or
modern fish species. The only experimentally solved
structure is that of lamprey (Ichthyomyzon unicuspis)
Vg (PDB ID: ILSH [24]), which consists only of the
lipovitellin light and heavy chain (ca. 76% of the
sequence is crystallized; Fig. SIB). Using this informa-
tion as a resource, the conserved N-terminal subdo-
mains (B-barrel and o-helical) in honey bees were

2 FEBS Open Bio (2021) © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



V. Leipart et al.

described using homology modeling [3,25] with lam-
prey Vg as a template. This approach has not been
extended to the less conserved DUF1943 domain that
is also present in lamprey. The vWF homologous
domain, B-Component, is absent from the lamprey
crystallographic structure, which eliminates lamprey as
a possible template for homology modeling of the
vWF domain in other species like honey bees.

Solving the structure of Vg in more species can
increase our understanding of ligand interactions and
provide important insights into structure—function rela-
tionships. However, even in otherwise well-studied spe-
cies like honey bees, this centrally important
information on the DUF1943 and vWF domain is
lacking.

Fortunately, the number of experimentally solved
protein structures is growing, and the computational
modeling software is becoming more powerful. For
example, a crystallographic protein structure of the
D’D3 assembly in human vWF protein was resolved in
2019 [26], and the VWD3 domain in this assembly has
a pairwise sequence identity slightly above 20% to the
honey bee domain, which is sufficient to be used as a
template during homology modeling.

In this study, we make progress in describing the
structure and interpreting the function of the vWF
domain in honey bees. In addition, we compile results
from template-based, deep learning modeling methods,
and the ground-breaking neural network-based algo-
rithm, AlphaFold [27], to present, for the first time, a
full-length model for an invertebrate Vg. We combine
this new information with published data to begin to
elucidate the domain assembly of flVg. Our findings
suggest that vVWF contributes to the structural organi-
zation and has a previously undescribed and valuable
function in the protein. This study contributes to the
understanding of a protein that is central to life in
many animal species.

Materials and methods

Identification of templates

The full-length honey bee Vg sequence (UniProt ID:
Q868NS5) was inputted to the HHpred [28] server with
default settings, which included ‘PDB_mmCIF70_23_Jul’ as
the target database. HHpred returned 250 hits. Each hit
was evaluated based on the sequence identity. For the vVWF
domain, the structural template was verified by performing
a BLAST of honey bee Vg (UniProt ID: Q868N5) against the
UniProtKB. The target database was restricted to only
include UniProt sequences having a PDB ID. The query
was run with default settings (e-threshold: 10, matrix: auto,
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filtering: none, gapped: yes, hits: 1000). This BLAST returned
26 hits, and hits from regions already satisfactorily modeled
in earlier work were ignored. The remaining hits included
the VWF_HUMAN (UniProt ID: P04275, e-value 7.2¢e-1,
and 25.0% sequence identity). Residues 1453-1612 of the
vWF domain in Vg were aligned to residues 864-1013 of
vWE, Homo sapiens. These residues correspond to the
WD3 domain in the D’D3 assembly in the human vVWF
protein.

Structural alignment and homology modeling of
the von Willebrand factor domain

Both the target and template sequence are part of two lar-
ger assemblies, each comprising 4 and 12 domains, respec-
tively. To identify the correct start and end points of the
structural alignments, 16 alignments with different sequence
lengths were performed. The highest sequence identity
(26.3%) was obtained by aligning residues 1440-1634 (tar-
get) with residues 836-1031 (template) using the Emboss
Needle pairwise alignment tool [29,30], with default settings
(Table S1). To ensure that the functional and important
regions were aligned correctly, the pairwise alignment was
supplemented with a multiple sequence alignment (MSA).
The MSA was executed using BLAST and representative Vg
sequences from a wider selection of 16 species [3]
(Table S2). To ensure a correct alignment of the full-length
VWF H. sapiens in the MSA and not cause confusion
among the four VWD modules in the protein, we refer-
enced the alignment of the modules in the D assemblies
from Dong et al. [26] (Fig. 2). The pairwise alignment was
altered so that gaps were in the same positions as in the
low-conserved regions of the MSA. The highly conserved
residues were correctly aligned and were not altered. To
avoid gaps in secondary structures or binding sites, the sec-
ondary structure annotations from template 6N29 were
added to the alignment.

The homology model was interactively built using Swiss-
PdbViewer [31] (sppBv; v. 4.1.0), a recommended approach
when building target models with low sequence identity to
the template [32]. To initiate the modeling project, the raw
sequence (Q868NS5) was fitted onto the 3D coordinates of
the template (PDB ID: 6N29). Backbone building was per-
formed automatically after editing the alignment as
described above. Ab initio loop building was performed to
ligate breaks in the backbone caused by gaps in the align-
ment (insertions/deletions). The loop option with the lowest
clash and energy scores was chosen in all cases. In this
way, nine loops were inserted into the model (Table S3),
leaving three unsolved regions (residues 1494-1504, 1515—
1522, and 1537-1541) missing in the model. Ab initio and
database loop building attempts failed to produce a reason-
able output for these three 8-11 residue-long gaps. Side
chain conformations of target residues aligned to residues
with dissimilar characteristics in the template were
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identified by detecting clashes and rearranged into the most
optimal rotamer option. Rotamer libraries of the most
observed orientations for side chains are included in the
program. The entire model was energy minimized through
a partial implementation of the GrRomos96 force field [33]
integrated in the sppBv software.

Quality control of the von Willebrand factor
homology model

Quality control was performed on the model to determine
whether the structural features are consistent with the phys-
iochemical rules. Stereochemical consistency was evaluated
residue-by-residue using PROCHECK [34]. Global and local
quality estimates were performed using the Qualitative
Model Energy Analysis (QMEAN) server [35], powered by
SWISS-MODEL. The QMEAN output Z-score compares
the query to similar values based on X-ray structures.
VADAR (v. 1.8) [36] assesses the 3D profile, stereo/pack-
ing, accessible surface and residue volume. Based on these
quality assessments, manual editing was applied to the resi-
dues listed in Table S4. The final model was deposited to
ModelArchive and can be accessed at:  https://
modelarchive.org/doi/10.5452/ma-sfueo (access code:
okHs98Pcl2).

The Ca**-ion was copied from the template to the target
model, and the contacts to the binding residues were veri-
fied to be reasonable in pymoL (v. 2.2.2) [37]. All illustra-
tions of the model were made in PYMOL.

Full-length structure prediction of honey bee
vitellogenin

The alignments from HHpred with the highest sequence
identity were selected and forwarded to the implemented
modeling software MODELLER [38]. Models 1-8 were built
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using the query sequences listed in Table 1. All models
were built using default settings. A full-length prediction
was also built using the RAPTORX web server [39] with the
full-length honey bee Vg sequence (UniProt ID: Q868NS5)
as input, which generated a structure consisting of six
domains, each built using one to five templates or
template-free modeling (Table S7 and Fig. S7). The models
were visualized with the program pymoL and aligned, and
the final model was assembled and built here.

To run AlphaFold v2.0 ([27], see Jumper et al. (2021)
supplementary material for detailed description of the
method), a P3.2xlagre instance was provisioned from AWS
EC2, using the Deep Learning AMI (Ubuntu 18.04) Ver-
sion 48.0 and a 300 GB disk. Additionally, a 4TB gp3 EBS
volume, with 400 MB-s~' of throughput and 3000 TOPS,
was provisioned and mounted on the machine. The step-
by-step guide (README.md, https://github.com/
deepmind/alphafold) was followed for setting up and run-
ning AlphaFold using Docker. Dependencies that were not
included in the AMI were installed manually using the apt
package manager. The input sequence was UniProt ID:
QB868N5, and AlphaFold was run with the full_dbs preset.
Model parameters, downloaded databases, and the output
files were stored on the 4TB EBS volume. The run resulted
in five models, ranked by average pIDDT (Fig. S8B,C).
The PDB-file of the top ranked model is included in
Appendix S2.

Rigid-body fitting into the electron microscopy
map

The high-resolution full-length model and separate chains,
in addition to two previously published homology models
[3.25] and lamprey Vg (PDB ID: 1LSH) [24], were fitted
into the low-resolution negative-stain electron microscopy
(EM) map (Fig. S9, EMDB-22113, deposited) without

Table 1. Structure predictions generated by mopeLLER and RrapTORX. The table presents all the models generated using MODELLER and RAPTORX
(Figs S6 and S7) and lists the region of the amino acid sequence (aa seq.) that has been modeled and which domain it represents. The
template used for the model (protein name, species, and PDB ID) and the sequence identity are listed. For Model 9, several templates have

been used to generate the full-length model.

Honey bee

Model Vg aa seq. Honey bee Vg domain Template Seq. iden. (%)

1 21-1059 ND and DUF1943 Lamprey Vg (PDB ID: 1LSH_A) 16

2 1190-1515 Undetermined and partly vVWF Lamprey Vg (PDB ID: 1LSH_B) 15

3 1442-1632 VWF Human vWF (PDB ID: 6N29) 22

4 21-323 B-barrel Lamprey Vg (PDB ID: 1LSH_A) 19

5 324-360 Polyserine linker Honey bee Vg (PDB ID: 2ILC) 97

6 361-756 a-helical Lamprey Vg (PDB ID: 1LSH_A) 19

7 760-1059 DUF1943 Human MTP (PDB ID: 617S) 13

8 760-1059 DUF1943 Lamprey Vg (PDB ID: 1LSH_A) 11

9 1-1770 Full-length Vg PDB ID: 1LSH_A, 1LSH_B, 6RBF_A, 12,21,8,6,5,9,
3WJB_A, 4YUB_A, 4JPH_A, 6BPA, 4NT5_A 10, 14 and 7
and 2KD3_A
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direct human intervention by using the PowerFit webserver
[40,41] and the ADP_EM plugin in cHIMERA [42]. In both
methods, the resolution was set to 27 A based on the Four-
ier shell correlation curve (Fig. S9C), and for PowerFit, the
rotational sampling interval parameter was set to 5.00. The
PowerFit algorithm uses the cross-correlation between the
EM map and the structure to be fitted to search for opti-
mal fits. Output was provided as the structural model’s ori-
entation with a corresponding goodness of fit score.
ADP_EM works similarly, but is optimized for low-
resolution density maps. The fits were imported to the pro-
gram UCSF CHIMERA (v. 1.14) [43] to optimize them using
the volume data ‘Fit-in-map’ function. This function calcu-
lates a correlation score and an average map value both
based on map grid points, but the former calculates over-
lap, while the latter only focuses on the atoms inside the
map. In addition, the number of atoms outside the contour
is shown. The setting was left as default, but the resolution
of 27 A was inputted. All resulting scores from both soft-
ware systems are presented in Tables S5 and S6.

CHIMERA and pymoL were also used to generate the fig-
ures of the fits and apply a hydrophobicity scale [44]. The
final assembly was imported to pymoL, where it was aligned
to lamprey Vg (PDB ID: ILSH). The generate symmetry
function in pymoL was used to produce the dimer formation
presented by Anderson et al. [53] of lamprey Vg and
aligned the final assembly to this structure to present the
dimer of honey bee Vg (Fig. 4E). The conserved residues
creating polar contacts in honey bee Vg were identified
using the MSA produced by MODELLER (not shown). The
distances of polar contacts were measured in PYMOL.

Purification of vitellogenin from honey bees

To obtain purified Vg, we collected 1-10 uL honey bee
hemolymph in a 1 : 10 dilution in 0.5 m Tris/HCI pH 7.6,
using BD needles (30 G) as described earlier [45]. The dilu-
tion was filtered using a 0.2 pm syringe filter. Vg was puri-
fied from honey bee hemolymph with ion-exchange
chromatography using a HiTrap Q FF 1 mL column 0.5 m
Tris/HCI as the sample buffer and 0.5 M Tris/HCl with
0.45 M NaCl as the elution buffer. 400-450 pL diluted
hemolymph was manually injected and Vg eluted at a con-
ductivity of 15-22 mS-ecm™'. All fractions from this peak
were collected, pooled and concentrated using an Amicon®
Ultracel 100 kDa membrane centrifuge filter (Merck
KGaA, Darmstadt, Germany). The fraction purity was ver-
ified by running SDS/PAGE, which contained only one
band of the correct size (~ 180 kDa). The protein concen-
tration was measured with Qubit.

Native gel and size exclusion chromatography

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
was performed at 4 °C in precast 3-12% acrylamide gels
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(Invitrogen, Waltham, MA, USA) for 2 h at a constant
voltage of 150 V. The NativePAGE Novex Bis-Tris Gel
System (Life Technologies, Carlsbad, CA, USA) protocol
was used both for sample and buffer preparation, and
Native-PAGE Running Buffer (1x) and the Dark Blue
Cathode Buffer (0.4% Coomassie G-250) were used. Size
exclusion chromatography (SEC) was performed of Vg in a
Superose 6 Increase 3.2/300 column (GE Healthcare, Chi-
cago, IL, USA) at 4 °C equilibrated with a buffer contain-
ing 50 mm Tris pH 7.6 and 225 mm NaCl. The SEC was
run on an AKTA Pure 25 system (GE Healthcare) in micro
configuration that allows the use of very small sample vol-
umes. This modification prevents dilution of the sample by
effectively reducing the internal volume since it bypasses
the multicolumn valve and the pH flow cell and has a
shorter path length between the injection valve and the UV
monitor. We injected 50 pL of sample (0.26 mg-mL~") and
manually collected fractions directly from the outlet of the
UV monitor.

Results

Template search

Increased insight into the tertiary structure of Vg’s
domains is beneficial to our understanding of how Vg
contributes to honey bee immunity. To build a full-
length structure prediction of honey bee Vg, we first
identified potential templates using HHpred [28]
(Fig. 1A) with the complete amino acid sequence as
input. HHpred indicated that two templates are avail-
able for building the ND and DUF1943 domain, one
for an undetermined region (residue 1190-1442), and
three for the vVWF domain. Except for Template 1
(PDB ID: 6N29_A), the sequence identities fall below
20%. By dividing the query sequence into known sub-
domains and domain boundaries and repeating the
search, we generated more specific alignments. The top
two ND subdomain templates increased their sequence
identities to 19%. In contrast, the DUF1943 was
demonstrated to be more distinct compared to human
microsomal triglyceride transfer protein (MTP) and
lamprey Vg, having sequence identities of only 13%
and 11%, respectively.

Homology modeling of the von Willebrand factor
domain

Among the three highly conserved domains, the VWF
is a major unknown piece in the structural puzzle of
Vg. Our initial search discovered a recently published
and promising template for this domain, which we
confirmed using BLAST [46]. The WD3 domain in the
D’D3 assembly of the vVWF protein of H. sapiens has
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Fig. 1. Structure prediction of honey bee vitellogenin. (A) A graphical illustration of the identified templates using HHpred. On both graphs,
the amino acid sequence of honey bee Vg is on the x-axis (with the subdomains and domains labeled), and the percentage of sequence
identity to the templates is on the y-axis. The first graph displays all the templates (gray rounded edge boxes) identified when inputting the
full-length sequence of honey bee Vg, while the second shows the templates identified when inputting only the sequence of the separate
subdomains. The background colors on both graphs illustrate whether the sequence identity is below 15% (red), between 15% and 20%
(orange) or above 20% (green). The templates are numbered according to the sequence identity (highest to lowest), and the protein name,
species, and PDB ID are noted in the two large gray boxes. (B) Homology model of VWF: The B-sandwich is on the left side while the Ca*'-
segment is on the right side. The Cys-bridges connecting the two segments are shown as yellow sticks and arrows. The B-strands, a-helix
and loops are colored blue, orange, and gray, respectively, and the positions of Q5-7 are labeled with black arrows. The Ca?*-binding
residues are shown as cyan sticks, and the Ca*ion is shown as a pink sphere. (C) Close-up of the Ca?"-binding site. The coloring scheme
is the same as in panel B. All Ca?"-binding residues (D1455, N1600, D1602, D1604, N1607 and D1608) and one of the Cys-bridges (C1598
and C1444) are labeled, and this demonstrates how D1455 from the B-sandwich interacts with the Ca®'-ion. (D) The full-length homology
model compiled from several models with different templates. The subdomains and domains are colored as follows: the B-barrel subdomain
(red), the polyserine linker (yellow), the a-helical subdomain (forest green), the DUF1943 domain (magenta), elongation of the DUF1943
domain (hot pink), the undetermined structural region (purple), the VWF domain (cyan), and the C-terminal region (orange). (E) A 2D
illustration of the chains A to E, used when preforming rigid-body fitting of the homology model.

a sequence identity of the pairwise alignment of
24.1%, which is slightly below the suggested threshold

across 12 species, including representative insects,
nematodes and mammals. The MSA and the final

(25%) for creating a reliable homology model [47]. In
other words, a pairwise alignment may not be enough
to identify gaps and robustly conserved amino acids.
We therefore conducted a MSA to confirm gaps and
alignment of conserved and domain-defining residues

structural alignment are presented in Fig. S2.

A visual inspection of the structural alignment
revealed some interesting aspects. In the almost 200
amino acid-long alignment, the first 40 residues and
the last 80 residues are well conserved. In the less
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conserved regions, four larger gap regions (Q) have
been introduced (Q4-7). Q4 is also missing in all spe-
cies containing the VWF protein based on the MSA,
while downstream Q5 and Q7 are conserved in most of
the species containing the Vg protein (Fig. S2A). Q6
seems to be included in all species but is missing in the
VWD3, a cysteine-rich domain that forms four intra-
chain disulfide bridges and two interchain disulfide
bridges. The interchain bridges stabilize dimerization
of VWD domains in the human vWF protein as
opposed to the intrachain bridges formed between cys-
teine residues inside a single VWD domain. The inter-
chain bridging cysteine residues are not included in the
target sequence, and based on the MSA, they are also
not conserved in the template domain. However, the
eight intrachain bridging cysteine residues are included
in the template. Four of these are conserved in the tar-
get (C1444, C1466, C1598, and C1634; Fig. 1B). The
VWD3 domain also contains a Ca®"-binding site
experimentally known from the structural template
with key residues also present in the target sequence
[26]. We recognize this as a class II calcium binding
site because the coordinating residues, as well as the
neighboring residues, make up two short regions [48]
(r. 1453-1456 and r. 1596-1609; Fig. S2) that are well
conserved among all species in the MSA. This indi-
cates an essential site for function and/or stability of
the domain. We conclude that the significant regions
for domain function or stability, the intrachain disul-
fide bonds, as well as the Caztbinding residues, are
conserved and correctly aligned. We also conclude that
the MSA was able to identify robustly conserved fea-
tures of Vg, and we therefore proceeded with interac-
tive homology modeling using the structural alignment
provided by the MSA (Fig. S2B).

The amino acid sequence of the target was fitted
onto the three-dimensional coordinates of the template
using the structural alignment. Breaks in the backbone
were ligated using loop building, and the side chains
of nonconserved residues were rearranged to the most
optimal rotamer orientation, reducing the number of
steric clashes. Finally, we performed energy minimiza-
tion to release local backbone strain and electron den-
sity clashes. The overall quality of the target model
was validated using several software tools. To account
for sequential errors, we also included the quality
scores of the template (Figs S3 and S4). Based on the
results, the backbone phi and psi angles of 14 residues,
detected as outliers by Ramachandran analysis
(Fig. S3C) [49], and rotamers of 19 residues, detected
by PROCHECK, were manually edited (Table S4). The
main limiting factor for the quality metrics of the
model were the errors already listed as well as the
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presence of the longer gap regions. It was not possible
to include Q5-7 in the model because this creates a
region with too many unfavorable interactions and
torsion angles. However, these regions exhibit low con-
servation (Fig. S2). The local quality estimate by
SWISS-MODEL (Fig. S3B) shows that the middle
region is of lower quality relative to the first and last
missing regions. The Ca>"-binding residues and intra-
chain disulfide bonds are in higher-quality regions.
The prOCHECK summary shows that the main differ-
ence between the target and template models originates
from the calculated stereochemical parameters (geome-
try, bad contacts and bond length and angles;
Fig. S3A). The residue-by-residue list produced by pro-
cHeck (Fig. S4E) identified residues deviating from the
ideal values. However, these residues were altered dur-
ing loop building, often resulting in an unfavorable
orientation for the chosen residues [50]. We conclude
that key structural features of the target are modeled
correctly except for the low-quality middle region that
contains residues with stereochemical parameters devi-
ating from the ideal values. The homology modeling
approach used has a proven track record of producing
models of sufficient quality when facing similar chal-
lenges [51]. We demonstrated this by comparing our
model to an automatically produced model by mop-
ELLER. We find that in our model, the local quality is
better in the regions of low conservation (Fig. S3B),
and the global quality is higher (Fig. S4A-C). For the
conserved region, our interactive modeling approach
achieves a better result by including C1634, which cre-
ates an intrachain disulfide bond, two additional (-
strands and a more appropriate rotamer option for the
Ca”*-binding residue N1607 (Fig. S5).

We are thus for the first time able to present a
detailed structural model of the vVWF domain of honey
bee Vg. The structure can be understood as two seg-
ments: one consisting of 11 antiparallel B-strands orga-
nized into a B-sandwich while the other is comprised
of the C32+-binding site, a short a-helix, and three
short B-strands (Fig. 1B,C). Connecting the two seg-
ments are the two intrachain disulfide bonds. The two
segments are also connected through the Ca®"-binding
site via the interaction of residue D1455 (Fig. 1C). The
Ca”"-binding residues are in loop regions (i.e., nor-
mally flexible regions), but we suggest that binding of
a Ca®"-ion might confer stability to this region. The
Ca’"-binding segment of the domain exhibits higher
quality than the antiparallel B-sandwich. Despite the
lower quality, the residues in the secondary structure
elements exhibit a higher local quality score compared
to the residues in the loop regions (Fig. S3B). We con-
clude that the B-strands are organized in a sterically
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reasonable manner, while the loop regions are most
likely not described accurately.

Full-length structure prediction of honey bee
vitellogenin

We performed template-based prediction of the
remaining domains of honey bee Vg using the inte-
grated MODELLER software in HHpred. We generated
eight models using different sections of the honey bee
Vg amino acid sequence as input (Table 1). By align-
ing the predicted models covering the same domains
(Fig. S6), we observed that the general fold is the same
except for models describing DUF1943 (Models 1, 7,
and 8; Fig. S6B). Using human MTP as a template
returned a straight PB-sheet with fewer and longer -
strands. In addition, we also used the deep learning
modeling method RrRAPTORX to generate a full-length
and complete prediction (Fig. S7). The model is mostly
based on nine different templates with sequence iden-
tity ranging from 5% to 21% but also includes regions
resulting from deep learning predictions. The total
model assembles all predicted domains like pearls on a
string and cannot predict how they are organized rela-
tive to each other. However, the general fold of each
model is consistent with the results from MODELLER
(Fig. S6A-E). We built the final structure using Model
1 for residues 21-1059, Model 9 for residues 1060—
1140, Model 2 for residues 1190-1408, the vWF
homology model from Quality control of the von
Willebrand factor homology model for residues 1440-
1634 and Model 9 for residues 1635-1770. We selected
these models based on whether their fold were consen-
sus folds and removed the long, extending loop
regions. The final model has 93.1% sequence coverage
of honey bee Vg and includes the conserved domains
(ND, DUF1943 and vWF) in addition to undeter-
mined regions now structurally described for the first
time for an invertebrate Vg (two B-sheets downstream
of DUF1943 and the C-terminal region; Fig. 1D).
Based on the compilation of models, the final predic-
tion was divided into chains A (the ND), B (the B-
sheet from Model 9), C (the B-sheet from Model 2), D
(the vVWF domain) and E (the C-terminal region) as
presented in Fig. 1E.

The very recent publication and code availability for
AlphaFold v2.0 [27] enabled us to produce a structure
prediction of honey bee Vg. The first step of the pipe-
line is to produce an MSA, and the resulting number
of hits can indicate the prediction accuracy. The devel-
opers observe a decrease in prediction accuracy when
the alignment depth falls below 30 sequences and an
increase of accuracy until 100 sequences, where they
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observe a threshold effect [27]. The honey bee Vg
MSA have an average of 1988 hits per residue
(Fig. S8A), suggesting a high prediction quality. The
resulting AlphaFold models had an average predicted
local distance difference test (pIDDT) ranging from
81.7692 to 84.5747 (Fig. S8B), which is a per-residue
estimate of confidence [27,52]. The highest-ranking
model colored by the pIDDT confidence scale
(Fig. 2A) shows a generally confident backbone pre-
diction of honey bee Vg. Some regions fall below 70,
which the developers of AlphaFold state should be
treated with caution, and these residues map to short
loops in domains or longer flexible segments in-
between domains (Fig. 2B). The developers state that
pIDDT residue scores below 50 strongly indicate disor-
der which in our case is consistent with our knowledge
of the protein. The very low scoring residues 341-380
(average pIDDT: 33.1242) map to the polyserine lin-
ker, which is known to be flexible and disordered [19].
Similar disorder is predicted for the N-terminal signal
peptide residues 1-17 (average plDDT: 47.8064) and
the segments upstream and downstream of the VWF
domain, residue 1425-1437 and 1674-1684 (average
pIDDT: 44.5930 and 42.9336), respectively. Aligning
the top ranking AlphaFold predictions demonstrates a
consistent fold for the confident regions and some
inconsistency of the low-confidence regions (Fig. S8C).
The predicted disorder of residues 1674-1684 results in
a variable positioning of the downstream C-terminal
region between the predictions, suggesting flexibility of
the domain position.

The final homology model and the AlphaFold pre-
diction agree on the fold of the stable domain
(Fig. S8D). AlphaFold produces 3D coordinates for
every atom in the protein, so the prediction takes up
more space, compared to the homology model where
there are missing atoms, particularly downstream of
the DUF1943 domain (Fig. S§D). However, the over-
all consistency in both of our predictions confirms that
our structural prediction is strong.

Using PowerFit, ADP_EM, and Chimera to
determine the domain assembly of full-length
vitellogenin

The full-length models of Vg indicate the general fold
of each domain. However, the domain assembly in the
final homology model is speculative and derived from
lamprey Vg and the deep learning method along with
strong biases. To reduce these biases and provide some
validation of the structural assembly, we performed
rigid-body fitting of our model to a low-resolution EM
map (Fig. S9, EMDB-22113, deposited) of in vivo-
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Fig. 2. AlphaFold prediction. (A) The top ranked AlphaFold model is shown as cartoon, colored by the plDDT scale. The high scoring
domains (B-barrel, o-helical, DUF1943, B-sheet 2, VWF domain, and C-terminal domain) are labeled in blue, while the medium confident
region (B-sheet 1) is labeled in green, and the low confident regions (N-terminal, polyserine linker, the segment upstream and downstream
of VWF domain) are labeled in red. The CaZ*-ion is shown as a magenta sphere. (B) The pIDDT score is plotted per residue for the top

ranked AlphaFold model. Each region that scores below 70 (green
dotted line.

obtained honey bee Vg. The EM map reveals a rough
overview of the surface and two distinct cavities, here-
after named top, base, left and right, upper cavity
(UC) and lower cavity (LC) in reference to this specific
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dotted line) is labeled. The very low pIDDT (< 50) is indicated with a red

orientation (Fig. SI0A). Fitting of the complete
homology model placed chains D and E consistently
outside the contour map, while chains A to C did not
take up all the available space inside it (Fig. S10C).
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This indicates incorrect domain assembly of chains D
and E. Fitting of the rRAPTORX structure gave similar
results leaving chains C, D, and E outside the contour
map, clearly demonstrating improper domain assembly
(Fig. S10D). To avoid problems related to template-
based assembly, we fitted the chains individually.
Chains A and D occupy somewhat separate parts of
the contour, but chain A overlaps with chain C and
partly chain B and E (Fig. SIOE,F). These individual
domain fits support the assembly of chain A to C in
the predicted model and further suggest improper
assembly of chains D and E. Keeping chains A to C
united but chains D and E separate resulted in two
alternative orientations (Fig. S11B,C) leaving out
chain E, which is not compatible with either alterna-
tive (Fig. S10F). The first 68 residues of chain E were
built using a template-free method, while the last 58
residues were compiled from a multiple alignment of
the last five templates (Table S7) ranging from 5% to
14% sequence identity. HHpred recognizes none of
these templates. Faced with a speculative prediction
and its incompatibility with the EM map, we removed
the C-terminal domain from the domain assembly.
The resulting fits from two independent rigid-body fit-
ting methods (PowerFit [40,41] and ADP_EM [42])
was optimized using CHIMERA fit-in-map [43], produc-
ing correlation scores that could be compared directly
(Figs SI1A, S10B, and S12A). The highest scoring fit
of chain A to C from ADP_EM is overlapping per-
fectly with the second-best fit from PowerFit
(Fig. S11BI1), while the highest scoring fit of the same
chains from PowerFit is agreeing with the relative ori-
entation of the domains. The best fit from Powerfit is
not overlapping, however, with the second-best fit
from ADP_EM (Fig. S11B2). The correlation score
for the second ADP_EM fit is lower, and more atoms
are outside the contour, compared to the other fits.
Both alternatives are compatible with the ADP_EM
and the PowerFit orientation of chain D (Fig. S11C).
Secondary structure elements from the o-helical subdo-
main and DUF1943 are protruding outside the con-
tour for both alternatives. For alternative 2, the
DUF1943 and additionally the B-barrel subdomain are
seemingly  restricting access to both cavities
(Fig. S11D).

To further investigate the two alternatives, we fitted
previously generated homology models of the B-barrel
and o-helical domains of honey bee Vg [3,25] and the
X-ray structure of lamprey Vg (PDB ID: ILSH [24])
to the EM map. The respective or homologous
domains consistently fit in the two relative orientations

V. Leipart et al.

supported alternative 1, while lamprey Vg favored
alternative 2 according to the scores. The EM map is
an in vivo representation of honey bee Vg, while the
ILSH structure is a distant homologue with 24% of
the sequence missing in the crystal structure. The
AlphaFold prediction with 100% sequence coverage
serves as a far better representation of honey bee Vg.
Fitting the top ranked AlphaFold prediction resulted
in two different orientations by selecting the highest
scoring fit from PowerFit and ADP_EM, respectively
(Fig. 3A). The best fit from PowerFit has fewer atoms
outside the contour and a higher correlation score,
compared to the best fit from ADP_EM (Fig. 3B).
The very low-confidence fold of the N-terminal signal
peptide and the polyserine linker is protruding in both
alternatives (Fig. 3C,D). In addition, smaller loops
with a fold confidence ranging from low to intermedi-
ate are also protruding in both fits but these mis-
matches between model and contour map are more
pronounced in the ADP_EM fit (Fig. 3D). The model
cavities are restricted in the ADP_EM fit by the B-
barrel and a long B-sheet which is the AlphaFold pre-
diction of a more complete chain C, and these
domains are confidently modeled. Both cavities in the
PowerFit fit are also somewhat restricted by in-
between domains segments, which have a lower confi-
dence fold. Taken together, the orientation represented
by PowerFit is the best fit of the AlphaFold predic-
tion. This orientation also conforms to the best fits of
individual domains: chain A to C (Fig. S11B2), chain
D (Fig. S11C, PF1), B-barrel (Fig. SI2B, ADP2), a-
helical (Fig. S12C, PF2 and ADPI1) and lamprey Vg
(Fig. SI2D, PF1 and ADPI). This further supports
the PowerFit orientation of the AlphaFold prediction,
but now with a more optimized fit. Using the full-
length sequence representation results in a structure
which fills more of the density space while keeping the
percentage of protruding atoms low and the correla-
tion score high. This suggests that the domain assem-
bly in the AlphaFold prediction is an accurate
representation of honey bee Vg.

The final model is presented in Fig. 4. The LC
serves as the better-known lipid-binding site. It is
easily accessible, while the hydrophobic core is buried
in the EM map (Fig. 4A). The UC is partly built up
by the B-barrel. The vWF domain is placed close to
the LC bringing the Ca”**-ion into close proximity to
the cavity (Fig. 4B). This is supported by the results
produced by the Volume, Area, Dihedral Angle
Reporter (VADAR; Fig. S4D). The fractional accessi-
ble surface area report shows that the two short B-

and scored high values for both alternatives strands downstream of the Ca®’-binding site are
(Fig. S12). The p-barrel and o-helical domain reported as exposed (r. 145-156 in plot 1, Fig. S4D).
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Fig. 3. Rigid-body fitting of AlphaFold. (A) The EM map are shown as a transparent surface, and the fits of AlphaFold from PowerFit (PF)
and ADP_EM (ADP) are shown as cartoons and colored by method and scores (dark blue: PF1, light blue: PF2, dark pink: ADP1, light pink:
ADP2). The N-terminal (N-term), B-barrel (B), a-helical (o), DUF1943 (DUF), VWF domain (VWF), and C-terminal (C-term) domains are labeled.
(B) The correlation score and percent of atoms outside the contour calculated by cHiMERA were plotted for each fit from PowerFit (PF, blue)
and ADP_EM (ADP, pink), and ranked according to the correlation score (dark color: highest score, light color: second highest score). (C)
The EM map and the highest ranked PowerFit fit of AlphaFold is shown in at four different angels, colored by pIDDT score. The label is
marked with "*' if residues are outside the contour of the EM map and ‘/' between domain labels indicate that the pointed to segment is in-
between domains. The polyserine linker and the two B-sheets downstream of the DUF1943 domain are labeled PS, B1, and B2,
respectively. (D) The EM map and the highest ranked ADP_EM fit of AlphaFold. The same coloring and labeling are used as in panel C.

The fractional residue volume plot reports a potential buried in the two cavities, the previously established
cavity in the vicinity of the Ca®"-binding site. In hydrophilic and positively charged side of the o-
addition to the hydrophobic regions of Vg to be helical domain [3] faces the surface in our model,
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providing further support for a correct assembly. The Vitellogenin oligomerization state
polyserine region is also very exposed, favoring the
reported dephosphorylation and cleavage events [19].
In the final model, we also mapped out residue posi-
tions of interest (Fig. 4C,D). The five functional poly-
morphisms are in association with a cavity (three in
the lipid-binding site and two in the VWF domain).
Anderson et al. [53] specified 12 polar interactions
among nine residues on each monomer of lamprey
Vg. Seven of these residues are conserved in honey
bee Vg, and mapping these to the final model shows
them to be accessible to solvent. Simulating the
dimerization in pymoL with the final model confirms
dimerization to be a feasible oligomeric arrangement
for honey bee Vg (Fig. 4E). However, re-fitting the
Vg dimer in the EM map results in 33-39% of the
atoms inside the contour (Tables S5 and S6). Taken
together, this further supports the predicted assembly
and demonstrates the EM map to be a representation
of monomeric honey bee Vg.

While lamprey Vg forms a dimer with a modest
245 A? hydrophobic interface in the crystal structure
[24], mixed evidence exists for the oligomerization sta-
tus of honey bee Vg. As described above, the negative-
stain EM map with a resolution of 27 A supports Vg
to be monomeric since only one Vg molecule can be
placed in the EM map, even at low contouring level.
However, the sole known experimentally solved struc-
ture suggests that Vg can appear as a dimer [53], at
least under some conditions. To further investigate
this, we obtained purified Vg from honey bees and
evaluated two different amounts using BN-PAGE
(Fig. 5A). The lower molecular weight band (151 kDa)
constitutes most of the material in the sample and is
assumed to be monomeric Vg. The additional weaker
band with higher molecular weight (345 kDa) is
assumed to be a minor fraction of dimeric Vg. Con-
tamination by other proteins in the sample seems

Monomer 2
Hydrophile

Fig. 4. Honey bee vitellogenin final assembly. The EM map is shown as a transparent surface from four different angles and have the
AlphaFold model fitted inside. The polyserine linker (PS, yellow), B-barrel (B, red), a-helical (o, green), DUF1943 (DUF, magenta), B-sheet 1
(B1, hot pink), B-sheet 2 (B2, purple), VWF domain (VWF, cyan), and C-terminal (C-term, orange) domains are labeled, as well as the UC (blue
arrow), LC (orange arrow), and empty density (black arrow). (A) The measurements of the EM map are shown along the x- and y-axis. The
surface of the LC, colored by Eisenberg hydrophobicity scale [44], is shown inside the orange dashed box surrounded by the domains
building up the cavity. (B) Here, we zoom in on the Ca®"-binding sites, and show the two exposed B-strands (black arrows) and their
proximity to the LC. (C, D) The five residue positions (640, 1220, 1284, 1451, and 1536) identified as candidates of functional
polymorphisms are colored blue and labeled. The conserved residues in honey bee Vg that make polar contacts during dimerization are
colored green (monomer 1) and orange (monomer 2). (E) The simulated Vg dimer is shown with monomer 1 (dark gray) and 2 (light gray).
The VWF domain is colored in each monomer (monomer 1, dark blue and monomer 2, cyan).
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Fig. 5. In vitro oligomerization state analysis of vitellogenin. (A) BN-PAGE gel results. Both the bands corresponding to the monomer and
the dimer can be observed for Vg loaded in different amounts. (B) SEC elution profile for purified Vg. The peak containing Vg is labeled with
an arrow corresponding to an elution volume consistent with monomeric Vg.

unlikely since only one band for Vg can be observed
from the sample in a denaturing PAGE (not shown).
Next, we performed SEC (Fig. 5B), and the content of
the concentrated fractions was analyzed with BN-
PAGE (not shown). The main peak obtained corre-
sponded to monomeric Vg, and its apparent molecular
weight was estimated to be 178 kDa based on the elu-
tion volume. No peak corresponding to the dimeric
form was obtained, although when the fraction from
the main peak was concentrated, it showed on a native
blue PAGE both as a monomer and a dimer in similar
proportion to that observed in Fig. 5SA. Together,
these results suggest that Vg can dimerize at higher
protein concentrations in vitro.

Discussion

With this study, we aimed to gain more insight into
the structure of honey bee Vg and to attempt a full-
length model of the protein. Our results reveal struc-
tural features that have not yet been described for Vg
in invertebrates.

First, we presented a detailed structural prediction
of the vWF domain. Through homology modeling, we
identified a potential class IT Ca®"-binding site, which
appears to be highly conserved across Vg and vWF-
containing species. The Ca*'-ion coordinates with 4
Asp and 2 Asn residues, through their ODI or OD2
atoms, respectively, except for D1604, which coordi-
nates through its main chain carbonyl O-atom. In the
human WD3 domain, the residue corresponding to
D1604 is 11002 (Fig. S2). The side chain of isoleucine
is unable to interact meaningfully with calcium [54].
We speculate that the introduction of a sixth calcium-
coordinating residue, aspartate, creates an additional
bond to the Ca*"-ion, increasing the interaction and
strengthening the coordination. Identifying a total of
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six coordinating residues and a loop structure in the
binding site enabled us to categorize this as a class II
site [48].

We were able to present a full-length structure pre-
diction of an invertebrate Vg. However, our concern
about the remaining domains is that the use of distant
homologues with low sequence identity can create pre-
dictions influenced by the template used. Studies show
that general protein folds are well conserved across
great phylogenetic distances despite low conservation
of the amino acid sequence [55]. Focusing mainly on
the general fold and creating several models by using
different query sequence lengths, we increased our con-
fidence in the prediction for each domain. The striking
similarity between the AlphaFold prediction and the
predicted homology model chains validates our model-
ing results. In addition, AlphaFold provides a confi-
dent domain fold of the C-terminal region, and
predicts folds for loop regions missing in the homol-
ogy model, enabling us to present a 100% complete
structure representation of honey bee Vg, with consid-
erable confidence within each domain. Using Power-
Fit, ADP_EM and cHIMERA, we were able to present a
domain assembly of the full-length structure predic-
tion. The negative-stain EM map has a low resolution
(27 A), which increases the margin of error. To limit
the number of possible orientations, we fitted the
homology models according to size, beginning with the
largest. We also fitted the previously predicted
domains, the crystal structure of lamprey Vg and the
AlphaFold prediction to validate our modeled fold
and its placement in the EM map. We evaluated each
fit based on the scoring, protruding atoms and over-
lapping fits of separate domains. We concluded that
the AlphaFold PowerFit orientation, with the
DUF1943 domain, the two downstream B-sheets and
vWF domain oriented around the LC and the B-barrel
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and o-helical subdomain toward the UC (Fig. 3Al),
was the most probable representation for honey bee
Vg. The energetics for the full-length model and the
separate domains (e.g., whether polar surfaces or
hydrophobic surfaces were exposed to the solvent) are
logical, as demonstrated for the lipid binding site
(Fig. 4A). The final model does not occupy all avail-
able density while the C-terminal region is outside the
contour, which represents about 4.6% of the atoms.
The position of this domain is not clear as the Alpha-
fold results indicate a flexibility in the connecting loop.
The unassigned density in the low-resolution EM map
above the UC could potentially be where the C-
terminal region is positioned (Fig. 4A,C). Honey bee
Vg is also found to be phosphorylated and glycosy-
lated, [25] which is not represented in the protein
structure and could explain the excess of density.

Both cavities identified in the EM map are compati-
ble with the assembly, and the LC is identified as the
lipid-binding site, which recognizes lipids, possible
fragments of gram-negative and gram-positive bacteria
[24]. The UC, built up partly by the B-barrel subdo-
main, has not been described earlier, and whether the
UC has similar recognition potential, to the LC is not
known. The in vitro mutagenesis experiments per-
formed for the human vWF protein [56] illustrate the
importance of the Ca®*-binding site for recognition of
factor VIII in a blood-clotting cascade. A study from
2013 shows fbVg to be membrane associated and spec-
ulates the receptor binding site to be in the 150 kDa
subunit and not in the B-barrel domain as previously
believed [3]. Insect Vg receptors belong to a subfamily
of the low-density lipoprotein receptor family, and cal-
cium interaction has been shown to be essential for
ligand association [57,58]. Our findings support these
results and suggest the vVWF domain as the potential
Vg receptor binding site. Additionally, the vWF
domain has been implicated in having adhesive and
lubricant properties [59,60] as seen for vWF and mucin
proteins in humans. The structure of the WDS3
domain, used as template here, was recently function-
ally compared to the MUC2 in humans. Since the two
proteins shows high structural similarity, Javitt et al.
[61] suggest that WD3 has a similar polymerization
function and is essential for macromolecular assem-
blies in the epithelial mucosa and vasculature. Our
study shows that the interchain disulfide bonds, essen-
tial for oligomerization in the human vWF [26,56], are
not conserved in honey bees. In addition, residues in
the B-barrel and a-helical domain are interacting in the
Vg dimer, and not the VWF domains (Fig. 4E),
thereby ruling out this kind of polymerization activity
for the vVWF domain in honey bees. However, the
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Ca®"-binding site, the intrachain disulfide bonds and
the B-sandwich are highly conserved, suggesting a simi-
lar function in mucosal immunity, as seen for mucins
and vWF proteins in humans.

Insects, which have an open circulation system, have
developed an efficient coagulation mechanism that is
an essential part of their innate immune system [62].
When exposed to invading microbes, a clotting cascade
is initiated, trapping and eventually killing the invaders
[63]. The hemolymph clot was recently characterized in
a Brazilian whiteknee tarantula, showing the main
content to be proteins encompassing VWEF-like
domains. Sanggaard et al. [64] results also indicate that
the clot functional and structural overlaps with such
clots observed in insects. We propose that honey bee
Vg can initiate or aid in this clotting mechanism, inter-
acting through the vVWF domain, and protect honey
bees from pathogens and mechanical damage, like in
zebrafish Vg [4]. Our identification of three residue
positions exhibiting high genetic differentiation in the
LC could be a result of adaption to binding substrates
present in specific environments. Our results work well
with this theory since we also identified the last two
functional polymorphisms close to the LC. This sug-
gests that the vVWF domain recognizes environmental
factors such as pathogens. Specifically, site 1451
(Fig. 4C,D) is in a small hydrophobic pocket close to
the Ca®"-binding site. Our MSA shows conservation of
hydrophobicity in this position, which is often seen for
binding sites. Based on our collected data, this specu-
lation cannot be confirmed, but could form the basis
of new experimental work in which this is explored.

Our results suggest that honey bee Vg is predomi-
nantly monomeric in vitro. First, only one copy of the
Vg model could fit into the low-resolution EM map.
Second, SEC analysis showed only one peak, and this
corresponded to monomeric Vg. Third, native gel
results also showed a higher tendency toward a mono-
meric state determined by the much weaker 345 kDa
band (presumably a dimer). On the contrary, we
demonstrated that the seven residues of each monomer
that are creating polar contacts during dimerization in
lamprey Vg are conserved in honey bee Vg, making it
plausible that Vg dimers can form in honey bees in
certain cases. We note that no reducing agent was pre-
sent in the loading buffer or gel, making it possible
that dimers are stabilized by disulfide bonds. Addition-
ally, we cannot rule out that high salt concentration in
the SEC prevented the formation of the Vg dimer.
Taken together, it is difficult to determine whether
dimerization occurs in vivo or is an artifact of the
in vitro conditions, as dimerization occurs frequently
in a high concentration sample containing just one
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type of protein [65]. We speculate that dimerization
can be dose-dependent and thus become more preva-
lent at elevated Vg concentration. The concentration
of Vg in honey bee hemolymph has been reported as
high as 100 pg-uL~", illustrating that the protein is
highly soluble [66]. More efforts are needed to con-
clude the oligomeric state of Vg in honey bees and to
evaluate earlier evidence describing honey bee Vg to
be monomeric [57,67].

To summarize, our study presents new evidence of
the full-length protein and domain assembly for honey
bee Vg. We are thus able to identify properties and
describe the structural landscape of the large and ver-
satile protein. Our results verify a second cavity of
honey bee Vg in addition to the well described lipid-
binding cavity and describe the structural units poten-
tially forming this cavity. As a result, we are able to
suggest the possibility that the vWF domain con-
tributes to the immune system of honey bees, which is
currently of global concern due to declining pollinator
numbers. Efforts are being made to generate a higher
resolution and up-to-date EM map, which could be
used to preform molecular dynamic flexible fitting and
enable studies of Vg protein—protein interactions and
ligand binding. Our findings encourage future initia-
tives in investigating this domain together with the
full-length protein to unravel some of the questions
asked here.
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Fig. S1. Domain architecture of honey bee and lam-
prey vitellogenin. The N-term (green), DUF1943
(pink) and vVWF (blue) domains are conserved in both
species, as well as the two structural subdomains, B-
barrel (red arrow) and o-helical domain (dark green
curved line). A) Honey bee Vg contains a proteolytic
cleavage site, polyserine region (yellow S) linking the
two subdomains. The five residue-positions (640, 1220,
1284, 1451 and 1536) identified to be candidates of
functional polymorphisms are marked (brown stars).
B) Lamprey Vg contains an addition domain,
DUF1943 (purple). The yolk protein organization of
TuVg is shown as gray boxes; lipovitellin heavy chain
(LvH), Phosvitin (Pv), lipovitellin light chain (LvL), B-
Component ($-C) and C-terminal coding region (CT).
The dotted lines indicate that these regions (Pv, B-C
and CT) are missing from the crystallographic struc-
ture (PDB ID: 1LSH).

Fig. S2. Multiple sequence and structural alignment.
The coloring for the conserved residues/regions, gaps
and secondary structure annotations are explained in
the green box. The conserved Ca2+-binding region are
colored in two shades of pink, dark pink is more con-
served compared to the lighter pink. A) Extraction of
the MSA. The original residue numbering for honey
bee Vg is included on top. B) The final structural
alignment with the original residue numbering
included above each sequence. The annotations are
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retrieved from the template (PDB ID: 6N29). Both fig-
ures are created in Geneious Prime (v. 2019.0.3) and
Adobe illustrator (v. 24.0.02).

Fig. S3. ProCheck summary, local quality estimate
and Ramachandran plots. A) The ProCheck quality
evaluations summarized and categorized by calculation
results. The ideal residue values and standard devia-
tion for any given model are derived from Morris
et al. 1992.' The max deviation, in residues properties,
is calculated from the mean value of the residue-by-
residue listing values (Fig. S4E) of the full-length
structure. The number of bad contacts is defined as
the non-bonded atoms at a distance of <= 2.6 A. The
bond length and angles are calculated in similar man-
ner as the max deviation, but the ideal values are
based on Engh and Huber 1991.> The Morris et al.
(1992) class summarizes the three above stereochemical
parameters by assigning a number between 1 (best) to
4 (worst), indicating the overall quality of the model.
B) Local QMEAN results are presented. The first plot
is analysis of the template (green), while the second is
analysis of the target modeled interactively (cyan) and
automatically (red). The Ca®*-binding region (magenta
Ca), the Cys residues forming the intra-chain disulfide
bridges (orange, C) are in the higher quality region,
while Q5-7 (black) are in the lower quality region. The
local score is calculated for each residue in the model
and the average local score for the template is 0.93 +
0.07, while the target average score is 0.40 £+ 0.07
(cyan) and 0.44 £ 0.06 (red). C) The Ramachandran
plot produced by ProCheck. The plot on the left is the
template (PDB ID: 6N29), while the target (honey bee
vWF domain) is on the right. Below each plot, the
statistic is presented.

Fig. S4. Global quality estimate, VADAR plots and
ProCheck residue listing. A-C) The plots of the global
QMEAN have the QMEAN4 scores for a set PDB
structures plotted (gray dots) with the QMEAN4 score
along the x-axis and the number of residues in the
structures as long the y-axis. The global scores value
QMEAN4 range from 0 to 1, where 1 is good. A)
Analysis of the template (red star) and the QMEAN4
value is written on the plot. B) Analysis of the interac-
tively homology modeled (red star) structure and C)
The automatically homology modeled (red star) struc-
ture from MODELLER. D) Four different analyses
were performed by VADAR, presented in one plot
each, with the template (gray) compared to the target
(green). Plot 1: a low fractional ASA score indicates a
buried residue, while a score above 0.5 (dotted black
line) indicates an exposed residue. A score above 1.0
(red line) indicates a problem in the structure. Plot 2:
When a protein structure is efficiently packed the score
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should be around 1.0 + 0.1. A score above 1.2 (blue
line) or below 0.8 (red line) could indicate a poor
refinement or identify cavities. Plot 3: Each residue is
assigned a score between 0-3 (high is good quality) for
three different measurements (torsion angle, omega
angle and fractional volume). The total quality score
for each residue can be from 0-9 and the threshold for
a good quality is set to 6 (red line). Plot 4: Calculates
the 3D quality of each residue based on its environ-
ment and gives a score between 0-9 (high is good qual-
ity), and the threshold for a good quality is set to 4
(red line). E) The Residue-by-Residue listing for Pro-
Check lists all residues in a structure and present all
calculations for each. A short example is shown here
for the first six residues in the target structure. Each
value is compared to the ideal values which is noted
on top. The deviating values are marked with * (one
standard deviation) and + (half a standard deviation)
sign. For example, the omega dihedral angle of residue
S1443 is 16.9 standard deviation away from the ideal
value, which is a result from the loop building of Q1.
Fig. S5. Comparison of vWF homology models. A)
The sort region around the Ca®"-binding site (Ca*'-
ion, green) is shown from the interactively modeled
(cyan) structure and the automatically modeled (gray)
structure. The Cys-residues (C1444, C1466, C1598 and
C1634) and Ca®"-binding residues are shown as yel-
low/cyan (interactively) and orange/magenta (automat-
ically) sticks. The missing C1634 and B-strands in the
automatically modeled structure are shown (gray
arrows). B) All the Ca®"-binding residues are in the
same orientation in both models (light blue: interac-
tively and light pink: automatically), except N1607.
The interactions to the Ca>*-ion is shown as yellow
dotted lines and measured (A) for N1607.

Fig. S6. Comparison of homology models from MOD-
ELLER and RaptorX. A) The N-terminal domain:
Model 1 (green) aligned with Model 4 (red), 5 (yellow)
and 6 (forest green). B) The DUF1943 domain: Model
1 (magenta) aligned with Model 8 (cyan), Model 7 (or-
ange) and Model 9 (blue). The identified curve in the
longer B-sheet in Model 1, 8 and 9 and the missing
curve in Model 7 is marked with arrows. C) The
DUFI1943 domain Model 1 (magenta), the down-
stream region residue 1060 to 1140 of Model 9 (hot
pink) and the loop region (gray). D) The undetermined
domain: Model 2 (purple) aligned with Model 9 (blue),
with the long loop region (gray). E) The interactively
homology model of vWF domain (cyan) with the C-
terminal region from Model 9 (orange).

Fig. S7. RaptorX structural prediction of full-length
honey bee vitellogenin. A) The p-barrel subdomain
(red), the polyserine linker (yellow), the o-helical

Structure prediction of honey bee vitellogenin

subdomain (forest green), the DUF1943 domain (ma-
genta), elongation of the DUF1943 domain (hot pink
arrow), the undetermined structural region (purple),
the vWF domain (cyan) and the C-terminal region (or-
ange) are generated as one full-length model. The two
loop regions (gray arrows) are also predicted. B)
Domain 1 to 6 from Table S7 are colored red, cyan,
purple, blue, green and orange, respectively, and if
templates was used, the PDB ID is written in paren-
thesis.

Fig. S8. AlphaFold output. A) The number of
sequence hits in the MSA produced by AlphaFold, is
plotted per residue. The average number of hits per
residue (gray dotted line), and the threshold at 100
sequence per residue (red dotted line) is marked. B)
The pIDDT score for the five outputted models by
AlphaFold is plotted per residue, and the average
pIDDT score per model is listed to the right, which
produces the rank from 0 (best) to 4 (worst). C) The
ranked models are aligned, colored by the same color-
ing scheme in panel B, and the consistently folded
domains (B-barrel (B), o-helical (o), DUF1943 (DUF),
B-sheet 1 (B1), B-sheet 2 (B2) and vWF domain (VWF))
are labeled in bold letters, while the more variable
domains (N-terminal, polyserine linker (PS) and C-ter-
minal) are labeled in grey letters. D) The final homol-
ogy model domains (B-barrel (red), polyserine linker
(yellow), a-helical (green), DUF1943 (magenta), f-
sheet 1 (hotpink), p-sheet 2 (purple), vVWF (cyan, Ca®'-
ion shown as green sphere) and C-terminal domain
(orange) is aligned to their respective domains in the
top ranked AlphaFold prediction (grey). The grey
brackets to the lower right indicate the region where
AlphaFold have predicted a fold for the main missing
atoms in the homology model.

Fig. S9. EM map validation. A) Map visualization to
allow visual inspection of the internal detail of the
map and identification of artifacts. The primary map,
central slices of the map and largest variance of the
map is shown in three orthogonal directions. The 3D
surface view of the primary map at recommended con-
tour level 0.07. B) Statistical analysis of the map. In
the first graph the map-value distributions is plotted in
128 intervals along the x-axis, and the y-axis is loga-
rithmic. The spike around 0 indicate that the volume
has been masked. The second graph shows how the
enclosed volume varies with the contour level. The vol-
ume at the recommended contour (red line) is 289
nm3; this corresponds to an approximate mass of 261
kDa. C) The provided Fourier-Shell Correlation (blue)
is plotted together with the reported resolution, (black
line, *Reported resolution corresponds to spatial fre-
quency of 0.037 A"). A curve is displayed for the half-

FEBS Open Bio (2021) © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 19

Federation of European Biochemical Societies



Structure prediction of honey bee vitellogenin

bit criterion (dashed red), in addition to lines showing
the 0.143 gold standard cut-off (dashed orange line)
and 0.5 cut-off (green dotted line). All the graphs are
assembled from the EmDataBank map validation
report (copy included).

Fig. S10. Rigid-body fitting for honey bee vitellogenin
homology models. A) The EM map is shown as a gray
surface. The distinct cavity creases are marked with
stars and arrows, upper cavity (blue) and lower cavity
(yellow). The four curves in the surface are labeled
(top, base, left and right). B) The correlation score
and precent of atoms outside the contour calculated
by Chimera was plotted for each fit from PowerFit
(PF, blue) and ADP_EM (ADP, pink), and ranked
according to the correlation score (dark color: highest
score, light color: second highest score). C-E) The fits
from the full-length homology model, RaptorX and
chain A is presented inside the EM map, with the
same coloring scheme as in panel B. The B-barrel (B),
a-helical (o), DUF1943 (DUF), vWF and C-terminal
(C-t) domains are labeled. If the domain is outside of
the contour it is noted by a “*”-mark. F) The fits of
chain B to E separately with the same coloring scheme
as in panel B, but they are labeled according to chains
and not domains.

Fig. S11. Rigid-body fitting of chain A to C and D.
A) The correlation score and precent of atoms outside
the contour calculated by Chimera was plotted for
each fit from PowerFit (PF, blue) and ADP_EM
(ADP, pink), and ranked according to the correlation
score (dark color: highest score, light color: second
highest score). B) The EM map are shown as a trans-
parent surface, and the fits of chain A to C from PF
and ADP are shown as cartoons and colored by
method and scores (dark blue: PF1, light blue: PF2,

V. Leipart et al.

dark pink: ADPI, light pink: ADP2). The B-barrel (B),
a-helical () and DUF1943 (DUF) domains are
labeled. C) The EM map and the fits of chain D is
shown in same coloring scheme as in panel B. The
label is marked with “*” if the fit is outside the con-
tour of the EM map. D) The EM map are shown as a
surface, less transparent than in panel B, with the fits
of chain A to C (I: PF2 and ADPI, 2: PFIl and
ADP2) in the same coloring scheme as in panel B. The
EM map is shown at four different angels, and arrows
points to secondary structure elements from P, o or
DUF domain which are outside the contour of the
EM map.

Fig. S12. Rigid-body fitting for previously published
homology models and a distant homologue. A) The
same plot as in Fig. S10 for the B-barrel and a-helical
subdomains, and the crystal structure of lamprey Vg
(ILSH). B-D) Same presentation and coloring scheme
as in Fig. SI0C-S10F.

Table S1. Alignment parameters.

Table S2. List of species used in the multiple sequence
alignment.

Table S3. Loop building based on gaps in the struc-
tural alignment.

Table S4. Edited residues during quality control.

Table S5. Rigid-body fitting scores from PowerFit and
Chimera.

Table S6. Rigid-body fitting scores from ADP_EM
and Chimera.

Table S7. RaptorX structure prediction.

Appendix S1. wwPDB EM Validation Summary
Report.

Appendix S2. Top ranked Vitellogenin model by
AlphaFold.
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Abstract

The protein Vitellogenin (Vg) plays a central role in lipid transportation in most egg-laying
animals. High Vg levels correlate with stress resistance and lifespan potential in honey bees
(Apis mellifera). Vg is the primary circulating zinc-carrying protein in honey bees. Zinc is an
essential metal ion in numerous biological processes, including the function and structure of
many proteins. Measurements of Zn?* suggest a variable number of ions per Vg molecule in
different animal species, but the molecular implications of zinc-binding by this protein are not
well understood. We used inductively coupled plasma mass spectrometry (ICP-MS) to
determine that, on average, each honey bee Vg molecule binds 3 Zn?*-ions. Our full-length

protein structure and sequence analysis revealed seven potential zinc-binding sites. These are
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located in the B-barrel and a-helical subdomains of the N-terminal domain, the lipid binding
site, and the cysteine-rich C-terminal region of unknown function. Interestingly, two potential
zinc-binding sites in the B-barrel can support a proposed role for this structure in DNA-
binding. Overall, our findings illustrate the capacity of honey bee Vg to bind zinc at several
functional regions, indicating that Zn?*-ions are important for many of the activities of this
protein. In addition to being potentially relevant for other egg-laying species, these insights
provide a platform for studies of metal ions in bee health, which is of global interest due to

recent declines in pollinator numbers.

Keywords: Honey bees, vitellogenin, zinc-binding, insect immunity, protein structure analysis

Abbreviations
Domain of unknown function (DUF1943), Inductively coupled plasma mass spectrometry (ICP-

MS), multiple sequence alignment (MSA), Vitellogenin (Vg), von Willebrand factor (VWF)

Introduction

Zinc is necessary for living organisms to function properly (Sloup et al., 2017). The element is
involved in basic life processes such as cell division and gene expression and it is an essential
nutrient for growth and development (Falchuk, 1998, Baltaci and Yuce, 2018). Zinc is
necessary for catalytic, structural, and regulatory functions for thousands of proteins
(Andreini et al., 2006). Improving the understanding of zinc-carrying proteins is thus likely to

reveal new information about many physiological processes across taxa.

An important zinc-carrying protein in egg-laying animals is the multi-domain
glycolipophosphoprotein Vitellogenin (Vg) (Montorzi et al., 1994, Falchuk, 1998, Matozzo et

al., 2008, Gupta et al., 2021). Vg provides nutrients to developing embryos by delivering lipids,
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amino acids, and zinc (Pan et al., 1969). In some species, Vg is expressed in juveniles, as well
as in males and in females that do not reproduce, hinting at roles beyond yolk formation
(Sappington and S. Raikhel, 1998). Such roles have been most abundantly studied in honey
bees (Apis mellifera), where Vg is recognized as a multi-functional protein impacting the
behavior and health of workers (functionally sterile females). RNA-interference mediated
gene knockdown reveals that honey bee Vg affects worker behavioral ontogeny, foraging
choice, capacity to provide larval care, stress resistance, and longevity (Amdam et al., 2004,
Guidugli et al., 2005). At least some of the physiological impact of honey bee Vg can be zinc-
related, as low zinc levels may reduce the cell-based immune capacity of the workers (Amdam
et al., 2005). However, apart from the finding that circulating zinc levels correlate strongly
with the hemolymph level of Vg in honey bees, the molecular relationship between this ion

and protein is largely unknown.

The capacity for zinc-binding is established for Vg proteins, but the number of ions per Vg
molecule varies among species. For example, measurements of bound Zn%**-ions in the
hemolymph of shore crab (Carcinus maenas) (Martin and Rainbow, 1998) are higher than
those of the American clawed frog (Xenopus laevis) (Montorzi et al., 1994) and domestic fowl
(Gallus gallus) (Mitchell and Carlisle, 1991). The same studies also indicate that the number
of Zn**-ions carried by Vg can vary with individual reproductive state and age. Such variation

is likely biologically important, but to date is not well understood for Vg proteins.

A prerequisite for understanding zinc-related molecular mechanisms is finding the location
and structural context of Zn?*-binding sites within the protein of interest (Ataie et al., 2008,
Daniel and Farrell, 2014). The coordinating environment for Zn%*-ions in proteins is well

characterized (Dudev and Lim, 2003, Pace and Weerapana, 2014), and binding sites are
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usually sorted into two structurally distinct categories based on whether the Zn?* has a
catalytic or structural role. A catalytic binding site is often partially exposed to the solvent,
and the Zn?*-ion coordinates most often with histidine (H), cysteine (C), aspartate (D),
glutamate (E), serine (S) residues, and/or water molecules (Jernigan et al., 1994, Ataie et al.,
2008). A structural binding site is usually buried in the protein, surrounded by an intricate
network of hydrogen bonds (Dudev and Lim, 2003), and the Zn?**-coordinating residues are
typically multiple H/C residues only. For example, the well-known transcription factor motif

zinc fingers (C4 or C2H2) (Pace and Weerapana, 2014) represents a structural binding site.

The prevalence of coordinating residues differs between catalytic and structural binding sites.
For catalytic sites, 4, 5, and 6 residues coordinate in 48, 44, and 6 % of cases, respectively.
Correspondingly, the ratio is 79, 6, and 12 % for structural sites, respectively (Dudev and Lim,
2003, Ataie et al., 2008). These numbers imply that catalytic sites largely coordinate Zn?* with
4 or 5 residues, while structural sites most commonly coordinate with 4 residues. In addition
to these two categories, Zn?*-binding is identified in regulatory Zn?*-Cys complexes, called
redox switches (Pace and Weerapana, 2014). Two common characteristics for all coordinating
sites are: strong interaction between the residues and the Zn%*-ion, and high hydrophobic

contrast in the binding site (Dudev and Lim, 2003, Pace and Weerapana, 2014).

The zinc coordinating environment for honey bee Vg is not described, but speculations have
been presented regarding lamprey (Ichthyomyzon unicuspis) and zebrafish (Danio rerio) Vg.
Anderson et al. (1998) published the only experimentally solved protein structure of lamprey
Vg (PDB-ID: 1LSH), which lacks Zn?*-ions due to use of 1 mM EDTA during crystallization. In
the absence of zinc, Anderson et al. (1998) proposed two potential binding sites (H312/H322

and H868/H887) based on the residues’ locations in the crystal structure and the sequence
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conservation. In comparison, Sullivan et al. (2018) suggest the phosphorylated serine-rich
phosvitin domain is associated with Zn?*-ions in zebrafish (Sullivan and Yilmaz, 2018). This
domain is missing in some Vg proteins, including those of insects (Tufail and Takeda, 2008).
For example, Honey bee Vg consists of an N-terminal domain, a lipid cavity, and a C-terminal
region (Havukainen et al., 2011, Havukainen et al., 2012, Leipart et al., 2021). The N-terminal
domain comprises the B-barrel subdomain followed by a flexible polyserine linker and the a-
helical subdomain. The lipid cavity is built up by a domain of unknown function (DUF1943), a
B-sheet, and a von Willebrand factor (vWF) domain. Honey bee Vg can be cleaved at the
polyserine linker in the N-terminal domain. This cleavage creates a small fragment (40 kDa,
the B-barrel subdomain) and a larger fragment (150 kDa, the a-helical subdomain, the lipid
binding site, and the C-terminal region) (Havukainen et al., 2012). It is interesting to note that
the smaller fragment of honey bee Vg may translocate into cell nuclei, bind DNA (potentially

with co-factors), and influence gene expression (Salmela et al., 2021).

Honey bees provide a practical and useful research system as they are globally available as
commercial pollinators and primary producers of honey, pollen, and wax. We recently
published the first full-length Vg structure prediction for honey bees (Leipart et al., 2021) and
use it here to provide insight into knowledge of where Vg binds zinc. First, we performed an
element analysis of Vg protein obtained from worker bee hemolymph and found that, on
average, it binds 3 Zn%*-ions . Using structural data in combination with sequence data, we
then conducted an in-depth analysis to predict the location(s) of potential zinc-binding sites.
We identified areas in the B-barrel subdomain, a-helical subdomain, lipid binding site, and C-
terminal region. We propose that a zinc-binding site in the B-barrel subdomain plays a role in
DNA binding. In an attempt to characterize the zinc-binding site(s) of this subdomain, we

expressed the B-barrel using bacterial recombinant expression systems in cultural medium
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with various compositions of Zn?* and/or Co?* but this approach did not provide a clear
answer. However, taken together, our results provide the first detailed insights into where

honey bee Vg can bind Zn%*.

Results

Identification of zinc in honey bee Vg using inductively coupled plasma mass spectrometry
We performed inductively coupled plasma mass spectrometry (ICP-MS) on Vg from worker
bee hemolymph to confirm Vg as a zinc carrier and quantify the number of Zn?*-ions per Vg
molecule. We detected significant amounts of Zn?* in Vg samples relative to the (zinc
negative) controls (Kruskal-Wallis analysis: chi-squared = 7.81, df = 1, p-value = 0.00519,
Figure 1A). Based on sample concentrations of Vg and Zn?*, and using the theoretical
molecular weight of Vg and Zn?* (201147.7 g/mol and 65.30 g/mol, respectively), we
calculated the molecular Zn:Vg ratio for each sample (Figure 1B). This analysis gave a range
of 2.57-3.89 mol of Zn?**-ions per Vg molecule, with an average ratio of 3 Zn?*-ions per full-

length Vg protein.

Identification of potential zinc coordinating residues in honey bee Vg

In this section, we analyze honey bee Vg to identify zinc-binding sites, referred to as clusters.
The results are summarized in Table 1 and illustrated in Figure 2A. To achieve this, we took a
comprehensive approach: using online bioinformatic tools developed for identification of zinc
motifs in amino acid sequences, assessing suggested structural sites from studies on lamprey
(Anderson et al., 1998) and zebrafish (Sullivan and Yilmaz, 2018), and finally, fully analyzing
our recently published protein structure (Leipart et al., 2021). We used a multiple sequence

alignment (MSA) of Vg sequences with a broad phylogenetic range to evaluate the findings.
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Assessing potential zinc coordinating residues using online tools

The searches using online motif search algorithms (see Experimental procedures) resulted in
only one hit. MotifScan (Pagni et al., 2007) identified a Zn?*-binding motif at residue 926 to
936. The short region includes several conserved residues (F928, P929, G933, L934, P935, and
F936, Figure S1). Regarding the MSA (Figure S1), the zinc-binding residue identified in the
motif, H926, is only present in the Apis mellifera Vg sequence. The motif is located in a -
strand-turn-B-strand fold in the DUF1943, which extends into the B-barrel subdomain, close
to cluster Duf.1 and Bb.2, and the DNA binding motif (see Figure S2 for a structural overview

of this region).

Assessing potential zinc coordinating residues from suggested zinc-binding sites

According to the MSA, the two sites proposed in lamprey Vg (H312/H322 and H868/H887)
align to E427/V444 and N975/G994 in honey bee Vg, respectively (Figure S1B). Of the four
residues in honey bee Vg, only the E residue is known to coordinate with Zn?*. The low
conservation of E427 and lack of other typically Zn?**-coordinating residues (H/C/D/S) at both

sites suggest that these locations do not take part in zinc-binding in the honey bee.

Sullivan and Yilmaz (2018) suggest that the phosvitin domain in zebrafish Vg has a Zn%*-
coordinating role. Honey bee Vg does not have this domain, but the polyserine linker in the
N-terminal domain is a similar, serine-rich region. We did not identify any C, H, D, or E residues
here that could support zinc-coordination, but the linker contains 14 S residues. One or two
S residues can participate in zinc-coordination. However, this location is an unlikely candidate
as it would be unprecedented to find Zn?*-coordination by serines in a disordered (loop)

region (Baglivo et al., 2009).

Assessing potential zinc coordinating residues based on protein structure modeling
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Potential Zn?* sites in the B-barrel subdomain of the N-terminal region

The N-terminal B-barrel subdomain contains a total of seven H residues (H20, H47, H113,
H193, H210, H229, and H265) and two C residues (C178 and C222) (Figure 2B). Among these,
H229 is not folded in the B-barrel subdomain (see cluster ah.1 in Figure 2C). The C residues
are conserved in most of the Vg sequences included in the MSA (Figure S1A and Figure S3A).
H20 and H113 are conserved in the Vg sequences in the MSA from insect species, while the
remaining H residues are less conserved. The first cluster identified in the B-barrel subdomain,
Bb.1, contains H20 and H113 located in separate loop regions (Figure 2B). H265 is situated at
the beginning of a B-strand close to Bb.1. In addition, we found two conserved residues (D143

and E147) in a loop region and included them in cluster Bb.1 (Table 1).

The second cluster in the B-barrel subdomain, Bb.2, contains C178 and C222. The C residues
form a disulfide bridge. We identified five conserved residues (E171, D172, S173, E179, and
D223) close to the disulfide bridge and included them in cluster Bb.2. All residues are in two
neighboring B-strands, apart from C222 and D223 at the end of a loop region (Table 1, Figure

2B).

A short SRSSTSR sequence (residues 250 to 256) in the B-barrel subdomain is proposed to
bind DNA (Salmela et al., 2021). The residues are located at a B-strand close to cluster Bb.1

and Bb.2 (Figure S2 and Figure S3A).

Potential Zn?* sites in a-helical subdomain and lipid binding site

We identified four clusters of conserved H/C residues (Table 1), two in the a-helical
subdomain (ah.1 and ah.2) and two in the DUF1943 (Duf.1 and Duf.2) (Figure S2C and Figure
S1B). The first cluster in the a-helical subdomain, ah.1, contains two highly conserved H

residues (H587 and H593) and two less conserved H residues (H577 and H602). All H residues



Honey Bee Vitellogenin and Zn2+-Binding

are in a well-conserved insect-specific loop in the a-helical subdomain (Figure S3B). The
cluster also includes the well-conserved H229. The residue is part of a loop extending from
the B-barrel subdomain, which positions H229 close to H587 and H593. The second cluster in
the a-helical subdomain, ah.2, is located at the beginning of the well-conserved 15" a-helix
in the subdomain (Figure S3B) containing H697, C701, and E698 (Figure 2C). The cavity-facing
side of the a-helical subdomain is close to a B-sheet region of DUF1943. More specifically, the
a-helices are near two loops connecting the B-strands on DUF1943. We identified three well-

conserved residues in those loops (S775, S800, and D802) and included them in cluster ah.1.

The first cluster in the DUF1943, Duf.1, contains three conserved H residues (H988, H990, and
H1045). They are packed together in two loop regions at the end of two adjacent B-strands
(Figure 2C). Two conserved residues (E987 and D1046) were identified in the same loops and
included in Duf.1. The second cluster in DUF194, Duf.2, contains two conserved H residues
(H1000 and H1035) positioned on the same B-sheet as Duf.1 (Figure S1B and Figure S3C). We
also found two conserved residues (D996 and S1037) in the B-sheet region and two residues
in the a-helical subdomain (H445 and E449 in the second a-helix of the subdomain) and

included those in Duf.2.

Potential Zn?* sites in lipid binding site B-sheet and the C-terminal region

Following the DUF1943, we identified four conserved C residues (C1242, C1279, C1310, and
C1324) in a B-sheet in the lipid binding site (Figure S1C). C1242 and C1279 are highly
conserved and create a disulfide bridge in the B-sheet region. C1310 and C1324 also create a
disulfide bridge connecting two a-helices. Neither of the disulfide bridges has any conserved

D, E, or Sresidues in proximity, so the bridges are not identified as potential zinc clusters here.
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After this B-sheet in the lipid binding site, the following domain is the vWF domain, which

does not coordinate Zn?* (Leipart et al., 2021).

The final region in honey bee Vg is the C-terminal (residue 1635 to 1770). This region contains
seven C and two H residues that are conserved in most Vg sequences in the MSA (Figure S1D
and Figure S3D). Six C residues create three separate disulfide bridges (Figure 2C). Two of
these bridges cross each other (C1687, C1711, C1715, and C1768) and were identified as
cluster Ct (Table 1). The remaining disulfide bridge and conserved C and two H residues were

not nearby and therefore not considered a potential zinc-binding site.

Assessing functional roles of specific zinc coordinating residues

Motif comparison in the 8-barrel subdomain

The functional roles of zinc-binding sites are not well defined for any Vg. However, a possible
exception is made by the short SRSSTSR sequence close to clusters Bb.1 and Bb.2 in the B-
barrel subdomain that may bind DNA in honey bees (Figure 2B and S2). A recent study
presents a proposed DNA-binding motif that the subdomain recognizes (see Figure 5 in
Salmela et al. 2021). Motif A is similar to the transcription factor CTCF motifs in Drosophila
melanogaster (see Figure S5A and S5B for motif comparison). CTCF contains eleven C2H2 zinc
finger factor motifs (Maksimenko et al., 2021) that bind one Zn?*-ion each, shown to stabilize
the structural fold in CTCF required to bind DNA (Maksimenko et al., 2021). We aligned the
C2H2 motifs to the Vg sequences in our MSA (Figure S5C) and found five predicted zinc-
binding residues in the B-barrel subdomain aligned to C and H residues in the C2H2 motifs.
D143 and E147 from Bb.1 align to H and D residues in the C2H2 motifs, and C178 and C222
from Bb.2 align to C residues in the C2H2 maotifs. In addition, H229 from ah.1 aligns to H
residues in the C2H2 motifs. This configuration of zinc-binding residues in honey bee Vg

10
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supports a functional role of the B-barrel in DNA binding and, more specifically, suggests that

Vg needs at least one Zn?*-ion to stabilize the binding to DNA.

Attempting detection of zinc in the 8-barrel subdomain

To begin validating the role of zinc in the honey bee Vg B-barrel subdomain, we initially
attempted to obtain a sample through dephosphorylation and proteolysis of native Vg at the
polyserine linker. However, this was unsuccessful. A weak 40kDa band was obtained under
certain conditions, but we could not validate its identity (see Figure S6 for SDS-PAGE gel).
Therefore, the subdomain was expressed in E. coli with a solubility tag (SUMO) by Genscript
Biotech, and ICP-MS was repeated. The Zn?* concentration for the tagged B-barrel subdomain
samples was significantly higher than the negative controls of buffer samples (Mann-Whitney
U test: w = 0, p-value = 0.0106) (see Figure S7 for ICP-MS results), but not significantly
different from samples of the free SUMO-tag, including all samples (Mann-Whitney U test: w
= 4, p-value = 0.0937). Excluding one outlier in the SUMO-tag sample set, however, yielded
significant results (Mann-Whitney U test: w = 0, p-value = 0.0195). This outcome seems
encouraging, but the tagged B-barrel subdomain was exposed to Zn?* during expression in
culture, while the free SUMO-tag was synthetically produced without similar opportunity for
zinc-binding. We attempted to develop systems to control for this confounding factor (see

supplementary.docx and Figure S7 and S8), but without sufficient success.

Discussion

Our study validates that honey bee Vg binds Zn?*, as suggested previously (Amdam et al.,
2004). The Zn:Vg ratio calculated by us, 3:1, is higher than the 1 or possible 2 zinc ions
reported for each monomer of lamprey Vg (Anderson et al., 1998), which was a calculation

based on measurements from the American clawed frog Vg (Montorzi et al., 1994, Auld et al.,
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1996). After the initial validation, we performed a sequence and structural analysis to
understand the structural basis and possible functional outcomes of the zinc-binding capacity
of honey bee Vg. We identified seven zinc clusters located at different subdomains and

domains.

We found two clusters in the B-barrel subdomain. The B-barrel subdomain is proposed to
function as a transcription factor (Salmela et al., 2021). A classical feature in the DNA binding
domain of transcription factor is the coordination of Zn?*, called zinc finger domains
(Cassandri et al., 2017). The Zn?*-binding assists the protein in folding, creating the structural
form that can recognize DNA (Chang et al., 2010). We show a similarity between a known zinc
finger protein and honey bee Vg in the DNA binding motif. The CTCF transcription factor
requires coordination of Zn?* at the C2H2 motifs to adopt the correct fold to bind DNA
(Maksimenko et al., 2021). Similar to CTCF, the B-barrel subdomain might also bind zinc, and
through this process build a different fold than seen in our model. The MSA (Figure S5C) shows
two C residues in cluster fb.2 and H229 in the B-barrel subdomain, aligned to C and H zinc-
binding residues in CTCF. The three residues are at distant positions in the subdomain (Figure
S2). The B-barrel subdomain is presumably cleaved from honey bee Vg when translocating to
the nucleus (Salmela et al., 2021). Proteolytic cleavage makes H229 available (no longer
associated in the ah.1 cluster). The loop region of H229 allows for flexibility and possible
association with the two C residues in cluster Bb.2, creating a C2H1 site. Cluster Bb.1 consists
of three H residues in loop regions, which could fold similarly, resulting in a C2H2 zinc site.
Taken together, we demonstrated that the B-barrel subdomain can potentially create a C2H2
zinc site if flexibility in the loop regions is allowed for. Zinc-binding-related flexibility is
documented for several C2H2 zinc-binding factors, in addition to CTCF, in insects (Jauch et al.,

2003, Stubbs L. et al., 2011, Maksimenko et al., 2021). Such flexibility could be interrupted by
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the bound SUMO-tag in our expression system. In addition, the CTCF transcription factor
consists of several C2H2 motifs linked together when binding DNA (Maksimenko et al., 2021,
Jauch et al., 2003). Similarly, the B-barrel subdomain might require co-factors or proteins to

bind DNA (Salmela et al., 2021).

Cluster ah.1 is in a histidine-rich loop in the a-helical subdomain, a loop identified earlier as
flexible and insect-specific in honey bee Vg (Havukainen et al., 2013). A structural zinc-binding
site could increase the stability of the a-helical subdomain by structuring the loop and
stabilizing the N-terminal domain through interaction with H229 (Figure 2C). However,
proteolytic cleavage would disengage H229 from the site. We suggest that the remaining four
H located in the loop (Figure 2C) could create a new structural zinc site in such situations,
similar to some zinc transporter proteins (Fukada and Kambe, 2011, Tanaka et al., 2013, Zhang
et al., 2019). We suggest that a conformational change induced by zinc is feasible for the
flexible loop and could stabilize the a-helical subdomain and, in turn, the lipid binding site.
Cluster ah.1 is at the surface of honey bee Vg. We propose that the ah.1 cluster could sense
the cellular environment more efficiently than the clusters inside the lipid cavity. Zinc
transporters with similar histidine-loop coordination sites regulate zinc homeostasis (Fukada

and Kambe, 2011), supporting our findings.

Electrostatic and hydrophobic interactions between the a-helices in the a-helical subdomain
and two B-sheets in the DUF1943 stabilize the Vg lipid cavity (Babin et al., 1999, Smolenaars
et al., 2007, Biterova et al., 2019). We suggest that structural zinc-binding sites in the cavity
could support stability. Clusters ah.2, Duf.1, and Duf.2 have residues at the a-helical
subdomain and the DUF1943. The clusters are in conserved (Figure S3B and S3C) and

hydrophobic regions (see Figure S4 for a structural overview of the hydrophobic areas), and
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Duf.1 and Duf.2 consist of three H residues, typical at a structural zinc site (Dudev and Lim,
2003). Cluster ah.2 has only one H residue but has an additional C residue, a rare arrangement
for a structural site, but identified in a ubiquitin-binding protein ((Lim et al., 2019) PDB-ID:
6H3A), indicating that just two H/C residues could coordinate zinc in cluster ah.2. The
structural zinc-binding sites in zinc transporters can have an additional D residue (Fukada and
Kambe, 2011), which suggests a possibility for the structural coordination event in cluster

ah.2 to include a D residue (D802).

We speculated whether an interaction between H926 at the DUF1943 and the two C residues
in cluster Bb.2 (Figure S2) is possible. However, the residues are too distant (~30 A) for
interaction (normally ~2.0-2.4 A (Dudev and Lim, 2003)) in our model. The generally rigid B-
sheets (Perczel et al., 2005) at both positions make a conformational change induced by zinc
unlikely. H926 and Duf.1 are at the same B-sheet. However, a similar rigidness would also
make interaction unlikely. Therefore, H926 is less likely to coordinate zinc, while cluster ah.2
and Duf.1, Duf.2 are feasible structural zinc-binding sites in the lipid cavity and can coordinate
zinc (e.g., during transport). We suggest an optimal solution for honey bee Vg would be to
carry lipid molecules and zinc in the same location so it could be released together upon

delivery.

The well-conserved disulfide bridge on the C-terminal region presumably contributes to a
stable structural fold. Such bridges are usually stable oxidative conditions(Sevier and Kaiser,
2002). Two of the disulfide bridges create an interesting arrangement and suggest the
possibility for a ZnC4 coordination site, which would probably maintain the stable fold when
Vg is experiencing reducing conditions. ZnC4 is a typical coordination site for redox switches

(llbert et al., 2006, Pace and Weerapana, 2014). Redox switches can sense oxidative stress,

14



Honey Bee Vitellogenin and Zn2+-Binding

which could generate a response of the protein to change cellular location or release zinc
(llbert et al., 2006). We propose a similar process that can subside at the Ct cluster in honey
bee Vg. This idea has some support in the observation that Vg levels in worker honey bees
are positively correlated with oxidative stress resilience (Seehuus et al 2006). It is possible
that the zinc released from Vg can explain this phenomenon via binding to protective enzymes

or cell membranes (Marreiro et al., 2017, Seehuus et al., 2006).

Regarding the caveats of this study, we assert that in silico analysis of the B-barrel subdomain
is not fully reflected in our experimental results, despite using several methodologies to
approach this problem. Proteolytic cleavage of the SUMO-tag resulted in low yields, and
separation during purification of the tag-free subdomain from the SUMO-tag did not work,
despite optimization. Changing the solubility-tag to maltose-binding protein (MBP) improved
expression vyields slightly. However, we faced the same challenges as earlier during
purification. Adding two affinity column purification steps followed by a size exclusion
chromatography did not successfully separate the SUMO-tag from the subdomain. The
tagged subdomain, therefore, became the best option for element analysis. Another
drawback of in silico prediction is that the orientation for some side chains can be imprecise,
even when located in a confident backbone fold (Jumper et al., 2021). The residues in cluster
ah.2, H593, H229, and H587 look to have an optimal side chain arrangement to coordinate
zinc, creating a small triangle (Figure 2C). However, the side chains might not always be in
such an optimal arrangement as seen, for example, in Duf.l1. Specifically, the side chain
orientation can be inaccurately predicted or could adopt another side chain orientation when
zinc is present (Kluska et al., 2018). Due to these caveats, we identified the residues as

potential clusters. We also assumed this for cluster Bb.1, Bb.2, ah.2, and Duf.2 (Figure 2B-C).
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Our analysis relied on our recently published full-length protein structure that was predicted
using AlphaFold (Leipart et al., 2021). AlphaFold calculates a confidence score that evaluates
the predicted structure’s stereochemical integrity (Mariani et al., 2013, Jumper et al., 2021).
The honey bee Vg prediction has a confidently folded backbone, with the exception of a few
short loops and regions that make up approximately 13% of the Vg residues (see Figure 2 in
(Leipart et al., 2021)). The zinc clusters that we identified here are fully embedded in
confidently folded regions. However, loop regions are flexible structures (Barozet et al., 2021)
and residues located in such flexible regions could potentially change the backbone fold when
zinc is present, as seen in zinc regulators and zinc transporter proteins (Liu et al., 2021, Tanaka
et al., 2013, De Angelis et al., 2010). We assume this could be true in our model, and this

insight was applied in clusters fb.1, ah.1, ah.2, and Duf.1 (Figure 2B-C).

While the localization of one or more zinc-binding sites to the recombinantly expressed -
barrel remains uncertain, the presence of, on average, 3 Zn?* cations per honey bee Vg
molecule was determined with confidence using ICP-MS (Figure 1). Our structural analysis
illustrates where Vg can bind zinc ions, presumably one at each position. The seven sites might
provide unknown flexibilities based on Vg having Zn%*-ions bound at different combinations

of sites depending on the protein’s situation.

Experimental procedures

Collection and purification of honey bee Vg
To obtain Vg, we collected 1-10 pl honey bee hemolymph in a 1:10 dilution in 0.5 M Tris HCI,
using BD needles (30G), as described earlier (Aase et al., 2005). The dilution was filtered using

an 0.2 um syringe filter. Vg was purified from honey bee hemolymph with ion-exchange
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chromatography using a HiTrap Q FF 1mL column. The sample buffer (0.5 M Tris HCl) and
elution buffer (0.5 M Tris HCI with 0.45 M NaCl) was prepared with ion-free water and acid-
treated (10% HNOs ON) plastic bottles to eliminate ion contamination. Then 400-450 ul
diluted hemolymph was manually injected and Vg eluted at the conductivity of 15-22 mS/cm.
All fractions from the peak were collected, pooled, and up-concentrated using an Amicon®
Ultracel 100 kDa membrane centrifuge filter. We verified the fraction purity by running SDS-
PAGE, which contained one band only of the correct size (~180 kDa). The purification protocol
was repeated to produce five samples with concentrations between 1.2 and 2.8 pg/ul in 65
ul. Five blank samples were created using the same protocol; here, only sample buffer was
injected. The protein concentration, measured with Qubit, confirmed the samples contained
no protein. All samples were collected in 1.5 mL Eppendorf tubes pretreated with 10% HNO3

for 24 hours and dried at 65 °C.

Identification of zinc in honey bee Vg using Inductively Coupled Plasma mass spectrometry
ICP-MS was performed to detect metal ions associated with purified Vg. For the ICP-QQQ-MS
of full-length Vg extracted from bees, 32 ulL of concentrated ultra-pure(up) nitric acid was
added to the 65uL samples (purified Vg and blanks as described above). The samples were
placed in a heating cabinet at 90°C for 3 hours and subsequently put into an ultrasound bath
for 60 seconds to dissolve any remaining particles before analysis. Then the samples were
diluted to 325 pL by adding a solution of 1% (V/V) HNOs and 28.5 pg/L Rhodium (Rh, used as
an internal Zn-standard), an x5 total volume dilution. This gives a Rh concentration of 20 pg/L
in the final sample. For ICP-QQQ-MS analysis on the recombinantly expressed and purified B-
barrel, 30 uL of concentrated ultra-pure(up) nitric acid was added to 60uL samples. The same

conditions for heat and ultrasonic bath as described above were applied. Then the samples
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were diluted to 300 pL by adding a solution of 1% (V/V) HNOs and 30 pg/L Rh for an x5 total

volume dilution. This gives a Rh concentration of 21 pg/L in the final sample.

Both sample series were analyzed using an Agilent Technologies 8800 ICP-QQQ-MS (Table S1
for instrumental parameters). The ICP-MS was fitted with a micro nebulizer with a flow of 50
pl/min to accommodate small sample volumes. The sample introduction was a high
throughput setup. External standards containing Zn were used to calibrate the ICP-MS. Rh
was added to the standards in the same concentration as the samples. Zn was analyzed in
ammonia mode to remove any interferences on Zn, which was measured at 64 and 66 amu.
Mass 64 has an isobaric overlap with ®*Nickel (Ni); therefore, an inter-element correction for

64Ni interference on %¥Zn was performed. The internal standard Rh was measured at 103 amu.

The method limit of detection and limit of quantification was calculated as 3 times the
standard deviation of the buffer blank samples and 10 times the standard deviation of the

buffer blank samples.

Multiple sequence alignment

The sequences were aligned using Clustal Omega (McWilliam et al., 2013). The protein
sequences used for the multiple sequence alignment were (UniProt ID): Apis mellifera
(Q868N5), Athalia rosae (Q17083), Pimpla nipponica (017428), Pteromalus puparum
(B2BD67), Encarsia formosa (Q698K6), Bombus ignites (BOVUV6), Bombus hypocrite (C7F9J8),
Solenopsis invicta (Q7Z1MO0 and Q2VQM6), Riptortus clavatus (002024), Anthonomus grandis
(Q05808), Lethocerus deyrollei (B1B5Z4), Aedes aegypti (Q16927), Nilaparvata lugens
(A7BK94), Graptopsaltria nigrofuscata (Q9US5F1), Antheraea pernyi (Q9GUXS5), Saturnia
japonica (Q591U3), Periplaneta Americana (Q9U8MO), Blattella germanica (076823),

Rhyparobia maderae (Q5TLAS), Homalodisca vitripennis (Q0ZUC7), Ichthyomyzon unicuspis
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(Q91062), Acipenser transmontanus (Q90243), Oreochromis aureus (Q9YGKO), Oncorhynchus
mykiss (Q92093), Fundulus heteroclitus (Q90508), Xenopus laevis (P18709), Gallus gallus
(P87498), Homo sapiens (P55157) and Anolis carolinensis (Q9PUB1), based on Havukainen et
al. (2011). The protein sequences used in the MSA with the CTCF protein were the same as
listed above, but only including the B-barrel subdomain (residue 1 to 326 in honey bee Vg).
The CTCF protein sequences used were: Drosophila melanogaster (Q9VS55), Anopheles
gambiae (Q4G266), Bombyx mori (H9IXV8), Tribolium castaneum (D6WGY1), Apis mellifera
(AOA7M7MWC7 and AOA7M7MWF4), and Nasonia vitripennis (AOA7M7H6S9). The CTCF
proteins were identified through BLAST (Altschul et al., 1990), and the species represent the
evolutionary relationship between A. mellifera and D. melanogaster (Honeybee Genome

Sequencing, 2006). See Figure S5C for MSA.

Identification of clusters

We used the full-length AlphaFold prediction of honey bee Vg for our structural analysis
(Leipart et al., 2021). The first step was to identify conserved H and C residues (See Figure S1
for MSA). Second, we inspected their positions in 3D space to determine the distance and
positions in relation to each other. Zinc usually coordinates with a minimum of four residues,
so if our initial search did not identify at least four H/C in proximity, we went back to the MSA
to identify adjacent (in sequence or 3D space) conserved S/D/E residues or regions of
conserved residues (potential coordination through backbone association). Since the
structural model lacks water molecules, we could not account for possible coordination
involving hydrogen bonds from water molecules. The potential zinc-binding sites found in this
way are called clusters. The MSA was uploaded to ConSurf (Ashkenazy et al., 2016) to create
a PyMol script coloring atoms based on the degree of conservation. The results are presented

in Figure S3. Finally, we evaluated the hydrophobic contrast of each cluster using Dudev and
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Lim’s (2003) formalism and using the PyMol command based on the Eisenberg hydrophobicity
scale (Eisenberg et al., 1984). The results are presented in Figure S4. The Apis mellifera
(Q868N5) sequence was input to ZincBind (Ireland and Martin, 2019), MotifScan (Pagni et al.,
2007), and MOTIF Search (GenomeNet, Kyoto University Bioinformatics Center). Only

MotifScan resulted in a positive hit.

Limited proteolysis

A limited proteolysis analysis was performed to obtain the 40 kDa fragment of the B-barrel
subdomain. Purified Vg was dephosphorylated with Lambda Protein Phosphatase (New
England BiolLabs, MA, USA). The samples were incubated with 1 pL Lambda Protein
Phosphatase, 5 uL 10x NEBuffer for Protein MetalloPhosphatases and 5 pL of 10 mM MnCl;,
for 30 minutes at 30°C. Then 6.5 ng of dephosphorylated Vg was digested with 5 and 10 units
of caspase-1 (Sigma-Aldrich) for 2 hours at 37°C, and with 0.01, 0.1, and 1 unit of
chymotrypsin (Sigma-Aldrich) for 30 minutes at 25°C. Two standards (ThermoFisher
PageRuler™ unstained and pre-stained High Range Protein Ladder), unphosphorylated and
undigested full-length Vg, and the digested samples were run on 4-20 % SDS-PAGE gel (Bio-

Rad, CA, USA) under reducing conditions.

Recombinant protein and preparation for element analysis

The B-barrel (amino acid 21 to 323) subdomain was produced by Genscript Biotech. The DNA
was subcloned into a pET30a vector, with an N-terminal His tag and a SUMO solubility tag.
The construct was expressed in E. coli Arctic Express (D3). A single colony was inoculated into
an LB medium containing kanamycin, including 100 uM Zn?*. The bacteria were grown and
harvested using standard approaches, and the target protein was resolubilized and purified

using Ni-affinity purification. The tagged B-barrel subdomain was used in ICP-MS. We made
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three sets of blank samples: buffer blank and two sets with SUMO-1 (human, His-tag, Enzo
Life Sciences). One collection of SUMO-1 samples were incubated with 25uM ZnCl; at 4 °C for
1 hour. The buffers in all four sample sets were exchanged to 0.5 M Tris HCl with 0.225 M
NaCl. The ICP-MS protocol is explained above. ICP-MS revealed minimal Zn?*-coordination in
all samples. The expression system was re-ordered; the LB medium included 42 uM Zn?* or 50
uM Co?, and one included both 42 uM Zn?* and 50 uM Co?*. A SUMO-tag only expression
system with the same three conditions as above was also ordered to avoid false positive
results. We used the samples to perform UV-Vis spectroscopy, NMR spectroscopy and
intrinsic  tryptophan fluorescence spectroscopy for results and protocols (see

supplementary.docx and Figure S8).
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Tables

Table 1: Identified zinc clusters.

Cluster | Vg domain Residues

Bb.1 B-barrel subdomain H20, H113, D143, E147, H265

Bb.2 B-barrel subdomain E171,D172,5173,C178,E179, C222, D223

ah.1 a-helical subdomain H229, H577, H587, H593, H602

ah.2 a-helical subdomain H697, E698, C701, S775, S800, D802

Duf.l | DUF1943 E987, H988, H990, H1045, D1046
Duf.2 | DUF1943 H445, E449, D996, H1000, H1035, S1037
Ct C-terminal C1687,C1711, C1715, C1768

The clusters are named (column 1) based on their location in honey bee Vg (column 2). The

residues included in each cluster are listed in column 3.

Figure legends

Figure 1. ICP-MS. A) The concentration measured with ICP-MS for the 5 blank and full-length
Vg samples is plotted. The mean and the standard deviation of the mean are indicated for
each group (lines). B) The calculated molecular Zn:Vg ratio for each sample of Vg is provided,

and the calculated mean value for all samples is included as a separate bar.

Figure 2. ldentified clusters: A) 2D representation of the honey bee Vg with conserved
domain, subdomains, and regions (gray boxes). The amino acid sequence was divided into
two regions based on the naturally cleaved fragments, the a-helical subdomain, the lipid
binding site, including vWF and C-terminal region (blue, 150 kDa), and the B-barrel subdomain
(green, 40 kDa). The identified clusters are marked below the gray boxes (ah.1: green, ah.2:

red, Duf.1: blue, Duf.2: orange, Ct: yellow, Bb.1: pink and b.2: cyan). The two zinc-binding
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locations identified by studies of lamprey are marked above the gray boxes with gray dots (L).
The DNA binding motif (pink box, DNA) and the zinc-binding motif identified by MotifScan
(yellow box, web) are also marked above the gray boxes. Finally, the two conserved disulfide
bridges not included in a cluster are included here (smaller brown dots). B) Identified clusters
in the 40 kDa fragment of honey bee Vg. The residues of cluster Bb.1 (magenta) and Bb.2
(cyan) are in the B-barrel subdomain (green) and close to the DNA binding motif (pink B-
sheet). The disulfide bridge in cluster Bb.2 is shown as a yellow stick. C) Identified clusters in
the 150 kDa fragment of honey bee Vg. Cluster ah.1: The insect-specific loop region in the a-
helical subdomain (purple) and a short B-strand from the B-barrel subdomain (green) contains
the residues of cluster ah.1 (green sticks). Cluster ah.2: The a-helical subdomain (purple) and
the B-sheet region in the DUF1943 (light purple) are shown as a cartoon. The identified
cluster-residues are shown as red sticks. Cluster Duf.1: Two loops from the DUF1943 (light
purple) contain the identified residues, shown as blue sticks. The zinc-binding motif identified
by MotifScan (yellow) is located in the neighboring B-strands in the DUF1943. Cluster Duf.2:
Cluster Duf.2 (orange sticks) is found further down on the same B-sheet in DUF1943 (light
purple). Two of the residues are located in the a-helical subdomain (purple). Cluster Ct: Three
disulfide bridges (yellow sticks) are found in the C-terminal (light pink). The dotted box zoom
on two of the disulfide bridges shows them from another direction. The two disulfide bridges

can create a tetrahedral geometry and are identified as cluster Ct.

27



Figure 1

A) ICP-MS of full-lenght Vg B) Zn:Vg Ratio
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Figure 1. ICP-MS. A) The concentration measured with ICP-MS for the 5 samples
of blank and full-length Vg, are plotted. The mean and the standard deviation
of the mean is indicated for each group (lines). B) The calculated molecular
Zn:Vg ratio for each sample of Vg is shown, and the calculated mean value for
all samples is included as a separate bar.
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Supplementary Material

Table S1. Instrumental parameters used for Agilent 8800 ICP-MS

ICP-MS Settings!  Settings?
RF power 1600 W 1600 W
Plasma gas 15 L/min 15 L/min
Auxiliary gas 0,9 L/min 0,9 L/min
Nebulizer gas 0,90 L/min 0,95 L/min
Makeup gas 0,30 I/min 0,20 I/min
Nebulizer pump 0,32rpm 0,32 rpm
Sampler/skimmer Ni Ni

Sample Depth 8,0 mm 8,0 mm

Data registration for ICP-MS

Rinse time 20s 20s
Flush time 50s 50s
Read delay 15s 15s
Scanning mode peak hop  peak hop
Points/spectral peak 1 1
Sweeps/reading 10 10
Replicates 5 5

P/A detector (puls/analog) on on
Temperature spray 12 °C 2°C
chamber

1) First analysis series (full-length Vg)
2) Second analysis series (B-barrel subdomain)



Supplementary methods for detection of zinc in the B-barrel subdomain

ICP-MS continued

We attempted to control for Zn?* interacting with the SUMO-tag by incubating the SUMO-tag
with Zn?* before ICP-MS. Incubation resulted in significantly higher Zn?* levels in SUMO-tag
samples compared to the non-incubated tagged B-barrel subdomain (Mann-Whitney U test:
w =0, p-value =0.0114). The difference in concentration indicated that the incubation caused
the association of Zn?* with the SUMO-tag. However, we could not rule out more specific Zn?*
binding to SUMO. The net determined Zn%* concentration for the B-barrel subdomain was
much lower compared to the concentration for native full-length Vg. Figure 1A shows a mean
of 1524.0000 pg/L (SD * 261.6562), while Figure S7 shows the mean as 64.2000 ug/L (SD +
13.4350), and the significance suggested 0.01 bound Zn?* per B-barrel molecule. We
attempted to examine this result with an independent approach and expressed the B-barrel
subdomain in the presence of Co®" attempting to displace Zn?* with this cation. Co?* is
considered a good structural and functional model for studying Zn?*-binding sites as the
coordination is similar and exchange for Zn?* to Co?* occurs in nature (Lane and Morel, 2000,
Shumilina et al., 2014). In contrast to Zn%*, Co?* coordination causes a readily detected change
in the protein’s UV-Vis spectrum (Bertini and Luchinat, 1984, Shumilina et al., 2014, Sivo et

al., 2017). The conducted experiments are presented below.

UV-Vis Spectroscopy
To identify the presence of Zn?*-binding sites by Co?* substitution, SUMO fusion proteins were
expressed and purified as described in the main manuscript (i.e., expressed in the presence

of Zn?* [42 uM], Zn?** and Co?* [42 uM and 50 uM, respectively], and Co2+ [50 uM]).



Initially, in a storage buffer consisting of PBS at pH 7.4, 10% glycerol, and 0.5 M L-arginine,
were centrifuged at 17000xg for 10 min. Supernatants were concentrated using Amicon filters
with 10 kDa cut-off at 3250xg for 30 min, producing approximately 4 mg/mL protein samples.
These were transferred to the UV-VIS cuvette (path length 10 mm, 500 uL capacity, Hellma
item number 108-002-10-40). A UV-Vis spectra in the range of 200-800nm at room
temperature was acquired. If Co?* successfully replaced Zn?*, we would have expected to see
a distinct Co?*-specific peak pattern near the 500-750 nm range (Sivo et al., 2017, Lane and
Morel, 2000). However, we did not observe this (negative results are presented in Figure S8A).
The samples were then used for NMR and intrinsic tryptophan fluorescence spectroscopy (see

below).

NMR Spectroscopy

Co?* can create a paramagnetic shift in protein NMR spectra (Lane and Morel, 2000).
Therefore, we transferred stocks of SUMO-fusion proteins exposed to Zn?*, Zn?* Co?*, and Co**
(as described above) to NMR tubes. D0 up to 5% v/v was added. We then acquired 1D proton
spectra (25°C, water suppression using Watergate, 512 scans, processed using exponential
multiplication with a line broadening of 0.3 Hz), and inspected the spectra without finding any

significant differences between the samples (Figure S8B).

Intrinsic Tryptophan Fluorescence Spectroscopy

We also looked for fold changes in response to divalent cation(s) present during expression.
To do this, we transferred 5 uL of the NMR samples (described above) into 300 PBS buffer at
pH 6.5 in a quartz cuvette (path length 5 mm) and conducted an emission scan (excitation

wavelength 295 nm, slit widths 5 nm, 310-500 nm). The spectra, which primarily provide



information on the microenvironment of the tryptophans in the protein (Knappskog and

Haavik, 1995, Takita et al., 2003) did not show any significant difference.



Figure legends

Figure S1: Multiple sequence alignment. Snapshots of the multiple sequence alignment. All
the included species are noted with their UniProt ID. Residues included in clusters are in bold
colors (ah.1: green, ah.2: red, Duf.1: dark blue, Duf.2: orange, Ct: yellow, Bb.1: pink and Bb.2:
cyan). Some alignment regions are excluded (noted with “...”) since they are not relevant to
this study or have significant gaps. A) The residues from Bb.1, Bb.2, and one residue from
cluster ah.1 are in the B-barrel subdomain. In addition, the DNA binding motif (pink box) is
part of this subdomain. The conserved residues are colored (bold black). B) Cluster ah.1, ah.2,
Duf.1 and Duf.2 are in the lipid binding site (DUF1943). In addition, the suggested zinc
coordinating residues from studies in Lamprey (gray bold) and the MotifScan zinc-binding site
(yellow box) are found in this region. H926 is colored (black bold). C) No cluster was identified
in the region before the VWF domain, but the conserved disulfide bridges residues are colored
(brown bold). D) Cluster Ct is in the C-terminal region, where all the conserved C and H

residues are marked.

Figure S2: MotifScan. The zinc-binding motif (yellow) identified by MotifScan is located in the
DUF1943 domain (purple) but extends into the cavity of the B-barrel (green). The predicted
zinc-binding H residue (H926) is shown as a stick. Cluster Duf.1 (blue spheres), Bb.1 (magenta
spheres), Bb.2 (cyan spheres), H229 from ah.1 (green stick), and the DNA binding motif (pink)

is in close proximation to this predicted zinc-binding motif.

Figure S3: Conservation. Residues are colored using ConSurf, based on the MSA. The low to
highly conserved residues are colored from light blue to dark pink (scale presented in the
lower-right corner). Both the secondary structures and the spheres (representing the clusters)

are colored according to this scale. A) The buried residues in the B-barrel subdomain are well



conserved, including the residues in cluster Bb.1, Bb.2, and the DNA binding motif B-sheet.
The regions closer to the surface are less conserved. B) The a-helices in the a-helical
subdomain are well conserved. The residues in Cluster ah.1 and ah.2 are also conserved. C)
One of the B-sheet in the DUF1943 domain includes cluster Duf.1, Duf.2, and the zinc motif
identified by MotifScan. The conservation of the residues in the B-sheet are variable, but the
clusters and zinc motif are conserved. As shown in the MSA, residue H926 is not conserved.
D) The C-terminal is generally not conserved, except the four residues presented as cluster Ct

and the third disulfide bridge (labeled).

Figure S4: Hydrophobicity. The surface and secondary structure are colored using the
Eisenberg hydrophobicity scale (scale presented in the lower-left corner). In both panels, the
clusters are shown as spheres and marked with a blue dotted circle. Their respective domains
are presented as surface and cartoon. A) Cluster ah.2 is the position between the highly
hydrophobic core of the lipid binding site (B-sheet) and the polar surface of the a-helical
subdomain. B) Cluster Duf.1 and Duf.2 are positioned on the same B-sheet that make up one
side of the lipid binding site (highly hydrophobic), while the other side is facing the surface

and is more polar.

Figure S5: Logo representation of DNA binding site motifs and sequence analysis of CTCF.
A) The most significant motif (motif A) found by Salmela et al. (2021) for Vg-DNA binding sites,
as shown in Figure 5. B) The motif for CTCF in Drosophila melanogaster from the JASPAR
database (Castro-Mondragon et al., 2021) (matrix MA0531.1). The logo representation was
made with WebLogo3 (Schneider and Stephens, 1990, Crooks et al., 2004). C) Residue 140 to

233 in the B-barrel subdomain, using the same species as in the full-length MSA (Figure S1),



aligned to CTCF proteins. The conserved residues from the B-barrel subdomain, identified in

the CTCF proteins, are in bold.

Figure S6. Proteolysis of honey bee Vg by caspase-1 and chymotrypsin. The black arrow
emphasizes the probable 40 kDa cleavage products of the full-length Vg (flVg) with 5 and 10
units of caspase-1in lanes 3 and 4, respectively. We did not identify a clear 150 kDa band. The
smaller bands outside the range of the standard could be the lambda protein phosphates (25
kDa) or caspase-1 (30 kDa). The chymotrypsin (lane 5 to 7) cleaves Vg completely into small
fragments, and no 40 kDa band was identified. The smaller bands outside the range of the

standard could be lambda protein phosphates (25 kDa) or chymotrypsin (25 kDa).

Figure S7. ICP-MS results for the B-barrel subdomain. The concentration was measured with
ICP-MS for the x5 samples of SUMO tagged B-barrel subdomain (bb), sample buffer (blk), non-
incubated SUMO tag (Sblk), and SUMO-tag incubated with Zn?* (SZnblk). The mean and the

standard deviation of the mean are indicated for each group.

Figure S8. Spectroscopic analyses of SUMO-fusion proteins expressed in Zn?*, Zn?* and Co?*,
and Co?* medium. A) UV-Vis spectra of protein expressed in medium enriched with Zn?*
(green traces), Zn?* and Co?*(blue traces), and Co?* (red traces). Expressions of the Sumo tag
only are represented by dashed lines, and the SUMO beta-barrel fusion protein is represented
by whole lines. B) Amide region from 'H NMR spectra of SUMO beta-barrel fusion protein
expressed in medium enriched with Zn?* (green trace), Zn?* and Co?*(blue trace), and Co?*
(red trace). C) Intrinsic tryptophan fluorescence spectra of SUMO beta-barrel fusion protein
expressed in medium enriched with Zn?* (green trace), Zn** and Co?*(blue traces), and Co?*

(red trace).
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Abstract

Proteins are under selection to maintain central functions and to accommodate needs that arise in
ever-changing environments. The positive selection and neutral drift that preserve functions result in
a diversity of protein variants. The amount of diversity differs between proteins: multifunctional or
disease-related proteins tend to have fewer variants than proteins involved in some aspects of
immunity. Our work focuses on the extensively studied protein Vitellogenin (Vg), which in honey bees
(Apis mellifera) is multifunctional and highly expressed and plays roles in immunity. Yet, almost
nothing is known about the natural variation in the coding sequences of this protein or how amino
acid-altering variants might impact structure—function relationships. Here, we map out allelic variation
in honey bee Vg using biological samples from 15 countries. The successful barcoded amplicon
Nanopore sequencing of 543 bees revealed 121 protein variants, indicating a high level of diversity in
Vg. We find that the distribution of non-synonymous single nucleotide polymorphisms (nsSNPs) differs
between protein regions with different functions; domains involved in DNA and protein—protein
interactions contain fewer snSNPs than the protein’s lipid binding cavities. We outline how the central
functions of the protein can be maintained in different variants and how the variation pattern may

inform about selection from pathogens and nutrition.

Abbreviations

The domain of unknown function 1943 (DUF1943), hotspot (H), large lipid transfer protein (LLTP), N-
terminal domain (ND), non-synonymous single nucleotide polymorphisms (nsSNPs), pathogen-
associated molecular patterns (PAMP), relative solvent accessible surface area (rASA), Vitellogenin

(Vg), von Willebrand factor (vVWF) domain
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Introduction

Protein function relies on the protein’s structural shape, which is dictated by the amino acid sequence
that determines the biophysical properties of the molecule. Mutations resulting in non-synonymous
single nucleotide polymorphisms (nsSNPs) alter the amino acid sequence and provide an opportunity
for new protein variants to enter populations. New variants can be detrimental, neutral, or beneficial
in terms of the protein’s impact on phenotype, and these different selective contexts create specific
patterns of diversity [1, 2]. For example, multifunctional proteins or proteins at high titers or expressed
in several tissues tend to be under strong purifying selection pressure, which results in low diversity
[3-5]. An increase in the number of protein-protein interactions is also negatively associated with
diversity [6, 7], as is enzyme-function in essential metabolic pathways where changes in the proteins’
active site are unlikely to be beneficial [8]. Conversely, proteins that accommodate diverse or rapidly
evolving interaction partners [1, 9]; as exemplified by the histocompatibility complex [10, 11] that
recognizes antigens and as observed for membrane- or surface-exposed proteins involved in host-
specificity of bacteria [12]. More diversity is also seen in proteins with high designability (i.e., several
amino acid configurations accommodate the same fold) [13]. Finally, specific structural features are
associated with diversity patterns, such as when exposed structures show more diversity than buried
structures [14, 15], or when flexible structures show more diversity than stable B-sheets or a-helices

[16].

Vitellogenin (Vg) is a large glycolipo-protein broadly distributed phylogenetically and well known for
its role in egg yolk formation. In several species of fish, Vg has immunological functions [17, 18], and
in honey bees (Apis mellifera), the protein is further recognized for pleiotropic effects on complex
behavior [19, 20]. Honey bees are important ecologically and economically as pollinators of native
plants and cash crops, and they are key producers of honey, wax, and propolis worldwide [21]. In
addition, they represent a flagship species in social insect research [22]. Largely due to these features,
Vg has been more intensely studied in honey bees than in most other invertebrates [23]. The protein
is found at high titers in hemolymph (insect blood) [24] and localizes to multiple honey bee tissues,
including muscle, fat body (functionally analogous to liver and white adipose tissue), gut epithelial
cells, and glial cells in the brain [25, 26]. Structurally, the protein has a subdomain of 18 amphipathic
a-helices that, together with a B-barrel subdomain and a flexible polyserine linker, form a highly
conserved N-terminal domain (ND) [27]. The ND is positioned around a large lipid binding site
consisting of a domain of unknown function 1943 (DUF1943) and one B-sheet, followed by a von
Willebrand factor (vWF) domain (Figure 1). The final C-terminal region comprises a small structure

connected to the VWF domain through a presumed flexible linker [28].
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Specifically, the ND likely represents the receptor-binding region of all Vg proteins [29-31]. The ND is
also a surface-to-surface contact site in Vg homodimerization, as seen in lamprey (Ichthyomyzon
unicuspis) [32, 33]. Dimerization at this site is supported in honey bees [28], although Vg appears to
be monomeric under most conditions in this insect [34, 35]. Moreover, in honey bees, the B-barrel
subdomain of the ND can be proteolytically cleaved at the polyserine linker [36]. The B-barrel appears
to subsequently translocate to the nucleus and bind DNA (potentially with co-factors) to influence
gene expression [37]. The honey bee ND has a cavity of unknown function in the cleft between the B-
barrel and a-helical subdomain [28], while the positively charged a-helical subdomain can account for
some of the proteins’ binding to honey bee pathogens [38, 39]. Zooming out, the three structural
elements of the large lipid binding cavity create a network of B-sheets with an extensive hydrophobic
interior. The hydrophobic core of this site is crucial for the transport and storage of lipids [32], and its
structural fold and polarity are conserved across the large lipid transfer protein (LLTP) superfamily to
which the Vg proteins belong [40]. The DUF1943 and vWF domains are, in addition, important for
innate and mucosal immunity in several species [17, 41, 42]. In contrast, no specific function has been

assigned to the C-terminal region of Vg to date [28].

The multifunctionality of honey bee Vg, as well as its high expression, expression in many tissues, and
the protein’s interaction with a receptor and dynamics of dimerization may indicate that few Vg
variants are found in the bee. The protein’s functions in immunity, in contrast, can suggest that many
variants are found. Some support for the latter is provided by previous research [20, 43]. Motivated
by these questions, our study seeks a deeper understanding of patterns of variation in honey bee Vg.
We examine sequence variation from 15 countries, identify domains under different selective
pressures, and characterize the putative functional impact of amino acid changing variants. We reveal
121 unique Vg variants, including 81 nsSNPs that are non-uniformly distributed across the domains
and subdomains of the protein. Our analysis illustrates how the structural elements of honey bee Vg

experience differing degree of selection pressures.

Results

Identification of Vg variants, frequency, and distribution of nsSNPs

Successful amplicon sequencing and variant-calling from 543 individual worker honey bees (diploid
females) generated 1,086 full-length vg allele sequences, corresponding to 340 unique haplotypes
(see Figure S1 for an overview of workflow and Materials and Methods for further details). These
haplotypes include different combinations of 81 nsSNPs (see Table S1 for information on the nsSNPs’
properties) resulting in 121 protein variants of honey bee Vg (Table S2; see Figure S2 for an overview

of the geographical location of these variants).
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In all domains and subdomains of the Vg gene, nsSNPs were identified, with a mean total number of
nsSNPs per Vg variant of 5.56 (SD =1.76). Some nsSNPs occurred more frequently than others:
specifically, 15 of the 81 nsSNPs were identified in 5% of the Vg variants. Except for one
(p.Arg1292Ser) (6 %), these common nsSNPs caused subtle changes in residue type (Figure 2A).
Variants with only common nsSNPs carry the same (one) change in the a-helical subdomain of the ND,
and the B-barrel subdomain of the ND and in the C-terminal region typically has few nsSNPs (see Figure
2C for examples). The specific number of nsSNPs and their combinations vary more for the lipid
binding site, which thus becomes unique for each Vg variant. In contrast to the common nsSNPs, 21
of 42 (50 %) of the nsSNPs observed only once (i.e., rare nsSNPs) conferred major changes in amino
acid characteristics (Figure 2B). For a look at rare nsSNPs, we present a set of Vg variants that includes
several rare changes (Figure 2D). In these examples, as seen with the rare Vg nsSNPs overall, we find
some in the a-helical subdomain (see variant nr. 34, Figure 2D), and only one change in the B-barrel

subdomain, in contrast to several changes in the lipid binding site, including the vWF domain.

Taken together, the distribution of the rare nsSNPs across protein domains mirrors that of the
common nsSNPs. The a-helical subdomain of the ND tends to carry similar changes between variants.
In contrast, the lipid binding sites, including the vWF domain, tend to carry more diverse sets of nsSNPs

between variants (Figure 3).

To examine the distribution of 81 nsSNPs in the domains and subdomains, we calculated the frequency
of nsSNPs per domain and subdomain site (aa; Figure 3A) and found nsSNP frequency to be lower in
the B-barrel subdomain than in the remainder of the domains and subdomains. We subsequently
separated the Vg variants into domains and subdomains and counted the number of unique
combinations of nsSNPs. This number is higher for the lipid binding site than for the remainder of the
domains and subdomains (Figure 3B). The number of amino acids comprising each domain and
subdomain varies, which results in a different number of available sites for substitutions at the
domains and subdomains. To calculate a ratio to control for this difference, we divided the number of
unique Vg variants by the number of sites (aa) per subdomain and domain (Figure 3C). This represents
a ratio of unique Vg variant per subdomain and domain. The ratio is higher for the lipid binding site

and VWF domain than the remainder of the domains and subdomains (Figure 3C).

We classified the nsSNPs identified in the domains and subdomains into three categories. First, we
used the common and rare categories described above and included the remaining nsSNPs (other).
Then, we considered if the changes were modest or drastic and calculated whether the substituted

residues were at buried or exposed sites in the protein structure. Figure 3D shows the resulting plot
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for each subdomain and domain. The plot reveals considerable differences between the structural
elements of Vg. We assessed whether this variability in distribution and classification of nsSNPs

justified a domain- or subdomain-specific approach in the next-step analyses.

Implications of B-barrel subdomain variants

Only 7 of the 81 nsSNPs were identified in the B-barrel subdomain (Figure 3D), which is less than for
other domains (Figure 3A). Except for p.Gly146Ser, all of the nsSNPs cluster at one side of the structure
(Figure 4A). Gly146 is buried in the subdomain, close to a set of predicted Zn*-coordinating residues
and a proposed DNA binding region (Leipart et al. in manuscript)[37]. The remaining nsSNPs increase
the polarity of buried residues or increase the hydrophobicity at the surface, except for p.lle132Met,
which maintains the hydrophobic core (Figures 4B and 4C). Overall, the 121 Vg variants identified in
this study either contain none or one nsSNP in the B-barrel subdomain, except for Vg variant nr. 5,

which carries two common nsSNPs (Figure 4C).

Implications of a-helical subdomain variants

We identified 17 nsSNPs in the a-helical subdomain (Figure 3D). By mapping the nsSNPs onto the
structure, we identified three hotspots of amino acid substitutions (H1, H2, H3; see Figure 5A). The
same classification outlined in Figure 3D was repeated here for the nsSNPs in the identified hotspots
(Figure 5A). The only common nsSNP (p.lle489Val, green in the plots in Figures 3D and 5A) is a modest
substitution identified in H2. All hotspots contain rare nsSNPs. Out of the 121 Vg variants identified
here, 119 variants include one nsSNP in H2, and 15 variants have at least one nsSNP in H1 and/or H3,

as shown for Vg variant nr. 24, 41, and 45 (Figure 5B).

Looking at the H1 in more detail, we find that it represents moderate substitutions at three buried
and two exposed residues (Figure 5A). The polarity is maintained by these nsSNPs, except for the rare
p.Thr594Met, which decreases the polarity of the buried region of the hotspot (see variant nr. 41,
Figure 5B). H2 encompasses residues frequently substituted in the short loop regions connecting the
a-helices, close to the lipid binding site. These substitutions are modest, except the exposed
p.Thr522lle (see variant nr. 24, Figure 5B). The effects of the nsSNPs on the polarity and electrostatic
potential of the structure vary as hydrophobic and hydrophilic residues are introduced. One nsSNP
provides a positive charge (p.Asn560His), while another nsSNP removes a negative charge
(p.Asp626Asn). The same variability for electrostatic potential is seen in H3, which is buried between
two of the subdomain a-helices and the first B-sheet of DUF1943: one nsSNP maintains a negative
charge (p.Asp608Glu), while another flips the charge from negative to positive (p.Glu642Lys; see
variant nr. 24 and 45, Figure 5B). The remaining three nsSNPs in H3 maintain hydrophobicity at their

specific sites.



Identification of 121 honey bee Vitellogenin variants

Implications of lipid binding site variants

We identified 37 nsSNPs at the lipid binding site (Figure 3D). The nsSNPs were found in 56
combinations (Table S2 and Figure 3B) without discernable clustering into hotspots. The 56
combinations represent a high ratio relative to domain size (aa; Figure 3C). Only three out of the 121
Vg variants lack nsSNPs in the lipid binding site, confirming that it represents a highly diverse protein
region. Underlining this level of diversity is the identification of 10 different nsSNPs in just two Vg

variants (see variant nr. 1 and 49, Figure 6B).

Specifically, drastic substitutions at the lipid binding site were identified at exposed residues, altering
the polarity and electrostatic charge of the surface (Figure 3D). This dynamicity of surface residues is
a common finding [16], as are moderate substitutions at buried residues [15]. We observed that
moderate substitutions do not appear to alter the hydrophobic core or the two charged centers of the
Vg lipid binding cavity (Figures 6C and 6D). In addition, however, we find three rare and drastic
substitutions at buried residues. Two of these nsSNPs increase the hydrophobicity at the end of the
long B-sheet spanning the ND (Figures 6A and 6B), while the third nsSNP increases the polarity of a

buried loop, folded away from the domain core.

Implications of VWF domain variants

We found 14 nsSNPs in the domain (Figure 3D). They were identified in 17 unique combinations, which
represents a high ratio relative to domain size (aa; Figure 3C). Overall, the changes are diverse and
distributed without discernable hotspots, as we observed for the lipid binding site that interfaces with

the vVWF domain (Figure 6A).

Interestingly, the VWF domain shows a total of 5 drastic (but rare) substitutions at buried residues.
This is the highest number of drastic, buried nsSNPs, compared to the other Vg domains or
subdomains (Figure 3D). Three of these nsSNPs either maintain or introduce a polarity, while the other
two increase hydrophobicity. Among the 14 nsSNPs in the VWF domain, Ser1587 is the only
substituted residue directly exposed to the lipid cavity. This nsSNP introduces a large aromatic residue
to the cavity (see variant nr. 103, Figure 2D). Additionally, we find three common nsSNPs that maintain
hydrophobicity at buried or exposed sites. These three occur together in Vg variant nr. 40 (Figure 6E).
The remaining 5 nsSNPs are modest substitutions. Three are buried and maintain hydrophobicity,

while two are exposed and maintain polarity.

Implications of C-terminal variants
We identified 6 nsSNPs in the C-terminal of Vg (Figure 3D). Four out of the 6 nsSNPs in the exposed
structure introduce a serine residue (Figure 7A). These are positioned at the presumed flexible linker

or an exposed loop extending from the folded structure, which increases the polarity of the C-terminal.
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Two serine-introducing nsSNPs occur together in Vg variant nr. 11 (Figure 7B). The two remaining
nsSNPs, not introducing serine, are rare and drastic substitutions (Figure 3D), one increasing the
hydrophobicity of the buried structural elements, and the other introducing a large aromatic residue
close to a predicted Zn**-binding site (Leipart et al. in manuscript). The positive surface charge of the

C-terminal is not altered by any of the 6 nsSNPs (Figure 7C).

Implications of nsSNPs at three domain or subdomain interfaces

Viewing the patterns of nsSNPs in the light of domain or subdomain interfaces, we find that the most
variable region of the B-barrel subdomain is adjacent to H1 on the a-helical subdomain. Together,
these structures create a hydrophobic and slightly negatively charged cavity (Figures 8A and 8B). A
positively charged B-sheet in the DUF1943 domain extends into the cavity, forming an intriguing
subdomain interface (Figure 8B). The interface carries 10 nsSNPs: seven introduce a methionine, while
the remaining three introduce a tyrosine, leucine, or alanine. One nsSNP decreases the positive charge
(p.His412Tyr), while the remaining changes do not influence negative charges of buried or exposed
residues, and hydrophobic characteristics are maintained. The conservative nature of these variations
is in part explained by the 10 nsSNPs being mostly rare (Figure 8C, for classification of the nsSNPs) and

thus unlikely to occur together on one Vg variant (seen in 26 of 121 variants).

Moving on, we find that H2 localizes to an opening where the a-helical subdomain of the ND interfaces
with the lipid binding site (Figure 8D). The subdomain interface has a positive charge close to H2, while
the edge of the opening (i.e., at the lipid binding site) is hydrophobic (Figure 8D, for classification of
the nsSNPs). The nsSNPs in this region are rare and modest substitutions, except for the common
p.lled89Val and the drastic p.Thr522lle in H2, which maintain and increase hydrophobicity,
respectively (Figures 8C and 8D). Two other nsSNPs (p.Asn560His and p.Glu906Lys) slightly increase
the positively charged surface, while the hydrophobic region remains undisturbed. The majority of Vg
variants identified in this study have only one nsSNP at this subdomain—domain interface (seen in 119

out of 121 variants, including the common p.lle489Val; excluding this, it is seen in 13 of 121 variants).

Next, we observe that the vVWF domain is adjacent to an additional opening into the lipid binding site.
At this interface, we find 13 nsSNPs (Figure 8E) that do not appear to introduce a consistent type of
change. The domain interface is mainly hydrophilic, which is maintained by two common nsSNPs
(p.Ser803Asn and p.Argl174Lys). Other nsSNPs introduce polar and hydrophobic residues: a positive
and a negative charge are lost at two different positions (p.Lys1171Asn and p.Asp1491Asn), mirrored
by the introduction of a positive and a negative charge at two other positions (p.Gly1016Asp and
p.Thr1567Lys). Both buried and exposed residues are modestly or drastically substituted, but these

nsSNPs are generally rare (Figure 8C, for classification of the nsSNPs). Adding to the region’s diversity,
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there are two aa positions with alternative substitutions (p.Gly1016Asp/Thr and p.Thr1567Met/Tyr,
see Figure 8E). As observed for the previous domain interface, the Vg variants tend to carry only one

nsSNP at the vWF-lipid binding site interface (seen in 36 of 121 variants).

Implications for the full-length protein structure

When mapping all of the nsSNPs on the surface of the full-length structure of Vg (colored red in Figure
9), we find that the three domain or subdomain interfaces (described above) are located on the same
surface side, referred to here as side A (Figure 9). Interestingly, all but one surface-exposed nsSNPs in
the ND are located either around the ND cavity where the B-barrel subdomain is interfacing with H1
in the a-helical subdomain or where H2 in the a-helical subdomain interfaces with the DUF1943
domain around an opening to the lipid binding cavity. The one exception is a nsSNP from H3 in the a-
helical domain (Figure 9, side A). For the lipid binding site, including the vWF domain, the exposed
nsSNPs on side A are found concentrated around a small opening into the lipid cavity, except for two
exposed nsSNPs on the vVWF domain (Figure 9). Moreover, we find no surface-exposed nsSNPs in the
ND when we rotate Vg 180° about the y-axis (as seen in Figure 9, side B). On side B, the exposed
nsSNPs are distributed in the lipid binding site, including vVWF, making no specific pattern on the
surface and not seeming to cluster around the wide opening into the lipid cavity (shaded area in Figure
9, side B). Taken together, our findings demonstrate that honey bee Vg has surface-exposed nsSNPs
in every domain and subdomain on side A, while the exposed nsSNPs on side B are only located in the

lipid binding site, including vVWF.
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Discussion

This study presents new information on the diversity pattern of Vg. Our geographically broad sampling
strategy resulted in over 100 full length Vg protein sequence variants, which is the largest collection
of Vg protein variants in any species. Our data confirm the conserved nature of the ND: no changes
were observed at aa positions in functional sites for DNA interaction [37] in the B-barrel subdomain,
nor at positions suggested for homodimerization at either ND subdomain [28, 33] (see Figures 4A and
5A). The oligomerization state in native honey bee Vg is uncertain [28], but a requirement to protect
surface properties involved in homodimerization is supported by our data. Simulating a
homodimerization event exposes side A, while ND becomes inaccessible on side B (Figure S3). We find
additional support for the conservation of the B-barrel subdomain, since none of the nsSNPs appear
to introduce instabilities to the B-barrel fold (Figures 3D and 4A). Similarly, we find evidence
supporting studies on varying selection pressures on honey bee Vg. These studies pinpoint the lipid
binding site as the primary region of diversity [20, 43], as do our data (see, e.g., Figures 3B and 3D).
Yet, in addition to these expected findings, our data reveal information that, combined with the first
full-length protein structure for honey bee Vg, contributes to a new understanding of the diversity

pattern.

New insights involving the ND

Given the conserved nature of the ND, our finding of 7 nsSNPs in this region might come as a surprise.
As shown, 6 of the 7 nsSNPs cluster at the interface to the a-helical subdomain, adjacent to H1 (Figure
8A). We found that these nsSNPs are rare and tend to introduce hydrophobic residues, particularly
methionine. These observations support the idea that selection acts to maintain the characteristics of
this structure. Specifically, the region of the 6 clustering nsSNPs is part of a cavity [28], and the

conservation of hydrophobic residues is typical for a binding site [44, 45].

The functionality of binding cavities is defined by the residue types, shapes, and locations in the
protein [46]. At the B-barrel/a-helical subdomain interface, the B-barrel residues create a hydrophobic
and slightly negatively charged region, which meets a positive interior. This structure resembles the
large lipid cavity further downstream in the aa sequence. However, the overall shape of ND differs,
since the cavity is closer to the protein surface and smaller. We interpret this difference to indicate
that the two cavities of honey bee Vg are not functionally equivalent. A distant homolog found in
lamprey supports this interpretation, since no phospholipids were observed at the location of the ND
cavity [32]. The more conserved nature of the ND cavity compared to the Vg lipid binding site lends

further support (Figures 3A-D): the more conserved ND cavity could have a consistent binding partner,
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while the lipid binding site might interact with various groups of lipids. We suggest that the compatible
binding partner of the ND cavity is the Vg receptor. In support of this suggestion, it is assumed that
the ND provides the receptor-binding site of the Vg proteins [29-31], and we observe that all but one
of the nsSNPs (p.His412Tyr, seen in three Vg variants) introduce no or little change in the electrostatic
potential of the ND cavity. Such electrostatic potential is generally important for receptor binding [30,
47]. It has previously been demonstrated that B-sheets in the B-barrel subdomain, as well as a-helices
in the a-helical subdomain, have affinity and/or enhanced affinity to the Vg receptor [29-31]. Still, no

specific residues in the ND had been specified to participate in this interaction before our work.

The second subdomain in the ND, the a-helical subdomain, has an immune-related function in honey
bees that involves the transport of immune elicitors (fragments of bacterial cell wall, i.e.,
lipopolysaccharides or peptidoglycans) [39] and the recognition of pathogen-associated molecular
patterns (PAMP) [38]. The PAMP recognition by Vg is demonstrated for several species of fish [48-50].
High levels of diversity are found in at least some proteins involved in immune defense mechanisms,
such as pattern recognition receptors that bind to bacteria via PAMP. In these receptors, the
recognition domain is characterized by a leucine-rich repeat that carries nsSNPs, modulating the ability
to identify various pathogens [51-53]. Based on this mechanism and the in vitro detection of PAMP
binding by the a-helical subdomain of honey bee Vg [38], we expected to find a level of diversity in
one or more regions of the subdomain. Indeed, we find three nsSNP hotspots: the first (H1) is part of
the ND cavity discussed above. The second and third interface with the lipid binding site (H2) or are
buried in the subdomain (H3), respectively (see Figures 5A and 8D). In assessing their potential for
binding PAMP, we find a high level of diversity at exposed residues in H2. This diversity represents
substitutions with a lack of consistency for the introduced residue types that is similarly observed in
leucine-rich repeats of protein recognition receptors [51-53]. The buried nature of H3 makes it a less
attractive candidate for a direct role in PAMP binding. Instead, nsSNPs could influence subdomain
stability and functionality [54-59]. Thus, we speculate that H2 has the potential to be involved in
binding specificity with PAMP, while H3 has the potential for being indirectly involved by influencing

subdomain functionality for recognition.

Currently, no specific description exists of a molecular mechanism of pathogen binding by the a-helical
subdomain of honey bee Vg. Yet, we find 34 positively charged exposed residues (arginine and lysine)
that could have an affinity to negatively charged pathogen membrane surfaces [38]. Similar positive

surface charge can create high host affinity (but low specificity) for pathogen recognition [60].

Interestingly, the 34 positively charged residues in the a-helical subdomain are conserved in all of the

121 Vg variants identified by our study. We identify no nsSNPs on any exposed 34 arginine or lysine
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residues (Figure S4). Taken together, the combination of a variable hotspot possibly involved in
binding specificity (i.e., H2) and a conserved surface area involved in pathogen affinity (i.e., the 34
positively charged residues) could help provide a molecular understanding of how the a-helical
subdomain of Vg contributes to honey bee immunity. At the same time, this insight helps explain why

the a-subdomain, overall, may have lower diversity than expected for immune-related activity.

New insights involving the lipid binding site and vVWF domain

The lipid binding site interfaces with H2 and the vWF domain. At both interfaces, we identify nsSNPs
that introduce a positively charged residue and a high diversity. Also, when folded, the surface-
exposed domain interfaces between the lipid binding site and vVWF domain are near the a-helical
subdomain (Figure 9A). This structural constellation could imply that the pathogen recognition region
of Vg expands beyond the a-helical domain — a proposition supported by previous observation: full-
length honey bee Vg binds PAMP better than the a-subdomain alone [38]. Several members of the
LLTP family have similar recognition potential through the a-helical subdomain [40] but have
additional protective roles as lipid presenting proteins. For example, the microsomal triglyceride
transfer protein (MTP) has an important role in loading endogenous and exogenous lipids onto
antigen-presenting cells in the human immune system [61, 62]. Similarly, apolipophorin Il and I/l in
insects can recognize pathogens [63, 64]. Studies of apolipophorin Il show that additional
immunological function, such as the ability to regulate and activate hemocytes (immune cells) or
stimulate cellular encapsulation, is gained in a lipid-associated state [64]. This conditional functionality
is explained by a conformational change when the protein binds lipids [65]. We speculate that the
recognition surface presented by honey bee Vg could increase in response to lipid binding; thereby,

maintaining the stability of the lipid binding cavity is important for immunological function.

Pathogen membrane surfaces are large relative to a protein [66, 67], so presenting several regions on
the protein for affinity and/or specificity is certainly feasible. In this context, we note that the vVWF
domain of Vg can recognize pathogens in coral (Euphyllia ancora) [41] and zebrafish (Danio rerio) [17].
Interestingly, we identify a high level of diversity in the honey bee VWF domain (Figure 3C), yet these
substitutions mostly occur at buried residues (Figure 3D). The VWF domain is predicted to be an
important B-sheet structural region in the lipid binding cavity [28] (Figure 1), and the B-sheet structure
is central to the stability of this cavity [40, 57]. Substitutions at buried regions, like those seen for the

vWF domain, can affect stability and consequently regulate the size of the lipid load in Vg.

Interestingly, we find exposed residues undergoing changes inside the lipid binding cavity. The lipid
cavity interior of Vg is not hypothesized to partake in immune-related activities directly. Instead, the

region is recognized for a role in the transport and storage of nutritional phospholipids. Studies of
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proteins in the LLTP superfamily show that maintaining the large hydrophobic core of the cavity
facilitates a high affinity but low specificity for lipid molecules [32, 68]. Our data confirm that the
hydrophobicity is conserved in honey bee Vg and suggest that the exposed nsSNPs inside the lipid
cavity might influence lipid specificity. Phospholipids usually occupy the positively charged center, as
shown in the lipid cavity for a distant homolog [32]. We find diversity at regions close to this charged
center, suggesting that phospholipids might enter the cavity here (side A, Figure 9A). These diverse
regions might also influence specificity for lipid molecules as well as pathogen specificity, as discussed
above. Thus, overall, an evolutionary arms race with changing pathogens that further vary at different
geographies could be a possible explanation for the pattern we observe, as suggested in previous

research [69-71].

New insights involving the C-terminal region

We confirm the C-terminal region on honey bee Vg to be soluble and find 4 nsSNPs introducing polar
residues (Figure 7A, seen in 35 Vg variants). This finding supports our previous study showing the
region is exposed and connected to a presumed flexible linker [28]. We additionally provide new
evidence showing a conserved positively charged surface (Figure 7C). A positively charged C-terminal
region in other proteins has been linked to signaling for recruitment and translocation [72], protein
assembly [73], and sensing changes in the extracellular environment [74]. Honey bee Vg has been
demonstrated to sense oxidative stress [75] and suggested protecting honey bees from reactive
oxidative species. Our earlier study shows that two disulfide bridges are conserved in the C-terminal
region, which is proposed to coordinate Zn?* (Leipart et al. 2021 in manuscript) (Figure 7A). Proteins
with a positive surface charge and disulfide bridges on neighboring residues, sometimes including Zn%,
are shown to protect against oxidative stress [76, 77]. Our findings support a conserved polarity and

positive charged region; thus, we speculate that the C-terminal has a similar functional role.

Concluding remarks

None of the nsSNPs identified here are detrimental for honey bee Vg. The structural fold in the ND is
highly conserved, and the drastic changes in the remaining domains are either exposed at the surface
or buried at non-structural loop regions, except for the p.Thr939Met shown in Figure 6A. These nsSNPs
increase the hydrophobicity at the protein core, which is unlikely to reduce structural stability. All of
these observations are expected for a protein that is essential for fitness in its yolk-precursor role. At

the same time, we observe new variability patterns that are likely associated with aspects of lipid
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binding. In assessing these nsSNPs, we provide new insights on the possible interface between Vg, its
lipid cargo, and honey bee pathogens. We believe these suggestive findings are thought-provoking
and warrant further study. Additionally, it is worth mentioning that the long-read sequencing
technology used here creates an opportunity to identify and characterize genomic structural variants
that are difficult or impossible to detect with alternative approaches [78, 79]. Such variants can
significantly impact protein structure and should be receiving increasing attention in studies seeking
to link genotype to phenotypic variation. Correspondingly, a preliminary examination of our data
suggests the presence of larger structural variants (deletions) that will be fully explored in a future

manuscript.
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Materials and Methods

Bee sampling

452 samples of Apis mellifera were collected from Europe. Nine protected Apis mellifera mellifera
apiaries were selected and sampled based on earlier introgression studies [69, 71]: Norway
(Flekkefjord, N=30; Rena, N=32), Sweden (Jamtland, N=30), Denmark (Laes@, N=32), Scotland (Isle of
Colonsay, N=30), Ireland (Connemara, N=30), Poland (Augustéw Primeval Forest, N=30), the
Netherlands (Texel, N=30), and France (Les Belleville, N=30). Samples from six European subspecies,
from separate apiaries, were chosen for comparison: Slovenia (A. m. carnica, N=25), Italy (A. m.
ligustica, N=30), Portugal (A. m. iberiensis, N=30), Macedonia (A. m. macedonica, N=33), Malta (A. m.
ruttneri, N=30), and Turkey (A. m. anatolica, N=30). The samples from Europe were provided by
researchers and managers of breeding associations working with each subspecies to ensure that
samples were obtained from purebred populations. In addition, we collected 186 samples from the
USA, used as one control group, from 6 different apiaries covering the north, west, south, northeast,
east, and central regions: Minnesota (N=33), California (N=30), Arizona (N=30), Maryland (N=30),
North-Carolina (N=33), and lllinois (N=30), respectively. To ensure genetic variation among the
samples, the collectors in Europe and the USA sampled 25 to 33 bees from three to six separate hives
in their apiaries. The specimens were collected and shipped in 2 ml Eppendorf tubes filled with 1.9 ml

96 % ethanol and stored at -20 °C.

gDNA extraction
Genomic DNA (gDNA) was extracted from the thorax of each bee. The head, wings, legs, and abdomen

were removed, before the thorax was washed in PBS for 5 minutes. The equipment used for dissection
was washed in 10 % chlorine and 96 % ethanol between every bee. After washing, the thorax was cut
in half vertically and weighed, with weights ranging from 18 to 30 mg. Half of each thorax was used in
the DNA extraction protocol. The thorax piece was placed in a tube filled with 200 ul ATL buffer (1:2
ratio) and three sterile ceramic beads (2.8 mm). The samples were ground in Retsch® mixer mill MM
400 (Retsch GmbH, Germany) at 15/s for 20 seconds, before 20 ul Proteinase K and 2 pl Rnase A were
added and mixed by vortexing, and the samples were incubated at 56 °C overnight while mixing. The
remaining steps followed the QIAGEN® DNeasy® Blood & Tissue Kit standard protocol (QIAGEN,
Redwood City, CA). The eluate was eluted twice with a final volume of 100 pl. The concentration was
measured on Qubit® 2.0 Fluorometer using the Qubit™ dsDNA HS Assay kit standard protocol
(ThermoFisher Scientific, Waltham, MA). The extracted gDNA was run on 0.4 % TAE Agarose gels
containing TAE buffer containing StainIN™ GREEN Nucleic Acid Stain (highQu, Germany), at 40V for 1h
and 50 min, with the Thermo Scientific™ GeneRuler™ High Range DNA ladder to determine the size

and quality of gDNA. Eluted gDNA was stored at —20 °C for 1-2 days, then at -80 °C.
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PCR, pooling, and clean-up
To enable the simultaneous sequencing of amplicons from 543 bee samples, a two-tier barcoding

strategy was used, whereby barcodes were included in both the PCR primers and the sequencing
adapters. PCR primers were developed to amplify the full-length vg gene (including introns) from
position 5,029,433 to 5,035,683 in NC_037641.1 [80] (see Table S3 for the primer sequences). In
addition to the vg-specific sequence, unique barcodes from the PCR Barcoding Expansion 1-96 kit
(EXP-PBC096; Oxford Nanopore Technologies, see Table S3 for barcode sequences) were incorporated
into the 5’ ends of the forward (n=8) and reverse (n=12) primers, which enabled 96 different barcode
combinations. PCR was performed in 96-well plates, wherein each PCR reaction contained 10 ng
gDNA, a unique combination of forward and reverse primers (0.5 uM each), 0.5U Q5® High-Fidelity
DNA Polymerase (New England BiolLabs, MA, USA), 1X Q5 Reaction Buffer, 200 uM dNTP, and
Nuclease-free water, to a final volume of 25 pl. Cycling conditions were as follows: 98 °C for 1 min, 30
cycles of 98 °Cfor 10's, 58 °C for 30 s, 72 °C for 5 min, and then 72 °C for 7 min and a hold at 4 °C. One
positive control sample and one negative control (PCR water) were included for each of the 6 PCR
plates that were run. After PCR, the concentration of each amplicon was measured in a plate reader
using PicoGreen (ThermoFisher Scientific, Waltham, MA). The positive and negative controls were
checked on a 1 % TAE agarose gel to verify amplification and the lack of contamination (see Figure S5
for agarose gel). From each of the 94 samples within each plate, 16 ng was pooled, creating six plate
pools (see Table S3 for a plate set up used for each pool). The six plate pools had concentrations
ranging from 5.4 to 10.8 ng/ul (Qubit® 2.0, dsDNA BR Assay) and volumes ranging from 392.4 to
731.4 pl. Each pool was concentrated and purified using 0.75X AMPure XP beads (Beckman Coulter,
Brea, CA) before being eluted in 60 ul nuclease-free water pre-heated to 50 °C. The concentration of
each pool was measured (Qubit® 2.0, dsDNA BR Assay) and found to range from 10.9 to 22.8 ng/ul.
Three of the pools with concentrations lower than 15 ng/ul were up-concentrated using a vacuum

centrifuge to be able to start with a minimum input of 620 ng amplicons from each pool.

Library preparation and Nanopore sequencing
For Nanopore sequencing, the library was prepared using the Ligation Sequencing kit 1D (SQK-LSK109)

and the Native Barcode Expansion kit (EXP-NBD104), following the “Native barcoding amplicons”
Nanopore protocol. The workflow is illustrated in Figure S1A. Briefly, 620 to 850 ng amplicons from
each plate pool were used as input to prepare the DNA ends for barcode attachments; native barcodes
NBO1-NBO6 were then ligated to the end-prepared amplicons. After measuring the concentration of
the six native barcoded sample plate pools, equal amounts from each pool were combined, and a total
of 800 ng mix was taken to adapter ligation. After flow cell priming, 200 ng (equal to 50fmol) final
prepared library was loaded into a PromethlON flow cell (v9.4.1). MinKNOW v20.06.18 was used for
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operating sequencing. Base-calling and filtering were performed with Guppy v4.0.11 using the “High-
accuracy sequencing” base called model, and the minimum gscore for read filtering was 7. Oxford
Nanopore Technologies sequence data were base called real-time using the MinKNOW Fast base
calling model from Fast5 into FastQ file format. Raw reads were classed as passed by MinKNOW based
on the average read quality score >7.

Bioinformatic pipeline

The bioinformatic pipeline is illustrated in Figure S1B. About 18 million raw reads were downloaded
from the PromethlON sever and demultiplexed each native and inner barcodes into separate samples
using cutadapt v. >=2.10 [81]. The error rate for the inner barcodes was set to 0.17, and the minimum
and maximum length of reads after trimming the inner barcodes was set to 6,000 and 7,000,
respectively, reducing the number of raw reads to 6,193,310. Each read was written into a separate
folder, and the native and inner barcodes and primer sequences were removed from the reads. The

medaka tool (v. 1.0.3 https://nanoporetech.github.io/medaka/index.html, source code, and analysis

scripts (available at https://github.com/nanoporetech/medaka) were used to create consensus

sequences and variant calling. A consensus sequence for each demultiplexed sample was generated
using medaka_consensus based on reference sequence NC_037641.1 [80]. To create haplotype
consensus sequences, the phased alignments of the medaka_variant pipeline were first applied and
separated the reads into haplotypes for each sample. The medaka_consensus was then re-used, with
the same reference sequence as above, to generate a consensus sequence for each haplotype. The
variant calling pipeline of medaka was also used for SNP calling for each haplotype using the same
reference sequence. The pipeline was implemented using snakemake v.>=5.6.0 (available at

https://gitlab.com/cigene/computational/bee _amplicon). We illustrate the pipeline in Figure S1B. The

downstream analysis was done on the allele sequences generated from a minimum of 100 raw reads
(31 samples had fewer than 100 reads and were not included in the downstream protocol). This
resulted in 1,086 allele sequences, generated from an average of 6,497.34 (SD=5,328.55) raw reads

per allele sequence.

Identifying Vitellogenin variants
The raw allele sequences were uploaded to Geneious Prime v.2019.0.03, where we created FASTA

files starting at first to the last codon for the vg gene (6109 bp, including introns, NP_001011578.1).
DNA Sequence Polymorphism v.6.12.03 [82] was used to identify 340 haplotypes and the 81 nsSNPs
(See table S1 for an overview of the nsSNPs properties). The nsSNPs are written using the Human
Genome Variation Society [83]. Haplotypes with identical nsSNPs combinations were identified as

identical Vg variants. The Vg variants are presented in Table S2. The AlphaFold prediction of full-length
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honey bee Vg was generated from UniProt ID Q868N5, and we used this sequence as a reference for

nsSNP analysis.

Structural analysis
The structural analysis was performed in PyMol v.2.4.1 [84] using AlphaFold Vg structure [28]. We

considered nsSNPs identified in more than 5 Vg variants as common and identified only one as rare.
Other nsSNPs identified in 5 to 2 Vg variants were also considered and classified as “other.” The
relative solvent accessible surface area (rASA) was calculated in PyMol, and residues scoring <20 %
were deemed buried [85]; otherwise, they were classified as exposed, although thresholds from 5—
25% have been used in literature. The rASA calculation indicates how exposed the residue is at the
specific position in the protein structure [86]. The similarity between amino acids was classified for
each substitution using a substitution matrix [87]. A negative score indicates that the physiochemical
properties are not preserved. Negative scores in the BLOSUM62 matrix were considered drastic;
otherwise, they were considered modest. We illustrate these three characteristics for each nsSNP in
Figures 3D, 5A, and 8C. The Eisenberg hydrophobicity scale [88] was used to analyze hydrophobicity.
The APBS electrostatic plugin in PyMol was used to identify charged regions, and the illustrations were

made in PyMol.
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Main Figure Captions

Figure 1. lllustration of the honey bee Vg structure. Vg consists of the N-terminal domain (ND)
comprised of two subdomains, B-barrel (yellow) and a-helical (a-h, green), and a lipid binding site
(blue), the vVWF domain (VWF, cyan), and a C-terminal (C-term, magenta). The orange zig-zag line
shows the proteolytic cleavage site on the polyserine linker in ND. The green plus-signs next to the
a-helical subdomain illustrate the net positive surface charge. Three B-sheets (B1, 2, and B3) build

up the lipid binding site. DUF1943 is defined by B-sheets 1 and 2, while the third sheet is considered
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part of the lipid binding site; we refer to this structural region as the lipid binding site throughout the
article. The C-terminal has been demonstrated to be flexible, as illustrated here. We show the
interacting or binding units recognized by honey bee Vg to the right, colored according to the

interacting domain or subdomain. We use this coloring scheme throughout the article.

Figure 2. A, B) The common and rare nsSNPs (determined by the number of occurrence in the Vg
variants, more than 5 Vg variants are common, while only observed once is rare) are divided by
whether they introduce a drastic or modest change in residue type. The drastic substitutions are
defined determined by a change of physicochemical properties. For a complete overview of the
nsSNPs properties, see Table S1. C) The surface view of five Vg variants (same coloring scheme as in
Figure 1) with only common nsSNPs (red spheres). An orange asterisk (*) marks the drastic nsSNPs.

D) Vg variants with several rare nsSNPs (labeled in pink) and drastic, labeled as in panel C.

Figure 3. A) The frequency of nsSNPs (used same colors as in Figure 1 for the domains and
subdomains) per amino acid (y-axis) presented for the Vg domains and subdomains (x-axis). B) The
Vg variants have nsSNPs in different combinations. We divided the Vg variants into domains and
subdomains and found the number of unique combinations for the domains and subdomains. These
are plotted here (same colors as in panel A). C) The number of unique domains and subdomains
used to find the ratio to the size of the domain and subdomain sites (aa). The ratio is plotted here
(same colors as in panel A). D) The nsSNPs are colored by how often they were identified on the Vg
variants. We considered nsSNPs common when identified on more than 5 Vg variants (green), while
the nsSNPs only identified once are considered rare (pink). The nsSNPs identified in 5 to 2 Vg
variants were also considered and classified as “other” (light pink). The nsSNPs were divided into the
same subdomains or domains used in panels A, B, and C and plotted according to the nsSNPs’
properties (see Table S1 for a complete overview). We calculated the relative solvent accessible
surface area (rASA) for each substituted residue, determining how exposed the site is in the protein
structure. We considered nsSNPs with a value of 20 % or less as buried; otherwise, they were
classified as exposed. The effect of each substitution was determined using a substitution matrix
(BLOSUMG62) since it shows whether the physicochemical properties are preserved. The nsSNPs with
a negative score were considered drastic; otherwise, they were considered modest. We plotted the

nsSNPs according to the following classifications: buried or exposed and drastic or modest.

Figure 4. The identified nsSNPs in the B-barrel subdomain (yellow cartoon) are plotted together on
the structure, even though the nsSNPs are not identified on the same Vg variant. The spheres
represent nsSNPs (red), proposed Zn2+-binding residues (purple) and homodimerization active

residues (orange). The DNA binding B-sheet is colored in pink. B) The hydrophobic core adjacent to
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p.llel32met is circled, and we show the polar surface for the subdomain. C) B-barrel variant nr. 5

and 26 are shown with the identified nsSNPs (*drastic nsSNPs).

Figure 5. A) The identified nsSNPs in the a-helical subdomain (green cartoon) are plotted together
on the structure, even though the nsSNPs are not identified on the same Vg variant. The spheres
represent nsSNPs (red) and homodimerization active residues (orange). The identified hotspots H1
(blue), H2 (dark pink), and H3 (yellow) are circled. The nsSNPs are also plotted according to
properties per hotspot in the same way as in Figure 3D. B) We show the a-helical variant nr. 24, 41,
and 45 with the identified nsSNPs labeled according to the colors of the hotpots used in panel A
(*drastic nsSNPs).

Figure 6 . A) The identified nsSNPs in the lipid binding site (blue cartoon) and vVWF domain (cyan) are
plotted together on the structure, even though the nsSNPs are not identified on the same Vg variant.
Spheres represent nsSNPs (red), and the two rare nsSNPs are labeled (pink=rare; *drastic nsSNPs).
The three B-sheets shown in Figure 1 are labeled. B) Lipid binding site variants nr. 1 and 49 are
shown with the identified nsSNPs (pink=rare; *drastic nsSNPs). C) The lipid cavity is very
hydrophobic. D) The two charged centers are shown (black arrows). E) We show vWF variant nr. 40

with the three common nsSNPs. The Ca2+-ion is a blue sphere.

Figure 7. A) The identified nsSNPs in C-terminal (magenta cartoon) are plotted together on the
structure, even though they are not identified on the same Vg variant. The spheres represent nsSNPs
(red) and proposed Zn2+-binding residues (purple). NsSNPs are labeled (pink=rare; *drastic nsSNPs).
B) C-terminal variant nr. 11 is shown with the two serine-introducing nsSNPs. C) The net positive

exposed surface is not affected by the nsSNPs.

Figure 8. A) The identified nsSNPs in domain or subdomain interface of B-barrel subdomain (yellow),
a-helical subdomain (green), and DUF1943 (blue) are plotted together on the structure, even though
they are not identified on the same Vg variant. Spheres represent nsSNPs (red) and are labeled
(pink=rare; *drastic nsSNPs). B) The hydrophobic core and the electrostatic charges is shown in the
dashed boxes, is the same region shown in panel A. C) The same categorization of the nsSNPs
identified at three domain or subdomain interfaces, as in Figure 3D. D) The identified nsSNPs in
domain interface of H2 in the a-helical subdomain (green) and DUF1943 domain (blue) are plotted
together on the structure, even though they are not identified on the same Vg variant. Spheres
represent nsSNPs (red) and are labeled (pink=rare; *drastic nsSNPs). We show the positively charged
and hydrophobic patches to the right for the same region. E) The identified nsSNPs in the domain

interface of DUF1943 (blue) and vVWF domain (cyan) are plotted together on the structure, even
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though they are not identified on the same Vg variant. Spheres represent nsSNPs (red) and are

labeled (pink=rare; *drastic nsSNPs). We show the neutral surface to the right for the same region.

Figure 9. The full-length Vg structure. The colors of domains and subdomains are the same as in
Figure 1. Side A: The nsSNPs are colored red on the surface, and the gray lines indicate which domain
or subdomain interface the nsSNPs belong to the ND cavity, the a-helical H2 subdomain to the
DUF1943, or the DU1943 to the vVWF domain. The two smaller cavities (shaded area) leading into the
lipid binding site have black arrows pointing to them. Three exposed nsSNPs, not part of a domain or
subdomain interface, are marked, one from H3 in the a-helical subdomain and two at the vWF
domain. Side B: Rotating 180° about the y-axis reveals a large opening to the lipid binding site

(shaded area and black arrow). The surface-exposed nsSNPs are colored red.

Supporting Information

Figure S1. A) Illustration of the workflow. The thorax of the sampled bees was used to extract gDNA.
The vg gene (6109 bp) was amplified using barcoded primers (see Table S3 for the primer and
barcode sequences). We used long-range PCR to amplify the full gene. A native barcode and adapter
were ligated to each amplicon sequence before being loaded onto PromethION for Nanopore
sequencing. B) Overview of the bioinformatic pipeline. The tools used at each step are written in
blue letters above the arrow. First, the raw sequences (first box, NativeBC) were sorted using the
native and inner barcodes (see Table S3), resulting in a long list of raw sequences for each sample
(second box, sample). For each sample set, three tools were used to generate 1) a consensus
sequence for each sample, 2) variant calling files, and 3) haplotype sequences. The blue asterisk (*)

at these three steps illustrates that the reference sequence (NC_037641.1 [80]) was applied. (TIFF)

Figure S2. The identified Vg variants (yellow circles, numerated from Table S2) are plotted according
to their geographical location. The sampled populations are shown as black dots (more information

about the sampled locations is provided in the first section in “Materials and Methods”). (TIFF)

Figure S3. Simulation of the proposed homodimerization event. The full-length Vg is colored the
same way as in Figure 9 and represents monomer 1. The second monomer is colored orange. In the
event of dimerization, side A will still be exposed, while the ND could be shielded by monomer 2 on

side B. (TIFF)

Figure S4. The a-helical subdomain is green with the nsSNPs (red spheres) and the 34 positively

charged residues as blue sticks. No changes are introduced at the positively charged residues. (TIFF)

Figure S5. The plate setup (see Table S3) was repeated six times. Positive and negative control was

included on each plate (6 plates in total). The controls were run on a 1 % TAE agarose gel shown
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here. We had successful amplification of correct size (6296 bp) in the positive controls (gel 1 and 2
(+): lane 2, 4, and 6 ) and no significant background contamination in the negative controls (gel 1 and
2 (-): lane 3, 5, and 7). GeneRuler 1kb ladder (ThermoFisher Scientific, Waltham, MA) is in lanes 1
and 8 (1kb) in gel 1 and lane 1 (1kb) in gel 2. (TIFF)

Table S1. This table provides the identified 81 nsSNPs (listed using the recommended format from
the Human Genome Variation Society [83]) and details about their properties. The number of
occurrences in the Vg variants are listed in column C. The scores from the substitution matrix
(BLOSUM®62) are listed for each nsSNP (Column D). Negative scores indicate that the
physicochemical properties are not preserved. The calculated relative solvent accessible surface area
(rASA) for each substituted residue position (column E) shows the percentage of the residue exposed

to the solvent. Below 20% was considered buried. (XLSX)

Table S2. This table provides the identified 121 Vg variants. The Vg variants are numerate, and the
table includes the identified nsSNPs per Vg variant. The nsSNPs are written using the same format as

in Table S1. (XLSX)

Table S3. This table provides the PCR primers used for amplification of the vg-gene. Oligo sequence,
melting temperature, and oligo size are provided for the forward and reverse primers. The forward
and reverse primers were barcoded, creating 8 forward primers (F1 to F8) and 12 reverse primers
(R1 to R12). Here we list the full oligo sequence, where the barcodes are written in red. The oligo
size includes the primers, barcodes, and the Vg gene. We also include the plate setup, which shows
the barcoded forward and reverse primer combinations used in each well. We repeated this setup
for all 6 plates (see “Materials and Methods” for more details on the PCR protocol and Figure S1 for

the complete workflow). (XLSX)
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Figure 2

A) Common nsSNPs C) Vg variants with only common nsSNPs
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Figure 4
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Figure 6

A) Lipid binding site nsSNPs B) Lipid binding site variants
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Figure 7
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Figure 8

A) B-barrel, a-helical (H1) and DUF1943 interfaces B) Hydrophoblc and charged cavity C) nsSNPs in domain or
subdomain interfaces
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Figure S1
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Figure S3
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Figure S4

@ nsSNPs
amm 34 positively
charged residues
(arginine and lysine)

The a-helical subdomain
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Figure S5
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Number nsSNPs

1 p.Ala60Thr
2 p.Prol106Ser
3 p.Prol26Leu
4 p.llel32Met
5 p.Gly1l46Ser
6 p.Thr305Met
7 p.Asn326Thr
8 p.His412Tyr
9 p.Vald19Met
10 p.Ser467Asn
11 p.Ser471Asn
12 p.lle489Val
13 p.Ala509Thr
14 p.Thr522lle
15 p.Met525lle
16 p.Asn560His
17 p.Thr594Met
18 p.Leu606Phe
19 p.Asp608Glu
20 p.Asp626Asn
21 p.Met639lle
22 p.lle640Val
23 p.Glu642Lys
24 p.Val661Met
25 p.Ser803Asn
26 p.Leu828lle
27 p.Val834Met
28 p.Pro866Ser
29 p.Glu906Lys
30 p.Thr939Met
31 p.Val942Ala
32 p.lle943Met
33 p.Pro958Ser
34 p.Arg969His
35 p.Thr984Met
36 p.Thr1013Met
37 p.Gly1016Asp
38 p.Gly1016Thr
39 p.Leul072Phe
40 p.Asp1103Tyr
41 p.Thr1110Ala
42 p.Thr1110Ser

Table S1. The identifed nsSNPs

Number of

occurences on values) or drastic

Vg variants

[y

W =, W W oo ww

119

P NN DANDMRRRERRON

N
PR P NP NRRPRRPRRRERRERLEREN

=
~

Modest (positive

(negative values)

-1

Exposed (>20 %),
otherwise buried
2
15
28
1
16
22
3
3
5
34
59
36
2
1
61
77
2
4
68
27
6
0
9
26
16
7
1
18
49
18
3

91
27

0
46
29
29
31
65
23
23



43 p.Met1159lle
44 p.Lys1171Asn
45 p.Argl174Lys
46 p.Vall193Leu
47 p.Vall199lle

48 p.Thr1207lle

49 p.Ser1220Asn
50 p.Ser1235Arg
51 p.Alal237Leu
52 p.Argl284Lys
53 p.Leul291lle

54 p.Argl1292Ser
55 p.Gly1302Glu
56 p.Vall311Met
57 p.Phel1357Val
58 p.Arg1385Lys
59 p.Ala1386Val

60 p.Vall397Met
61 p.lle1398Val

62 p.Alal451Val

63 p.Aspl491Asn
64 p.Alal503Thr
65 p.Gly1504Arg
66 p.Vall508Met
67 p.lle1536Val

68 p.Met1559lle
69 p.Gly1565Ser
70 p.Thr1567Met
71 p.Thr1567Lys
72 p.Ser1587Phe
73 p.Ser1605Leu
74 p.Prol1620Ser
75 p.His1648Tyr

76 p.Leul670Ser
77 p.Thrl676Ser
78 p.Gly1678Ser
79 p.Thr1692lle

80 p.Serl713Phe
81 p.Prol1755Ser
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w
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23
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35
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43
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19
42
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76
64
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72



Table S2. The 121 Vg variants

Vg variants nsSNP

p.Ala60Thr  p.lled89Val  p.Thr522lle  p.Thr984Met p.lys1171Asn p.Ser1220Asn p.Arg1284lys p.Val1397Met p.Ala1451Val p.lle1536Val
p.Ala60Thr  p.lle489Val p.Lys1171Asn p.Ser1220Asn p.Ser1235Arg p.Vall397Met p.lle1536Val

p.Pro106Ser p.lle489Val p.Arg1284lys p.lle1398Val  p.lle1536Val p.Thr1676Ser

p.Prol26leu p.lle489Val p.Ser1220Asn p.Alal451Val

p.lle132Met  p.Asn326Thr  p.lle489Val p.Thr522lle p.Asp608Glu  p.Met639lle  p.Lys1171Asn p.Ser1220Asn p.Argl284Lys p.lle1398Val p.Alal451Val p.lle1536Val
p.lle132Met  p.lle489Val p.Ser803Asn  p.Pro958Ser  p.Argll74lys p.Leul29llle p.Arg1292Ser p.Vall508Met p.lle1536Val p.Thri676Ser
p.lle132Met  p.lle489Val p.Ser803Asn  p.Argll74lLys p.Arg1284lys p.lle1398Val p.lle1536Val

p.lle132Met  p.lle489Val p.Ser803Asn  p.Leul29llle p.Argl292Ser p.lle1398Val p.lle1536Val

p.lle132Met  p.lle489Val p.Ser803Asn  p.Leul29llle p.Arg1292Ser p.lle1536Val

p.lle132Met  p.lle489Val p.Val834Met p.Arg1284lys p.lle1398Val p.lle1536Val  p.Thr1676Ser

©CoNOU A WN R

.
5]

11 p.llel32Met p.lle489Val p.Glyl016Asp p.Ser1220Asn p.Argl284lys p.lle1398Val  p.lle1536Val  p.Thrl676Ser p.Gly1678Ser
12 p.lle132Met p.lle489Val p.Met1159lle p.Leul29llle  p.Argl292Ser p.lle1398Val  p.lle1536Val

13 p.lle132Met  p.lle489Val  p.Argli74lys p.Arg1284lys p.lle1398Val p.lle1536Val

14 p.lle132Met p.lle489Val  p.Argli74lys p.Arg1284lys p.lle1536Val

15 plle132Met p.lled89Val  p.Argli7dlys p.leul29llle p.Argl292Ser p.lle1398Val  p.lle1536Val

16 p.llel32Met p.lle489Val p.Arg1284lys p.lle1398vVal  p.lle1536Val

17 p.llel32Met p.lle489Val p.Arg1284lys p.lle1398Val  p.lle1536Val p.Thr1567Lys p.Thrl676Ser p.Gly1678Ser
18 p.lle132Met  p.lle489Val p.Argl284Lys p.lle1536Val  p.Thrl676Ser

19 p.lle132Met  p.lle489Val p.lle1398val  p.Aspl491Asn p.lle1536Val

20 p.lle132Met  p.lle489Val p.lle1536Val

21 p.Glyl46Ser p.lle489Val p.Thri110Ser p.Ser1220Asn p.Alal451Val p.Alal503Thr

22 p.Glyl46Ser p.lle489Val p.Vall199lle  p.Argl1284lys p.lle1398Val p.lle1536Val

23 p.Glyl46Ser p.lle489Val p.Argl284lys p.Alal451Val p.Ala1503Thr

24 p.Thr305Met p.His412Tyr  p.Val4dl9Met p.Ser471Asn  p.lle489Val p.Thr522lle p.Asp608Glu  p.Met639lle  p.Lys1171Asn p.Ser1220Asn p.Alal451Val p.Ala1503Thr
25 p.Thr305Met p.His412Tyr  p.Val4dl9Met p.Ser471Asn  p.lle489Val p.Thr522lle p.Asp608Glu  p.Met639lle  p.Arg1284lys p.lle1398Val p.lle1536Val
26 p.Thr305Met p.lle489Val  p.Thr1110Ser p.Ser1220Asn p.leu129llle p.Argl292Ser p.Alal451Val p.Ala1503Thr
27 p.Asn326Thr p.lle489Val  p.lle640Val  p.Gly1504Arg p.Leu1670Ser

28 p.Asn326Thr p.lle489Val p.lle640Val p.Leu1670Ser

29 p.Asn326Thr p.lle489Val p.Thr1110Ser p.Ser1220Asn p.Leul29lile p.Arg1292Ser p.Alal503Thr

30 p.Asn326Thr p.lle489Val p.Ser1220Asn

31 p.Asn326Thr p.lle489Val p.Ser1220Asn p.Alal451Val

32 p.Asn326Thr p.lle489Val p.Ser1220Asn p.Alal451val p.Ala1503Thr

33 p.Asn326Thr p.lle489Val p.Ser1220Asn p.Alal451Vval p.Ser1605Leu

34 p.His412Tyr p.Valdl9Met p.Serd67Asn  p.lle489Val p.Asn560His  p.Thr1110Ala p.Ser1235Arg p.Vall311Met p.lle1536Val
35 p.Ser471Asn p.lle489Val p.Thr522lle p.Asp608Glu  p.Met639lle  p.Argl284Lys p.lle1398Val  p.lle1536Val
36 p.lle489val  p.Ala509Thr  p.Argl284lys p.Gly1302Glu p.lle1398Val p.lle1536Val

37 p.lle489val  p.Ala509Thr  p.Argl284lys p.lle1398Val  p.lle1536Val

38 p.lle489val  p.Ala509Thr  p.Argl284lys p.lle1398Val  p.lle1536Val p.Thrl676Ser

39 p.lle489Val  p.Ala509Thr  p.Argl284lys p.lle1536Val  p.Thr1676Ser p.Serl713Phe

40 p.lled89Val  p.Met525lle  p.Ser1220Asn p.Ala1l451Val p.Ala1503Thr p.lle1536Val

41 p.lle489Val  p.Thr594Met  p.Ser1220Asn

42 p.lle489val  p.leub06Phe p.Arg1284Lys p.lle1398Val p.lle1536Val p.Thri676Ser

43 p.lle489Val  p.Asp626Asn  p.Argl284lys p.lle1398Val  p.lle1536Val

44 p.lled89Val  p.Asp626Asn  p.Argl284lys p.lle1398Val  p.lle1536Val p.Thrl676Ser

45 p.lled89val  p.Glu642lys  p.Argl284lys p.lle1398Val p.lle1536Val p.Thrl676Ser

46 p.lled89Vval  p.Glu642lys  p.Argl284lys p.Alal451Val p.Alal503Thr

47 p.lled89val  p.Val661Met p.Ser1220Asn p.Alal451Val p.Alal503Thr

48 p.lle489val  p.Ser803Asn  p.Met1159lle p.Argl284lys p.lle1398Val p.Asp1l491Asn p.lle1536Val  p.Thrl676Ser
49 p.lle489val  p.Ser803Asn  p.Met1159lle p.Leul29llle p.Argl292Ser p.lle1398Val  p.lle1536Val

50 p.lle489val  p.Ser803Asn  p.Argl284lys p.lle1398Val  p.Ala1503Thr p.lle1536Val

51 p.lle489val  p.Ser803Asn  p.Argl284lys p.lle1398Val  p.lle1536Val p.Thrl676Ser

52 p.lle489Val  p.Ser803Asn  p.leul29llle p.Argl292Ser p.lle1536Val

53 p.lle489Val  p.Ser803Asn  p.lle1398Val  p.Aspl491Asn p.lle1536Val

54 p.lle489Val  p.Ser803Asn  p.lle1398Val p.lle1536Val  p.Thrl676Ser p.Gly1678Ser

55 p.lled89Val  p.Ser803Asn  p.Ser1220Asn p.Arg1284lys p.lle1398Val p.lle1536Val  p.Prol755Ser

56 p.lled89Vval  p.Leu828lle p.Arg1284Lys p.lle1398Val  p.lle1536Val p.Thri676Ser p.Gly1678Ser

57 p.lled89val  p.Pro866Ser  p.Thrl110Ser p.Ser1220Asn p.Alal451Val p.Ala1503Thr

58 p.lled89val  p.Glu906Lys  p.Serl220Asn p.Alal451Val p.Alal503Thr

59 p.lle489val  p.Thr939Met p.Argl284lys p.lle1398Val p.lle1536Val p.Thrl676Ser

60 p.lle489Vval  p.val942Ala p.Ser1220Asn

61 p.lle489val  p.lle943Met  p.Argl284lys p.lle1398Val  p.lle1536Val

62 p.lle489val  p.Arg969His  p.Argl284lys p.lle1398Val  p.lle1536Val p.Thrl676Ser

63 p.lle489val  p.Thrl013Met p.Argl1284lys p.lle1398Val  p.lle1536Val

64 p.lle489Val  p.Thrl013Met p.Argl284lys p.lle1398Val  p.lle1536Val p.Thrl676Ser

65 p.lle489val  p.Glyl1016Thr p.Argll74lys p.leul29llle p.Arg1292Ser p.lle1398Val  p.lle1536Val

66 p.lleagdVal  p.Gly1016Thr p.Argl284lys p.lle1398Val  p.lle1536Val

67 p.lle489Val  p.Leul072Phe p.Thr1110Ser p.Ser1220Asn p.Alal451Val p.Ala1503Thr

68 p.lle489vVal  p.Asp1103Tyr p.Thr1110Ser p.Serl1220Asn p.Alal451Val p.Alal503Thr

69 p.lled89val  p.Thr1110Ser p.Ser1220Asn

70 p.lled89Val  p.Thr1110Ser p.Serl220Asn p.Leul291llle p.Argl292Ser p.Alal451Val p.Alal503Thr

71 p.lled89Vval  p.Thr1110Ser p.Ser1220Asn p.lle1398Val  p.lle1536Val

72 p.lledg9Vval  p.Thr1110Ser p.Ser1220Asn p.Ala1451Val

73 p.lled89val  p.Thr1110Ser p.Ser1220Asn p.Alal451Val p.Alal503Thr

74 p.lle489Val  p.Thrl110Ser p.Ser1220Asn p.Ala1503Thr

75 p.lle489val  p.Thrl110Ser p.Serl220Asn p.lle1536Val  p.Thr1692ile

76 p.lle489val  p.Thrl110Ser p.Argl1284lys p.lle1398Val  p.Alal503Thr p.lle1536Val

77 plleagoval  p.Met1159lle p.leul29llle p.Argl292Ser p.lle1398Val p.lle1536Val

78 p.lle4g9val  p.Met1159lle p.lle1398Val p.lle1536Val

79 p.lle48dVal  p.Argli7alys p.Argl284lys p.lle1398Val  p.lle1536Val

80 p.lle489Val  p.Argli74lys p.Argl284lys p.lle1398Val p.lle1536Val p.Thri676Ser

81 p.lled89Val  p.Argll74lys p.Argl284Lys p.lle1536Val

82 p.lled89Vval  p.Argll74lys p.Argl284Lys p.llel536Val  p.Thr1676Ser

83 p.lled89Vval  p.Argll74Lys p.Leul29llle p.Argl292Ser p.lle1398Val p.lle1536Val

84 p.lled89val  p.Argll74lys p.Leul29llle p.Argl292Ser p.lle1398Val p.lle1536Val  p.Met1559Ile

85 p.lle489val  p.valll93Leu p.Argl1385Lys p.lle1398Val  p.Prol620Ser

86 p.lleda89val p.Thr1207lle  p.Argl284lys p.lle1398Val p.lle1536Val p.Thri676Ser

87 p.lle489val  p.Ser1220Asn p.Alal237Leu p.Alal451Val p.Ala1503Thr

88 p.lle489val  p.Ser1220Asn p.Argl284lys p.lle1398Val  p.lle1536Val

89 p.lle489val  p.Ser1220Asn p.Leul29llle p.Argl292Ser



90 p.lle489Val  p.Ser1220Asn p.Leul29lile p.Argl292Ser p.Alal451Val

91 p.lle489Val  p.Serl220Asn p.leul29llle p.Argl292Ser p.Alald51Val p.Ala1503Thr
92 p.lle489Val  p.Serl220Asn p.leul29llle p.Argl292Ser p.Alal451Val p.Ala1503Thr p.Thri567Met
93 p.lle489Val  p.Ser1220Asn p.Arg1292Ser

94 p.lle489Val  p.Ser1220Asn p.Arg1292Ser p.lle1536Val

95 p.lled89Val  p.Ser1220Asn p.lle1398Val p.lle1536Val  p.Gly1565Ser p.Thrl676Ser
96 p.lled89Val  p.Ser1220Asn p.Ala1451Val

97 p.lled89Vval  p.Ser1220Asn p.Alal451Val p.Ala1503Thr

98 p.lled89val  p.Ser1220Asn p.Alal451Val p.Ala1503Thr p.lle1536Val

99 p.lled89Vval  p.Ser1220Asn p.Alal451Val p.Ala1503Thr p.Thr1676Ser

100 p.lle489Val  p.Ser1220Asn p.Alal451Vval p.lle1536Val

101 p.lle489val  p.Argl284lys p.Gly1302Glu p.Phel357Val p.lle1398Val p.lle1536Val
102 p.lle489Val  p.Argl284lys p.Vall311Met p.lle1398Val  p.lle1536Val p.Thrl676Ser
103 p.lle489Val  p.Argl284lys p.Alal386Val p.lle1398Val  p.lle1536Val p.Ser1587Phe p.His1648Tyr p.Thrl676Ser
104 p.lled89Val  p.Arg1284lys p.lle1398Val

105 p.lle489Val  p.Arg1284lys p.lle1398Val  p.Ala1503Thr p.lle1536Val

106 p.lle489Val  p.Argl284lys p.lle1398Val p.Ala1l503Thr p.lle1536Val p.Thri676Ser
107 p.lled89Val  p.Argl284Lys p.lle1398Val p.lle1536Val

108 p.lle489Val  p.Argl284Lys p.lle1398Val p.lle1536Val  p.Thri676Ser

109 p.lled489Val  p.Argl1284lys p.lle1398Val p.lle1536Val  p.Thr1676Ser p.Gly1678Ser
110 p.lle489Val  p.Argl1284lys p.Alal451Val p.Alal503Thr

111 p.lle489Val  p.Argl284Lys p.lle1536Val

112 p.lle489Val  p.Argl1284lys p.lle1536Val p.Thr1676Ser

113 p.lle489val  p.Leul29llle  p.Argl292Ser p.lle1398Val  p.lle1536Val

114 p.lle489val  p.Leul29llle p.Argl292Ser p.lle1398Val  p.lle1536Val p.Thrl676Ser
115 p.lle489val  p.Leul29lile  p.Argl292Ser p.lle1536Val

116 p.lle489Val  p.Leul29llle p.Argl292Ser p.lle1536Val  p.Thrl676Ser

117 p.lled89Val  p.Arg1292Ser p.lle1398Val  p.lle1536Val

118 p.lle489Val  p.lle1398Val  p.lle1536Val

119 p.lle489Val  p.Alal451Val p.Ala1503Thr

120 p.lle1398Val p.lle1536Val

21 p.lle1398Val p.lle1536Val  p.Leul670Ser

N



Table S3. PCR primers, barcodes and PCR plate setup

Primers for vg gene
Forward

Reverse

Primer and Barcodes

F1
F2
F3
F4
F5
F6
F7
F8
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12

Plate setup

I O mMmMmooO®>

F1R1
F2R1
F3R1
FAR1
F5R1
F6R1
F7R1
F8R1

F1R2
F2R2
F3R2
F4R2
F5R2
F6R2
F7R2
F8R2

Oligo sequence (5' to 3')
AGCCGAATCAAATGCATCGT
ACGAAAGAAAGGATTATTGAAAACA

Oligo sequence (5' to 3')
AAGAAAGTTGTCGGTGTCTTTGTGAGCCGAATCAAATGCATCGT
TCGATTCCGTTTGTAGTCGTCTGTAGCCGAATCAAATGCATCGT
GAGTCTTGTGTCCCAGTTACCAGGAGCCGAATCAAATGCATCGT
TTCGGATTCTATCGTGTTTCCCTAAGCCGAATCAAATGCATCGT
CTTGTCCAGGGTTTGTGTAACCTTAGCCGAATCAAATGCATCGT
TTCTCGCAAAGGCAGAAAGTAGTCAGCCGAATCAAATGCATCGT
GTGTTACCGTGGGAATGAATCCTTAGCCGAATCAAATGCATCGT
TTCAGGGAACAAACCAAGTTACGTAGCCGAATCAAATGCATCGT
AGAACGACTTCCATACTCGTGTGAACGAAAGAAAGGATTATTGAAAACA
AACGAGTCTCTTGGGACCCATAGAACGAAAGAAAGGATTATTGAAAACA
AGGTCTACCTCGCTAACACCACTGACGAAAGAAAGGATTATTGAAAACA
CGTCAACTGACAGTGGTTCGTACTACGAAAGAAAGGATTATTGAAAACA
ACCCTCCAGGAAAGTACCTCTGATACGAAAGAAAGGATTATTGAAAACA
CCAAACCCAACAACCTAGATAGGCACGAAAGAAAGGATTATTGAAAACA
GTTCCTCGTGCAGTGTCAAGAGATACGAAAGAAAGGATTATTGAAAACA
TTGCGTCCTGTTACGAGAACTCATACGAAAGAAAGGATTATTGAAAACA
GAGCCTCTCATTGTCCGTTCTCTAACGAAAGAAAGGATTATTGAAAACA
ACCACTGCCATGTATCAAAGTACGACGAAAGAAAGGATTATTGAAAACA
CTTACTACCCAGTGAACCTCCTCGACGAAAGAAAGGATTATTGAAAACA
GCATAGTTCTGCATGATGGGTTAGACGAAAGAAAGGATTATTGAAAACA

3 4 5 6 7 8 9 10 11
FIR3 F1R4 F1R5 F1R6 FI1R7 FIR8 F1R9 F1R10 F1R11
F2R3 F2R4 F2R5 F2R6 F2R7 F2R8 F2R9 F2R10 F2R11
F3R3 F3R4 F3R5 F3R6 F3R7 F3R8 F3R9 F3R10 F3R11
FAR3 F4R4 F4R5 F4R6 F4R7 FAR8 F4R9 F4R10 F4R11
F5R3  F5R4 F5R5 F5R6 F5R7 F5R8 F5R9  F5R10 F5R11
F6R3 F6R4 F6R5 F6R6 F6R7 F6R8 F6R9 F6R10 F6R11
F7R3 F7R4 F7R5 F7R6 F7R7 F7R8 F7R9 F7R10 F7R11
F8R3 F8R4 F8R5 F8R6 F8R7 F8R8 F8R9 F8R10 F8R11

12
F1R12
F2R12
F3R12
FAR12
F5R12
F6R12
F7R12
F8R12

Tm Oligo size
58.6 20
56 25

Oligo size Full-length fragment size
44 6296 bp
44 6296 bp
44 6296 bp
44 6296 bp
44 6296 bp
44 6296 bp
44 6296 bp
44 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
49 6296 bp
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Abstract

Vitellogenin (Vg) is a phylogenetically broad glycolipophosphoprotein. A major function of this
protein is holding lipid cargo for storage and transportation. Vg has been extensively studied in
honey bees (4pis mellifera) due to additional functions in social traits. Using AlphaFold and EM
contour mapping, we recently described the protein structure of honey bee Vg. The full-length
protein structure reveals a large hydrophobic lipid binding site and a well-defined fold at the C-
terminal region. Now, we outline a shielding mechanism that allows the C-terminal region of Vg to
cover a large hydrophobic area exposed in the all-atom model. We propose that this C-terminal
movement influences lipid molecules' uptake, transport, and delivery. The mechanism requires
elasticity in the Vg lipid core as described for homologous proteins in the large lipid transfer protein
(LLTP) superfamily to which Vg belongs. Honey bee Vg has, additionally, several structural
arrangements that we interpret as beneficial for the functional flexibility of the C-terminal region.
The mechanism proposed here may be relevant for the Vg molecules of many species.

1 Introduction

Vitellogenin (Vg) is the most ancient yolk precursor protein in animals [1]. It is well-known for
transporting lipids and other nutrients to developing embryos but is recognized for additional roles in
innate immunity and complex behavior [2-4]. As is true of all large lipid transfer protein (LLTP)
superfamily members, Vg contains a hydrophobic lipid binding domain that defines a cavity
structure. Superfamily members have similar structural landscapes in their binding cavities despite
variations in amino acid sequence [5, 6]. Specifically, LLTPs across taxa have amphipathic a-helical
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repeats surrounding several amphipathic B-sheets [7, 8]. The B-sheets provide a hydrophobic lining to
the interior cavity. The connective loops and the flexibility of the a-helices and B-sheets provide
elasticity to expand or compress the cavity during uptake or delivery of the lipid cargo. Beyond the o-
helical and (-sheet structures and features, the characteristics and functions of LLTPs differ [1]. In
terms of the Vg proteins, they all contain a well-conserved N-terminal domain, composed of a -
barrel and a-helical subdomain [9, 10]. The remaining domains are otherwise variable but usually
include one or several domains of unknown function (DUF) and may include a von Willebrand factor
(vWF) domain.

For most animals, the detailed structural composition of Vg remains undescribed. The majority of
insight into its structure is derived through template-based modeling from the only experimentally-
solved Vg structure, lamprey (Ichthyomyzon unicuspis) [11]. The determination of this crystal
structure was a central contribution to understanding Vg proteins, but its partial sequence coverage
and distant homology toward many other Vg molecules limit its usefulness for in silico structural
predictions. Also, few template options for isolated Vg domains or subdomains exist. The massive
size and the complex domain organization of Vg proteins, which includes their sizeable hydrophobic
(lipid binding) cavity and extensive post-translational modifications [12], have probably contributed
to the relative lack of detailed structural insights.

In parallel with these challenges, intriguing data have emerged on the non-reproductive roles of Vg
[13, 14]. To date, these have been most studied in honey bees (Apis mellifera) [15], in which the
protein influences social behavior, oxidative stress resilience, and cell-based and trans-generational
immunity, in addition to its traditional role in yolk formation [4, 16-18]. Recent progress made
possible by DeepMind’s AlphaFold, a neural network for structure prediction [19], allowed us to
generate a full-length structure prediction of honey bee Vg with high confidence [20]. This structure
prediction reveals the N-terminal domain folding around the lipid binding cavity, as expected for a
Vg protein. Surprisingly, four structural units build up the cavity (Figure 1, reproduced here from
Leipart et al. 2021a, see ref list [21]). Two B-sheets (B1 and B2, also referred to as C- and A-sheet,
respectively) comprise the so-called DUF1943 domain. A third B-sheet (B3) and the vVWF domain
follow the DUF1943, completing the circular or funnel-like shape of the lipid cavity. The domains
and subdomains are interconnected. For example, the longer 32 sheet extends toward the N-terminal
domain, and the a-helical subdomain covers and scaffolds the DUF1943 structural elements, which
reduce the lipid cavity’s exposure to the solvent. The C-terminal constitutes a small structural fold
connected to the vVWF domain through a presumably flexible linker. The folded C-terminal region
does not appear to be in direct contact with the lipid binding site but instead appears at the flank of
the large Vg structure (see [20] for more details).

Our previous study fitted the AlphaFold prediction into a low-resolution EM map [20]. However, the
C-terminal position was not compatible with EM density barriers. Therefore, we proposed an
alternative position of the C-terminal above the lipid binding site, as the fitting revealed available
space at the opening of the lipid cavity (marked in Figure 2, see panel C). But what is the C-terminal
region of Vg possibly doing there? In the current article, we assess this structural organization's
feasibility and possible functional relevance.

2 C-terminal flexibility
To our knowledge, the tertiary structure of the C-terminal region of Vg proteins has not been solved.

The structural fold of the C-terminal region is composed of four short -strands, an a-helix, and two
longer B-strands. Three disulfide bridges connect the short and longer B-strands (Figure 2A). The
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AlphaFold database (https://alphafold.ebi.ac.uk/), a collaboration between DeepMind and EMBL's
European Bioinformatics Institute, contains 21 predicted proteomes [22], including that of
Caenorhabditis elegans, which has six Vg-encoding sequences (vit gene 1 to 6) [23]. Superimposing
the C-terminal region (amino acid 1530 to 1613) in C. elegans Vg-2 with our prediction of the C-
terminal in honey bee Vg (amino acid 1688 to 1770) shows an almost identical fold (RMSD = 1.035
[24], Figure 2B), although Vg-2 has only two disulfide bridges. These predictions have low
confidence for the loop connecting the C-terminal to the vVWF domain, indicating a disordered region
for both animals [19, 25]. This disorder suggests flexibility of the loop region linking the C-terminal
to the entrance of the lipid binding cavity. The position of the C-terminal region differs between the
bee and worm predictions in reference to the lipid binding site (Figure 2C). However, AlphaFold
states that predicting positions for extended linkers or isolated structural elements may be less
reliable due to the frequent lack of inter-residue contacts [19].

The vWF and C-terminal regions are often described as single C-terminal domains in Vg proteins.
Our prediction of honey bee Vg, in contrast, describes two separate and distinct structural folds. The
vWF domain is packed tightly in the lipid binding site, while the C-terminal is a separate solvent-
exposed region (Figure 2C and 2E). We proposed a possible zinc-coordination site that resides
between the two adjacent disulfide bridges in the C-terminal region (Leipart e al. (2021b) in
manuscript, see ref list [26]). Similar coordination sites of four cysteine residues are often found in
redox switches [27, 28] that can cause conformational changes: During oxidative stress, zinc is
released, resulting in oxidative folding and creation of disulfide bridges [29]. A similar mechanism
could be relevant for folding at the C-terminal region of honey bee Vg.

Taken together, structural analysis suggests that the C-terminal of honey bee Vg can be flexible and
take part in conformational changes such as domain repositioning.

3 Exposed lipid binding site

The proposed C-terminal repositioning is in line with complementary electrostatic forces on the C-
terminal region and lipid binding cavity. Insect Vg proteins have conserved positively charged
residues at the C-terminal [12]. These reside at the a-helix, creating a net positive surface charge
(Figure 2D). The lipid binding site has a negatively charged center on 33 and the vVWF domain
(Figure 2E). Additionally, the wide opening of the lipid binding site, exposing the hydrophobic
cavity to the solvent, is costly in terms of entropy. Shielding the opening would aid the stability and
solubility of Vg, particularly during transport or storage of large lipid cargo. We propose that the C-
terminal region provides this shielding. As illustrated in Figure 3, the "closed" position resembles the
contour of the EM map [20], while the AlphaFold prediction would represent the "open" (flanking)
position. Similar conformational shifts, including an "open" and "closed" state, have previously been
reported for LLTPs [1, 8]. The precise position of the C-terminal region in our "open" state, however,
is uncertain due to reduced inter-residue contacts, as noted above (Figure 2C). A more likely scenario
is perhaps a position closer to the Vg structure.

4 Expansion and compression

LLTPs can bind up to hundreds of lipid molecules [30, 31]. Their packing requires interior stability
to withstand differences in pressure on the lipid cavity lining and support the elasticity of the lipid
core to handle the changing lipid loads. For honey bee Vg, the B-sheet network and the identification
of five disulfide bridges distributed between 3 and the vWF domain may contribute to a stable
interior (Figure 4A). The lipid binding site of microsomal triglyceride transfer protein (MTP),
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another LLTP member, has a narrower lipid binding cavity compared to lamprey Vg [32]. MTP has a
flexible junction to accommodate lipid binding, despite lower lipid binding capacity. We believe that
honey bee Vg might require greater flexibility than MTP due to the larger cavity volume.

Interestingly, MTP and lamprey Vg have conserved disulfide bridges in their respective a-helical
subdomains, which are reported to create stability for the subdomain and the encompassing 1 and 2
[11, 32]. The disulfide bridges are not conserved in honey bee Vg, suggesting lower fold stability and
a greater potential for flexibility. In addition, honey bee Vg has an insect-specific loop region
between a-helices 9 and 10 [16], which is consistent with an elastic subdomain arrangement. The
insect-specific loop aligns with the opening between 1 and 2 (Figure 4B). The 3-sheets interact
with the a-helical subdomain through hydrophobic and electrostatic interactions; this is important for
maintaining a stable fold. Moreover, B1 and 2 are connected through a long a-helix, creating a
triangle-like shape of the lipid binding cavity (Figure 4B). The connecting a-helix is reported as
stabilizing for the tertiary structure for other LLTPs [11, 32]. In honey bee Vg, the a-helix is longer
(19 amino acids) than in MTP (11 amino acids), lamprey Vg (13 amino acids), and C. elegans Vg-2
(11 amino acids followed by a loop region and an additional a-helix of nine amino acids, folded in
parallel with B2). The long and continuous o-helix in honey bee Vg creates a larger lipid binding
triangle.

To summarize: the a-helical subdomain surrounding the lipid binding cavity in honey bee Vg
contains regions that can provide elasticity during expansion and compression (Figure 4C). The
subdomain and the connecting a-helix also support an ability to carry very large lipid loads. We note,
however, that the expansion of the hydrophobic core of a lipid binding cavity can result in a less
soluble surface [32, 33]. In this context, we propose that the C-terminal region provides a cover that
increases the solubility of Vg, possibly shifting deeper into the cavity in response to increasing loads.
Similar shielding has been reported for MTP, which interacts with its $-subunit, protein disulfide
isomerase (PDI): PDI binds to the a-helical subdomain and shields the lipid binding site opening
[32]. Interestingly, MTP lacks a C-terminal region homologous to that of honey bee Vg. In contrast,
honey bee Vg is a single subunit protein that does not pair with a PDI homolog.

5 Post-translational modifications (PTMs)

Extensive protein modifications, such as ubiquitinoylation and sumoylation, are not observed for
honey bee Vg [34, 35], but the protein is known to be phosphorylated and glycosylated [34] (extent
and exact positions of these PTMs are unknown). There are well-documented examples of
phosphorylation and glycosylation providing increased solubility [36-39], resistance to disordered
elements against proteases [34, 35, 40], modulation of the conformational propensities of flexible
elements [41-43], and steric hindrances or complementarity for ligand binding or domain
reorganization [44, 45]. Methylation or acetylation of Vg could also conceivably be involved. These
modifications are found on lysine and arginine and are associated with epigenetic control but tend to
decrease solubility [46]. We acknowledge that PTMs at the folded part of the C-terminal, at its
flexible linker, or in the putative binding site could affect conformational propensities of the whole
region, regulate or support the correct and timely insertion of the folded element, and protect
hydrophobic surfaces from the solvent [36]. However, further discussion of these possibilities
requires more actual and accurate data on Vg PTMs.
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6 Concluding remarks

At this point, we arrive at an explanation for how the lipid binding site of honey bee Vg may be
optimized for large lipid cargo. This optimization includes a large lipid binding triangle, an ability to
flex and compress to load and unload the lipid cargo, and utilization of the C-terminal to shield the
exposed hydrophobic surface. Our model includes predictions about an “open” vs. “closed” protein
configuration. This model sets the stage for performing molecular simulation, protein docking, and
experimental dynamical studies to test our speculations. We further note that thorough mapping of
potential PTM sites using both in silico and experimental approaches is required for a complete
understanding of the molecular mechanisms. Taken together, these considerations provide a roadmap
for future studies of how honey bee Vg holds its lipid cargo. We also hope they are inspirational and
relevant for research on the Vg molecules of other species.
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Contribution to the field statement (max 200 words)

Honey bee Vitellogenin transports and stores lipids, which is an important function for developing
and surviving long winter seasons. This protein has also been linked to providing immune responses
during oxidative stress and for long-lived workers. We have limited detailed knowledge of how
Vitellogenin behaves at the molecular level to support these functional roles but made progress when
describing the tertiary protein structure using AlphaFold and fitted the predicted model into an EM
density map. The protein structure reveals a structural fold at the C-terminal, which, we propose,
could potentially function during lipid uptake, storage, and delivery. This mechanism could also be
related to insect immunity. Our theory is relevant for a range of egg-laying species and is consistent
with known functions of similar lipid transfer proteins.

11  Figures

Figure 1 (Reproduced here from Leipart ef al. 2021a [21]). Illustration of the honey bee Vg structure.
Vg consists of the N-terminal domain (ND) comprised of two subdomains: B-barrel (yellow) and a-
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helical (a-h, green), and a lipid binding site (blue), the vVWF domain (vWF, cyan) and a C-terminal
(C-term, magenta). The orange zigzag line shows the proteolytic cleavage site on the polyserine
linker in ND. The green plus signs next to the a-helical subdomain illustrate the net positive surface
charge. Three B-sheets ($1, 2, and 33) build up the lipid binding site. DUF1943 is defined by (-
sheets 1 and 2, while the third sheet is considered part of the lipid binding site. We refer to this
structural region as the lipid binding site throughout the article. The C-terminal has been
demonstrated to be flexible, as illustrated here. We show the interacting or binding units recognized
by honey bee Vg to the right, colored according to the interacting domain or subdomain. We use this
coloring scheme throughout the article.

Figure 2. A) The C-terminal region of honey bee Vg is composed of an a-helix (cyan) and four short
and two longer B-strands (magenta), connected by three disulfide bridges (yellow sticks, black
arrows). B) The C-terminal region from C. elegans Vg-2 (orange) superimposed honey bee Vg (the
same colors as in panel A) and has two disulfide bridges (red sticks), while the third, as seen in honey
bee Vg, is missing (black arrow). C) Protein surface representation of full-length honey bee Vg with
the N-terminal domain colored gray, the lipid binding site including the vVWF domain colored blue,
and the C-terminal colored magenta. We show the EM map density barriers as a grid representation
around the surface. The black arrow points to the available density above the lipid binding site.
Honey bee Vg is turned 90° about the y-axis compared to the presented C. elegans Vg-2, shown from
the same angle and colored the same, except the C-terminal is colored orange. D) The positively
charged residues (blue sticks) on the a-helix (cyan) contribute to a positively charged surface region.
E) The negatively charged surface of B3 and the vVWF domain are shown. In panels D and E, the
electrostatic charges are calculated using the APBS plugin in PyMol.

Figure 3. We suggest that the flexibility loop (red) connecting the C-terminal region (magenta) to the
vWF domain (cyan), in addition to the electrostatic forces (shown in Figure 2D), contributes to a
conformational change in Vg. In an “open” conformation, the C-terminal region is flanking on the
side of the lipid binding site (blue) and a-helical subdomain (green). However, when a shielding of
the lipid binding site is necessary, for example, during storage or transport of lipid molecules, the
loop region is flexible so that the C-terminal region can be positioned over the lipid binding site. The
position is likely to contribute to a more soluble protein.

Figure 4. A) The 3 (blue) contains two disulfide bridges (black arrows), while the vVWF domain
(cyan) contains three (black arrows). The disulfide bridges contribute stability to the binding site. B)
The a-helical subdomain (green) wraps around 1 and 2 (blue). The insect-specific loop (orange)
aligns with an opening between the -sheets. 1 and 2 are connected through a long a-helix (light
pink), creating a triangle-like shape of the cavity. C) When Vg unloads lipid molecules, the lipid
binding site is compressed. Vg requires elasticity to expand the lipid binding cavity during the
loading and storage of many lipid molecules. We speculate that the insect-specific loop (orange) and
the long a-helix (light pink) add flexibility, as illustrated here (double-pointed arrows).
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