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Summary

Structural biology allows us to shed light onto the smallest processes of life. The
genetic information that is stored in the DNA of every living cell holds the building plans
for proteins: These tiny molecules, which are often only at the size of a few
nanometers, are responsible most of the biochemical functions in life. By means of X-
ray crystallography and cryo-EM we are able to determine the structures of these
proteins at atomic resolution, which makes it possible to rationalize the biochemical
functions that are carried out by these proteins.

The first part of this thesis describes structural and mechanistic studies on
transcobalamin mediated vitamin B12 uptake in human cells. In humans, vitamin B12
is essential for DNA synthesis and for certain metabolic processes. Humans are
dependent on oral uptake of vitamin B12 from animal sources or from supplements.
After ingestion, the vitamin is transported into the bloodstream, via a multistep pathway
involving different carrier- and transport proteins. Transcobalamin is a soluble two-
domain protein that is secreted into the bloodstream and specifically recognizes and
binds vitamin B12 by clamping it between its two binding domains. The transcobalamin
B12 complex is captured by the cell surface receptor CD320 and the complex is taken
up into the cell by receptor mediated endocytosis.

As transcobalamin binds to vitamin B12 at a virtually irreversibly high affinity, studying
its binding to different ligands without denaturing of the protein poses a great difficulty.
We have heterologously expressed the beta-domain of transcobalamin and co-
crystallized it in the apo form, as well as in complex with vitamin B12, the B12 related
molecule cobinamide and synthetic antivitamin B12, a compound that cannot be
further processed by the cellular enzymes and is designated for clinical studies in
which it is used to artificially induce vitamin B12 deficiency in humans or animals.
Using X-ray crystallography, we have obtained structures at high-resolution which
helped to rationalize the binding modes of the respective substrates. In addition, we
could prove biochemically, that the two domains of transcobalamin only assemble
upon binding of vitamin B12.

The second part of the thesis describes the structural and mechanistic studies on the
ER-luminal glucosyltransferase ALG6: N-glycosylation is one of the most common
post translational modifications and is found in all domains of life. In eukaryotes a lipid-

linked oligosaccharide is generated by the stepwise enzymatic addition of hexoses
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onto a membrane embedded dolichylphosphate precursor molecule. In the lumen of
the endoplasmic reticulum, the oligosaccharide is then transferred onto an acceptor
peptide of a secreted- or membrane protein by oligosaccharyltransferase. The glycan
helps in protein folding, quality control and after diversification in the Golgi as an
identification tag of the respective cell or protein. The lipid-linked oligosaccharide
biosynthesis starts in the cytoplasm and after the addition of one phosphate, two N-
acetylglucosamine molecules and five mannoses, the lipid linked oligosaccharide is
flipped into the ER-lumen. There the six membrane integral glycosyltransferases
ALG3, ALGY, ALG12, ALG6, ALG8 and ALG10 add four additional mannoses and
three glucoses in a step wise fashion, leading to a final Dol-PP-GIcNAc2MangGlc3
molecule. | have been studying the structure and mechanism of ALG6, which adds the
first glucose to the LLO.

Building on the previously established chemoenzymatic synthesis of Dol-PP-
GIcNAcz2Mans, we used purified enzymes ALG3, ALGY9 and ALG12 and synthetic
substrate molecules to reconstitute a part the pathway of ER-luminal enzymatic LLO
synthesis. We obtained pure Dol-PP-GlcNAc2Mang, which is the acceptor substrate of
ALG6. In addition, we were able to generate every substrate intermediate of the
enzymatic pathway. With the help of the Dol-PP-GIcNAc.Mang and synthetic Dol-P-
Glc donor substrate we could demonstrate the function of ALGG6.

We reconstituted ALG6 into lipid nanodisc and with the help of a Fab binder from a
synthetic library we were able to obtain a structure of ALG6 at 3.0 A resolution by cryo-
EM. An additional structure at 3.9 A was determined with the protein reconstituted in
detergent and with the synthetic donor-substrate analog Dol2s-P-Glc bound to it. The
structure of the substrate-bound enzyme in combination with site directed
mutagenesis helped to identify the catalytic residue Asp69, which is likely to act as a
general base in ALG6 and which hints to a possible catalytic mechanism. ALGG is a
member of the GT-C superfamily. The GT-C superfamily categorizes membrane
integral glycosyltransferases which require isoprenoid-inked sugar donor substrates.
Structurally, the GT-C superfamily is only poorly defined. By comparing our structure
of ALG6 to other published structures of GT-C enzymes, we were able to identify
common motifs in GT-C enzymes and we observed an evolutionarily conserved

modular design of GT-C enzymes.
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Our described method for the chemo-enzymatic synthesis of eukaryotic LLOs and LLO
intermediates provides and unprecedent tool to study enzymes involved in LLO
synthesis as well as oligosaccharyltransferases.

Our structural findings not only explain the function of ALG6 and give therefore insight
into ER-based LLO biosynthesis, but also, they help to rationalize the architecture and
mechanism of GT-C enzymes in general.

With ALG6 being 64 kDa in size and the complexed Fab 48 kDa, the structure of
ALG6:6AG9-Fab complex at 3.0 A resolution, is at this time reportedly the highest
resolved structure of a membrane-bound protein complex resolved by cryo-EM. We
therefore also demonstrate the usefulness of Fab technology for the study of small
membrane proteins and describe a useful tool for further studies of e.g. small

membrane integral glycosyltransferases.
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Zusammenfassung

Strukturbiologie hilft uns die kleinsten Prozesse des Lebens zu erklaren. Die
genetische Information, die in der DNS, jeder lebenden Zelle aufbewahrt wird enthalt
die Bauplane fur Proteine. Diese Makromoleklle, sind fur die meisten biochemischen
Funktionen in der belebten Welt verantwortlich. Rontgenkristallographie und Kryo-
Elektronenmikroskopie ermoglichen es uns, die dreidimensionalen Strukturen dieser
Proteine mit atomarer Auflosung aufzuklaren. Dies ermoglicht es, die biochemischen
Funktionen dieser Proteine zu erklaren.

Der erste Teil dieser Dissertation beschreibt strukturelle und mechanistische Studien
zur Transcobalamin-abhangigen Aufnahme von Vitamin B12 in menschlichen Zellen.
Vitamin B12 ist essenziell fur die DNS Synthese und fir gewisse metabolische
Prozesse im Menschen. Menschen, sind auf die Aufnahme von Vitamin B12 aus
tierischen Quellen oder aus Nahrungserganzungsmitteln angewiesen. Nach der
Nahrungsaufnahme gelangt das Vitamin B12 Uber mehrere Schritte, durch
verschiedene Transportproteine in die Blutbahn. Transcobalamin ist ein Idsliches
Zweidomanenprotein, welches in die Blutbahn sekretiert wird. Es bindet spezifisch an
Vitamin B12 indem es das Vitamin, zwischen den beiden Proteindomanen einklemmt.
Der Komplex von Transcobalamin und Vitamin B12 wird dann von dem
Zelloberflachenrezeptorprotein  CD320 gebunden und mit Hilfe von Clathrin-
vermittelter Endozytose in die Zelle aufgenommen.

Da Transcobalamin mit einer nahezu unendlich hohen Affinitat an Vitamin B12 bindet,
stellt das Studieren der Bindungsinteraktionen von Transcobalamin mit anderen
Liganden, ohne dafur Transcobalamin denaturieren zu mussen, eine grosse Hurde
dar. Um diese Hirde zu Uberschreiten haben wir die beta-Doméne von
Transcobalamin heterolog exprimiert und in der Abwesenheit eines Liganden, sowie
als Komplex mit Vitamin B12, dem verwandten Molekil Cobinamid, sowie
synthetischem Antivitamin B12 kristallisiert. Antivitamin B12 ist eine synthetisch
veranderte Form von Vitamin B12, welche von der Zellmaschinerie nicht
weiterverarbeitet werden kann. Es dient dazu fur klinische Studien in Patienten oder
Tieren kurzzeitig einen kunstlichen Vitamin B12 Mangel zu erzeugen. Mit Hilfe von
hochauflosender Rontgenkristallographie konnten wir die Strukturen der jeweiligen
Komplexe ermitteln, welche uns Aufschluss Uber die jeweiligen Substratbindungsmodi

von Transcobalamin gaben. Zusatzlich gelang es uns biochemisch aufzuzeigen, dass
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sich die beiden Doméanen von Transcobalamin nur durch die Zugabe von Vitamin B12
zusammenfugen.

Der Zweite Teil dieser Dissertation beschreibt strukturelle und mechanistische Studien
an der ER-luminalen Glukosyltransferase ALG6: N-Glykosilierung ist eine der am
haufigsten vorkommenden posttranslationalen Proteinmodifikationen und kann in
allen Domanen des Lebens gefunden werden. In Eukaryonten wird ein Lipid-
gebundenes Oligosaccharid durch das enzymkatalysierte, schrittweise Hinzufugen
von Hexosen an einen Membrangebundenen Dolichylphosphat-Vorlaufer generiert.
Im Lumen des Endoplasmatischen Retikulum (ER) wird das Oligosaccharid dann
durch die Oligosaccharyltransferase an eine Asparagin-Seitenkette eines
sekretorischen Proteins oder eines Membranproteins gehangt. Das N-Glykan hilft dem
Protein bei der Proteinfaltung und ist an der Qualitatskontrolle der Faltung vor dem
Weitertransport zum Golgi-Aparatus beteiligt. Nach einer ausgiebigen Diversifizierung
durch eine Vielzahl von Glukosidasen und Glykosyltransferasen im Golgi erreicht das
Glykan seine endgultige Zelltyp- und Glykoprotein-spezifische kovalente Struktur. Die
Biosynthese des lipidgebundenen Oligosaccharids beginnt im Zytoplasma. Nach dem
Anfugen einer Phosphatgruppe, zwei N-Acetylglucosamin Molekulen und funf
Mannosen an Dolicholphosphat wird das lipidgebundene Oligosaccharid ins Lumen
des ER ubergefuhrt. Von dort aus flugen die sechs membranintegralen
Glykosyltransferasen ALG3, ALGY9, ALG12, ALG6, ALG8 und ALG10 schrittweise,
gesamthaft vier Mannosen und drei Glukosen an, was zum finalen Dol-PP-
GIcNAco2MangGlcs Molekul fuhrt. In dieser Doktorarbeit habe ich mich mit der Struktur
und dem enzymatischen Mechanismus von ALG6 befasst, welches die erste Glukose
an das Oligosaccharid anfugt.

Aufbauend auf der bereits etablierten, chemoenzymatischen Synthese von Dol-PP-
GIcNAcz2Mans haben wir mit Hilfe der aufgereinigten Enzyme ALG3, ALG9 und ALG12,
sowie mit synthetisch hergestellen Substratmolekuilen einen Teil des enzymatischen,
ER-luminalen LLO-Synthese-Stoffwechselwegs nachgebaut. Es gelang uns reines
Dol-PP-GIcNAcoMang aufzureinigen, welches das Substrat von ALG6 darstellt.
Zusatzlich konnten wir alle Zwischenprodukte des Stoffwechselwegs herstellen. Mit
Hilfe des Dol-PP-GIcNAc2Mang sowie synthetisch hergestelltem Dol-P-Glc gelang es
uns die Aktivitat von ALG6 zu demonstrieren.

Wir betteten ALG6 in eine Nanodisc ein und mit Hilfe von eines Antikdrper Fab-

Fragments, das aus einer Synthetischen Bibliothek stammte, gelang es uns mit Kryo-

XVII



EM eine Struktur von ALG6 mit einer Aufldsung von 3.0 A zu ermitteln. Eine
zusétzliche Struktur mit einer Auflésung von 3.9 A wurde ermittelt. Hierbei wurde in
Detergenz gelOstes, mit Fab komplexiertes ALG6 welches ebenfalls mit dem
synthetisch hergestellten Donor-Substrat Dol-P-Glc komplexiert war verwendet. Die
Struktur des Substrat-gebundenen Enzyms, sowie gezielte Mutagenese des ALG6
Gens ermdglichten es, die katalytische Seitenkette Asp69, welche vermutlich als
allgemeine Base fungiert, zu identifizieren. Dies gab uns ebenfalls Hinweise auf einen
moglichen Reaktionsmechanismus von ALG6. ALG6 gehort zur GT-C Superfamilie
Membran-integraler Glykosyltransferasen, welche Isoprenoid-gebundene Zucker als
Donor-Substrate verwenden. Mit unseren Strukturen konnten wir gemeinsame Motive
in GT-C Enzymen aufzeigen und haben eine evolutionar konservierte, modulare
Architektur der GT-C Enzyme entdeckt.

Die von uns beschriebene Methode fur die chemo-enzymatische Synthese von
eukaryotischen LLOs und LLO-Zwischenprodukten ist ein noch einzigartiges
Werkzeug zur Charakterisierung der in der LLO-Synthese involvierten Enzyme.

Die Strukturellen Einblicke in dieser Studie erklaren nicht nur die Funktion von ALG6
und vermitteln dadurch Einsicht in die ER-basierte Biosynthese von LLOs, sondern
tragen auch zum generellen Verstandnis der Architektur und der Mechanismen von
GT-C Enzymen bei.

Mit einer Masse von lediglich 64 kDa fur ALG6 und 48 kDa fur das Fab-Antikorper
Fragment, stellt Struktur des ALG6:6AG9-Fab Komplexes mit einer Auflésung von 3.0
A, die momentan am hochsten aufgeléste Kryo-EM  Struktur eines
membrangebundenen Komplexes dieser Grosse dar. Wir konnten somit die
Nutzlichkeit der Fab-Fragmente fur die Strukturaufklarung von kleinen
Membranproteinen demonstrieren. Solche Fab-Fragmente konnten sich fiur die
Strukturaufklarungen von weiteren Membranproteinen, wie zum Beispiel kleinen,

Membran-integralen Glykosyltransferasen als nutzlich erweisen.
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1. Introduction

In this thesis | have been working on two different topics, which are both related to
structural biology. Initially, | had been studying mechanistic aspects of human
TC:CD320 mediated vitamin B12 transport using X-ray crystallography and nanobody
technology. After obtaining promising results on the structural basis of substrate
recognition of transcobalamin and the successful development of conformational
nanobody binders, which turned out to be useful as crystallization chaperones, as well
as for the targeting and destruction of cancer cells, | wanted to tackle a new challenge.
| aimed to work on a eukaryotic membrane protein and, in view of the recent “resolution
revolution!” in cryo-electron microscopy, | decided to embrace this newly emerging
technology and therefore to shift my focus from X-ray crystallography to cryo-EM. For
the second part of my PhD, | took on a new project, where | would study the small,

membrane integral, eukaryotic glycosyltransferase ALG6 using cryo-EM.

1.1 Vitamin B12

1.1.1 The structure of vitamin B12

Vitamin B12, also rereferred to as nature’s most beautiful cofactor? is an essential
cofactor in humans?®. The water-soluble molecule is composed of a corrin-ring, in which
the four central nitrogen atoms are coordinating a cobalt atom3® (Fig. 1). The cobalt
atom, which poses the catalytic group of B12 is further coordinated from one face of
the corrin ring by a nitrogen atom of a 5,6-dimethylbenzimidazole ribonucleotide
moiety that is tethered to the corrin ring by a flexible linker®#. The sixth coordination
site of the cobalt atom, which is located on the opposite face of the corrin ring can be
occupied by a variety of different ligands3. These include a hydroxyl group
(hydroxocobalamin), a cyano group (cyanocobalamin, vitamin B12), a methyl group or
a 5’-deoxyadenosyl group®. Due to its chemical complexity and large number of chiral
centers, the formal synthesis of vitamin B12, as a proof of principle has been a long-
standing quest, which was finally completed in a collaboration of the groups of R.
Woodward and A. Eschenmoser’. To this day, the synthesis marks as a milestone of
total synthesis in organic chemistry and as a result of this R. Woodward was awarded
with the Nobel prize in chemistry.



Figure 1 Structure of cobalamin. The structure of vitamin B12 consists of a corrin ring with the four central
nitrogen atoms coordinating a central cobalt atom3®6. The corrin ring has various substituent groups including a
flexibly linked 5,6-dimethylbenzimidazole ribonucleotide moiety that is coordinating the central Co. The sixth Co-
coordinating group, denoted as “R” can be replaced by various groups including a hydroxyl group, a methyl group
or cyano group. Cyano substituted cobalamin is referred to as cyanocobalamin or vitamin B12.

1.1.2 The physiological role of vitamin B12

Vitamin B12 is essential for at least two enzymes in humans3. The molecule is required
as a cofactor for the mitochondrial conversion of methylmalonyl-CoA to succinyl-CoA
via methylmalonyl-CoA mutase®. A process, that is required for metabolizing a variety
of organic compounds including odd-chain fatty acids and branched chain amino
acids.

The other known function of vitamin B12 in the human body is its role as a cofactor for
methionine synthase which catalyzes the methylation of cytoplasmic homocysteine,
yielding methionine®. This amino acid, which is essential for ribosomal protein
synthesis, is also required for DNA methylation, which indirectly makes vitamin B12
essential for DNA synthesis.

1.1.3 The eukaryotic vitamin B12 uptake route
B12 is produced only by certain bacteria and archaea®. Some of these bacteria reside

in the gut of certain herbivores, where they are part of the gut flora. The produced B12



can then be absorbed by the animal®. For this reason, omnivores like humans depend
on the dietary uptake of B12 from animal products such as meat, fish, milk and eggs°.
Another option for individuals following a vegan diet is the uptake of vitamin B12 from
supplements. There, the vitamin is produced in Bacteria and after the purification of

cobalamin with activated carbon, cyanocobalamin respectively vitamin B12 is yielded?®.

B,, from food
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& Haptocorrin @) Transcobalamin @ MRP1 Y cD320
Figure 2 The human vitamin B12 uptake route. Upon oral ingestion of B12 containing foods, B12 is sequestered
by Haptocorrin (HC), which escorts it safely through the stomach. After degradation of HC in the duodenum, B12
is released and re-bound by intrinsic factor (IF). The IF:B12 complex is taken up by enterocytes via binding to the
cell surface receptor cubam and subsequent, receptor mediated endocytosis. From there B12 is extruded into the
bloodstream by the ABC transporter MRP1. In the blood B12 is bound by transcobalamin (TC) which delivers the

vitamin to cells via binding to the receptor CD320 and subsequent receptor mediated endocytosis. Megalin in the
glomerulus prevents from renal loss of TC. Figure and content of legend from?®.

During the oral consumption of B12 containing foods (Fig. 2), the vitamin is captured
in the mouth by the salivary secreted, soluble B12 carrier protein haptocorrin (HC)3'1.
HC safely escorts the precious vitamin trough the stomach, protecting it from
proteolytic degradation'”. In the duodenum, HC is degraded by pancreatic proteases
and B12 gets released and is subsequently recaptured by the B12 carrier protein

intrinsic factor (IF)"", which in turn is resistant to proteolysis by these enzymes?'2,



Holo-IF is specifically recognized by cubam, a cell, surface receptor protein that is
displayed on the enterocytes of the ileum'®'4. The complex of Cubam:IF:B12 is then
being endocytosed and after lysosomal degradation of IF, B12 is released into the
cytoplasm. The vitamin is then extruded into the bloodstream of the portal vein by the
ABC transporter ABCC1 also known as MRP1'%. In the blood plasma, B12 is bound
by either one of the soluble and structurally related carrier proteins transcobalamin
(TC) or HC''7. HC has a broad substrate specificity and can also bind other
cobalamins, or inactive forms of B123. The role of HC in the blood plasma is not fully
understood’®. One hypothesis is than HC is thought to act as a scavenger protein by
sequestering corrins that cannot be metabolized or that are potentially harmful'®.
Another hypothesis is that the role of HC could also be in helping to control the cellular
uptake of vitamin B12 by rendering the sequestered B12 unavailable to TC'®. TC on
the other hand is highly selective for B12 and is responsible for the cellular uptake of
the vitamin®'”. Holo-TC is recognized by the LDL-type cell surface receptor CD320
and enters the cells via receptor mediated endocytosis'®. When the endocytosed
complex reaches the endosome, the low pH causes the receptor and TC to
dissociate?°. CD320 has been proposed to be recycled to the cell surface, whereas
TC is being trafficked to the lysosome®. There TC is proteolytically degraded and B12
gets released and is subsequently extruded into the cytoplasm. The transmembrane
proteins LMBD1 and ABCD1 have been proposed to be responsible for the lysosomal

extrusion of B1221.22,

1.1.4 Targeting of vitamin B12 transport for cancer therapy

Since B12 is linked to DNA synthesis, for many years the cellular uptake-route of B12
via TC:CD320 has raised an interest in cancer therapy?3. CD320 which has been
shown to be downregulated in quiescent cells, is specifically upregulated in highly
dividing cells such as cancer cells®*. Attempts in utilizing the cellular uptake route of
B12 for cancer therapy and imaging have included the derivatization of B12 with
radioactive markers, as well as the use of antibody drug conjugates, targeting
CD3202527, Although fulfilling their purposes in the lab, none of the approaches has

led do a drug on the marketplace?®:.
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Figure 3 Structural basis of human vitamin B12 transport. Human B12 carrier proteins of known structure are
shown in cartoon representation with bound B12 molecules shown as pink sticks and bound calcium ions as red
spheres. a, Haptocorrin (orange, PDB ID 4KKI?8), b, intrinsic factor (pink, PDB ID 2PMV?°) ¢, transcobalamin (cyan,
PDB ID 3BB5%), d, Intrinsic factor (pink) in complex with cubilin (green, PDB ID 3KQ43"), e, transcobalamin (cyan)
in complex with CD320 (yellow, PDB ID 4ZRP32). The structures share a conserved two-domain fold (labeled in a),
with an N-terminal a-domain (bottom) and a C-terminalB-domain (top) that are tethered by a flexible linker. The
Proteins also share a common B12 binding mode, where the alpha and the beta-domain dimerize upon B12
binding, as it has been experimentally demonstrated for IF33 and TC3*.

1.1.5 Structural basis of mammalian vitamin B12 transport

The first structures of human and bovine TC (Fig. 3) were solved in 2006 by L.
Randaccio and coworkers®. The structures revealed a two-domain fold composed of
an alpha helix bundle (a-domain) and a beta sheet rich domain (-domain). The two
domains are tethered by a flexible linker and bind both to B12 from opposite sides.
Subsequently, the structures of IF?°, IF in complex with binding domains of cubam?’
and of HC were solved by X-ray crystallography?®. A decade after the structure
determination of TC, K. Locher and coworkers solved the structure of TC in complex
with the soluble part of CD320%. The structure revealed the binding interface of
TC:CD320 and helped in rationalizing the pH-dependent endosomal release of TC



from CD320. Nonetheless, open questions about the TC:CD320 receptor ligand
interactions remained: The EGF-like domain of the receptor CD320, as well as a loop
in TC, which is located close to the binding interface with LDLR-A1 of CD320, could
not be resolved by the structure, but would be needed to be able to fully rationalize
the TC:CD320 receptor-ligand binding interactions.



1.2 The resolution revolution in cryo-electron microscopy

For decades, the only possible ways for high resolution structure determination were
X-ray and neutron diffraction crystallography, as well as solution NMR. Solution NMR
was very limited to relatively small proteins and therefore never became a broadly
used structural technique. X-ray crystallography on the other hand was extremely
useful for the structure determination of globular and stable proteins and to this day is
the most used method for protein structure determination. The need for well-ordered
protein crystals however, brought various limitations for this technique. X-ray
crystallography became particularly challenging for the work with proteins that were
unfavorable for forming rigid lattice contacts. Among these were unstable proteins,
such as membrane proteins or large and therefore inherently flexible complexes, such
as ribosomes or viruses. Another limitation of X-ray crystallography was the need for
large amounts of highly concentrated protein, for the often extensive screening of
crystallization conditions. High yields of protein are particularly challenging to obtain
with certain membrane proteins as well as with large protein complexes that cannot
be overexpressed.

In single particle cryo-EM one could use a comparably small sample of the solubilized
protein of interest3® and most importantly one wouldn’t need crystals. The sample
would be dispersed over a pinhead sized grid with very small holes, leading to a thin
film of solution, which then could be vitrified in liquid ethane and subsequently
iluminated and recorded under the electron microscope®®. Single particle cryo-
electron microscopy (cryo-EM) had been used for a long time for the low-resolution
structure determination of large macromolecules. The technique was frequently used
to determine the shape of macromolecular molecules, which could then be used to
dock in individual high-resolution crystal structures3¢-4%. However, due to the nature of
the indirect CCD detectors, these microscopes were restricted to resolving blobs at

low resolution*!.
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Figure 4 X-ray crystallography vs single particle cryo-EM. Schematic comparison of the protein structure
determination techniques X-ray crystallography and single particle cryo-EM. Left: In X-ray crystallography a single
crystal composed of millions of proteins is illuminated by an X-ray beam. The recorded diffraction pattern is then
used to calculate the three-dimensional structure of the unit cell, respectively of the proteins in the crystal. Right:
In Single particle cryo-EM a protein sample in solution is vitrified in a thin layer of ice. The ice is then illuminated
with an electron beam and thousands of images containing the projections of hundreds of hundreds of proteins are
recorded. The individual protein particles are then combined and averaged to obtain a three-dimensional structure
of the average particle respectively protein. Figure from’

In 2014 when | started my doctoral studies, the so-called resolution revolution*' had
just begun. After a technological improvement of the detectors for electron
microscopes, new direct electron detectors made it possible to record data at atomic
resolution*'. With this improvement a paradigm shift in structural biology had started.
By averaging the projections of thousands of measured single particles, it became
possible to determine structures of proteins at side-chain resolution*?#® (Fig. 4). In the
beginning, the technique was only used for large complex macromolecules, since the
size of the target molecule plays an important role in the 3-dimensional
reconstruction*®. Nonetheless, the resolved targets became smaller and smaller until
in 2013 Y. Cheng and co-workers determined the first structure of a membrane protein
at side-chain resolution by cryo-EM*7.

Our group followed the new technological development early on and started shifting
the focus of the entire lab into cryo-EM. Given the technological revolution, | also
decided to tackle a cryo-EM project, despite by background in X-ray crystallography.
The protein, that | decided to work on however, was still considered too small for
conventional methods in cryo-EM and would therefore pose a new challenge in cutting

the edge of the scope of cryo-EM.



1.3 N-linked glycosylation

N-linked glycosylation of proteins is one of the most common post translational
modification in eukaryotes and has been observed in all kingdoms of life*®4°, More
than half of all proteins in nature have been estimated to be glycosylated®®, as well as
virtually all proteins found in the human serum®' and virtually all proteins in the cell

membranes of animals®?.
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Figure 5 Lipid linked oligosaccharide diversity. Overview of representative structures of lipid-linked
oligosaccharide (LLO) donor substrates used in N-glycosylation in prokaryotes and eukaryotes. In archaea the
diversity of the used LLOs is the highest. Bacteria have an intermediate diversity of used LLOs, and eukaryotes
are almost exclusively restricted to a Dol-PP-GIcNAc;MangGlcs as N-glycan donor LLO. Figure from*2,

With 90% of all glycoproteins having been predicted to be N-glycosylated, N-
glycosylation is the most common form of protein glycosylation, followed by O-
glycosylation®®. In the process of N-linked glycosylation oligosaccharyltransferase
(OST) transfers an initially lipid-linked oligosaccharide from the lipid onto an
asparagine residue in an Asn-X-Ser/Thr sequon, where X denotes any amino acid
except proline, of a secretory- or membrane protein®3%4. In eukaryotes this process
takes place in the lumen of the endoplasmic reticulum (ER) and in prokaryotes in the
periplasm. In the eukaryotic cell, the freshly N-glycosylated protein undergoes steps
in glycan trimming and quality control in the ER, before it is being trafficked into the
Golgi®®. There numerous possible steps in glycan modification lead to a large variety
of possible final glycans®®. The combined glycans respectively the glycome displayed
on the surface on a cell serve as a marker which makes it possible to differentiate



between different species, different tissues and even between different developmental
stages of tissues®. For example, the blood type of an individual is determined by the
glycosylated lipids and glycoproteins that are displayed by their erythrocytes®.
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Figure 6 Human N-glycan processing and diversification. In higher eukaryotes such as mammals the N-glycan
undergoes a number of steps of diversifications after the oligosaccharyltransfer onto the protein. In the ER, all
glucoses and one mannose are removed from the glycan before the glycoprotein moves into the Golgi. There,
glycosylhydrolases remove more hexoses and a variety of glycosyltransferases add different sugars, leading to a
wide variety of possible final complex and hybrid N-glycans. The figure shows only a small fraction of final possible
outcomes. Figure from3S.
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The spectrum of different glycans that can be generated by the cellular machinery and
displayed on a cell surface is so large and complex that one also refers to glycosylation
as the third alphabet or language of life®®.

1.3.1 Structure of the LLO

Among all kingdoms of life N-glycans are generated in a step wise synthesis, leading
to a lipid linked oligosaccharide (LLO), which is transferred en bloc onto an acceptor
peptide by OST®’. The lipidic, membrane embedded part of the LLO is comprised of a
dolichol moiety in archaea and eukaryotes or an undecaprenol moiety in bacteria®’.
The oligosaccharide is linked to the lipid moiety via a pyro- or in certain archaea a
monophosphate group*®. Whereas in archaea the LLO structures are highly diverse,
the diversity is smaller in bacteria and highly conserved in eukaryotes*® (Fig. 5). With
the exception of a few eukaryotic species that have diversified early in evolution, the
eukaryotic LLO is represented exclusively by a Dol-PP-GIcNAc2MangGlcs
molecule*®58, Here, however the diversification of the N-glycan follows a after the
oligosaccharyl-transfer. As mentioned earlier, in the ER and later in the Golgi a number
of glycosidases and glycosyl transferases trim down and rebuild the N-glycan,
resulting in a plethora of possible final complex glycans®® (Fig. 6).

1.3.2 Assembly of the eukaryotic LLO

Beginning with an ER membrane resident dolichylphosphate molecule that is facing
the cytoplasm, ALG7 and ALG13/ALG14 add one phosphate and the first two GIcNAc
molecules to the emerging LLO using cytosolic UDP-GIcNAc as donor substrate®®
(Fig. 7). Subsequently, the cytosolic, glycosyltransferases ALG1, ALG2 and ALG11
add a total of five mannoses leading to MansGIcNAc2-PP-Dol®°. Then, the glycan is
flipped into the ER lumen®. The protein RFT1 has been proposed to be the
responsible flippase®, which is however under debate®'-%. Subsequently, six
evolutionarily related transmembrane proteins of the glycosyltransferase superfamily
class C (GT-C) complete the buildup of the emerging LLO by adding additional
hexoses to it®®65-67, ALG3, ALG9 and ALG12 transfer a total of four mannoses and
ALG6, ALG8 and ALG10 transfer each one glucose molecule to the LLO. The donor-
substrates of these ALG enzymes are either dolichylphosphate-linked mannose (Dol-
P-Man) or dolichylphosphate-linked glucose (Dol-P-Glc)®. The reason for these ER-

11



resident sugar donor-substrates to be lipid-linked may be for evolutionary reasons: In
pre-eukaryotic times, respectively for bacteria, what is now the ER lumen would have
been the periplasm. Therefore, soluble, secreted sugars such as GDP-Man would
have been lost quickly by diffusion, which is prevented by the linkage to the
membrane®®°. The sugar donor molecules in the Golgi are again soluble nucleotide-
linked sugars which are brought into the organelle by transport proteins’. Also the
Golgi resident glycosyl transferases are all soluble, since GT-C enzymes are only
thought to be found in the ER or in the plasma membrane’*. The reason why the LLO
synthesis is completed in the ER lumen and not in the cytosol, may be, because it
might not be possible to flip larger hydrophilic groups than a MansGIcNAc:
oligosaccharide across the membrane.
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Figure 7 Biosynthetic pathway of N-glycan biosynthesis. Schematic of the biosynthetic reactions and reaction
intermediates involved in lipid-linked oligosaccharide synthesis and transfer of the LLO onto an acceptor peptide,
by OST®®. The responsible enzymes are indicated above the arrows. Donor substrates are indicated below the
arrows. Glycosyltransferases of the superfamily GT-A are colored in red, GT-B in blue and GT-C in green®. Note
that ALG7 does not fall into any of the canonical families of glycoylstransferases. Figure adapted from™2.

Whereas genetic studies have helped to assign the enzymes responsible for the
glycosyltransfer reactions®”-738 structurally and mechanistically only very little is
known about the enzymatic pathway of LLO biosynthesis. In 2011 the first high-
resolution structure of the bacterial OST PglIB was reported®!, which was followed by
high-resolution structures of archaeal-8?, yeast-8384 and recently human OST®. Also
known are the structures of the N-acetylglucosaminephosphotransferase ALG72¢ and
of the Dolichol phosphate mannose synthase DPMS?’, which is responsible for the
regeneration of Dol-P to Dol-P-Man. The cytosolic assembly of the LLO, catalyzed by
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ALG1, ALG2 and ALG11 has been studied mechanistically and a robust protocol for
the chemoenzymatic production of pure Dol-PP-GIcNAc2Mans has been established®.
Also, the function of different OSTs have been studied extensively8%8%-9' However,
very little is known about the ER-luminal ALG pathway. Apart from the genomic
assignment of the respective enzymes®”°%-% the one pot synthesis of phytanyl-linked
PP-GIcNAc2Mang using enzymes ALG1 to ALG9 has been demonstrated®s. Structural
and detailed mechanistic understanding of ER-luminal ALG enzymes however

remained absent.

1.3.3 Glycosyltransferase folds

The large number of known glycosyltransferases have been categorized into the three
structural superfamilies GT-A, GT-B and GT-C”'. Members of the superfamilies GT-A
and GT-B are soluble proteins composed of either one (GT-A) or two (GT-B)
Rossman-fold like domains® (Fig. 8). Variable loops on the common scaffold enable
these structurally similar GTs to accommodate a large variety of substrates®. In some
cases these glycosyltransferases are tethered to the membrane with additional TM
helices, as it for example has been observed for DPMS?8” and as it has been predicted
for ALG1, ALG2 and ALG118. Both superfamilies contain enzymes that catalyze
inverting and retaining glycosyltransfer reactions®. These are reactions that either
invert or retain the stereochemistry at the anomeric center of the transferred sugars.
GT-A enzymes bear a characteristic DXD motif and employ divalent cations for
catalysis®. GT-B enzymes on the other hand have been proposed to neither require
divalent cations nor do they have a DXD motif®®.

Whereas the GT-A and GT-B superfamilies have been well characterized with a large
number of representative crystal structures, much less is known about the GT-C
superfamily®. This superfamily describes transmembrane proteins with a core region,
that is composed of transmembrane alpha-helices and a catalytic site which is facing
the ER-lumen in eukaryotes, or the periplasm in prokaryotes. Some GT-C members
have been shown to have an additional ER-luminal respectively periplasmic, soluble
domain®'-9798_ Also, all of these proteins require isoprenoid-linked donor substrates,
possibly for the evolutionary reasons described in the previous section. Since only a
small number of structures from different subfamily members of the GT-C superfamily
have been determined, no common motifs in the fold have been described yet.
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The first reported structure from a member of the GT-C superfamily was that of the
bacterial OST PgIB from C. lari, a member of GT662". Subsequently reported
structures of GT66 were that of archaeal®?, yeast?3849° and human OST. Other known
structures of GT-C members are that of the bacterial arabinosyltransferase ArnT®8
from GT83 and yeast PMT1 and PMT2% from GT39. All members of the ER-luminal
ALG pathway are members from the GT-C® superfamily but come from different GT
families, that all have not been structurally characterized yet. According to predictions,
there are conserved motifs in certain ER-luminal loops of ALG enzymes, but the
number of TM helices may vary®667,

a b "
-
BRRAT oS
\ :}";)g:é‘;' *;(%T:g :\"\.,}*‘%“J;}
R A 3 0K

Figure 8 Structural comparison of glycosyltransferase superfamily folds. Representative GT superfamily
structures are shown in cartoon representation with alpha-helices in green, beta strands in blue and loops in yellow.
a, The GT-A fold is composed of a single Rossman fold type domain. The representative structure is from the
inverting gylcosyltransferase SpsA from B. subtilus (PDB ID 1QGQ'®). b, The GT-B fold is composed of two
Rossman fold type domains. The representative structure is from the retaining glycosyltransferase PglH from C.
jejuni (PDB ID 6EJI'?". ¢, The GT-C fold consists of a bundle of TM-helixes with variable topology and a catalytic
center at the periplasmic, respectively ER-liminal side of the protein. Some GT-C fold members have a large soluble
periplasmic, respectively ER-luminal domain. The representative structure is from the oligosaccharyltransferase
PgIB from C. lari (PDB ID 3RCE?®'). Figure and legend adapted form™".

1.3.4 ER-luminal glucosyltransferase ALG6

ALGG6 is an ER-luminal glycosyltransferase, which is part of the enzymatic pathway of
LLO-biosynthesis®”:8° (Fig. 7). Like the other ER-luminal glycosyltransferases of this
pathway, ALG6 is a member of the GT-C superfamily®>. ALG6 is an inverting
glycosyltransferase, that adds the first glucose to the emerging glycan in an alpha-1-
3-linkage. This particular glucose is important for protein folding and quality control,
as it later plays an important role in the calnexin/calreticulin cycle'®?. The locus of
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ALGB6 was first identified in 1984, by P. Robbins and coworkers®. A number of genetic
mutations in the ALG6 gene have been associated with congenital disorders of
glycosylation (CDG)'%3, As a consequence of these CDGs the patients suffer from
hypoglycosylation of glycoproteins 194195 However, without any structural information
these defects cannot be rationalized. There have been efforts in the past to utilize
ALG6 for biotechnological applications in glycan engineering. N. Callewaert and
coworkers have used as strain of Y. lipolytica with a knockout of ALG3 to generate
GIcNAca2MansGlcs glycans which were enzymatically converted into GlcNAc:Mans
glycans. The obtained glycoproteins were intended as a starting point for the

engineering of recombinantly expressed, humanized glycoproteins %,

1.4 Aims of this thesis

Part 1:

Humans depend on dietary uptake of vitamin B12 from animal sources'®. The uptake
is mediated by a complex multistep pathway3. Malfunction of any of the proteins
involved in vitamin B12 uptake can lead to vitamin B12 deficiency, which in turn will
impair the development of the individual'®”1%8

Unlike HC, TC is highly specific for the binding to vitamin B123. However, it also binds
to modified B12 molecules such as antivitamin B1234.199.110 Antivitamin B12 is a non-
reactive form of B12 that has been developed to quickly induce B12 deficiency in a
patient or animal for clinical studies'''. This would be useful because due to storage
in the liver this depletion of vitamin B12 can take months™'".

In the first chapter, | explore the substrate specificity of TC. As it is virtually impossible
to obtain apo TC, without denaturing the protein, | express one subunit of TC and
study its binding to different substrates including antivitamin B12 by X-ray
crystallography. Moreover, | test the whether the assembly of the alpha and the beta
subunit of TC is triggered by addition of B12. In the second chapter | study the details
of the TC:CD320 binding interaction by co-crystallizing the complex with
conformational nanobodies.

As vitamin B12 is vital for DNA synthesis it is essential cell for division and cancer
growth. The expression of the TC receptor CD320 is cell cycle associated and is
upregulated in a number of in cancer cells?>25. It therefore has been a long-standing

effort to target the cellular vitamin B12 uptake route for cancer therapy?326-27,
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In the second chapter, | describe an approach to target TC:CD320 mediated vitamin
B12 uptake for the destruction of cancer cells. | generate conformational nanobodies
against TC and against the complex of TC:CD320. | then test their potential in
detecting and entering highly dividing cells, by fusing them to a toxin. The nanobody
drug conjugates are then then tested for their effects on highly dividing human cells.

Part 2:

N-glycosylation is one of the most common prost translational modifications of
proteins*®4%. However, only very little is known about the mechanistic basis of the LLO-
biosynthesis. In fact, apart from the very first enzyme in the pathway ALG78 (which is
not even considered to be a glycosyltransferase®) not a single glycosyltransferase
that is directly involved in the LLO assembly has been studied structurally.

In the third chapter, | study the functions of ER-luminal ALG enzymes that are involved
in the assembly of the LLO. With the help of synthetic donor substrates, provided by
the Reymond group | reconstitute a part of the ER-luminal ALG pathway to generate
intermediates of the enzymatic pathway of LLO-biosynthesis. To study the structure
of the ER-luminal glucosyltransferase ALG6 | generate a Fab binder in collaboration
with the Kossiakoff group. The Fab is then used to study nanodisc reconstituted ALG6
by cryo-EM. With the help of a synthetic substrate form the Reymond group | further
study the substrate binding interactions of ALG6 and validate my findings with site-
directed mutant generation. As ALG6 is a member of the poorly understood GT-C
superfamily, the structure is analyzed for common motifs with other GT-C members of

known structure in order to rationalize the fold of GT-C enzymes.
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Abstract

Vitamin B12 (cyanocobalamin, CNCDI) is an essential cofactor-precursor for two
biochemi- cal reactions in humans. When ingested, cobalamins (Cbl) are transported
via a multistep transport system into the bloodstream, where the soluble protein
transcobalamin (TC) binds Cbl and the complex is taken up into the cells via receptor
mediated endocytosis. Crystal structures of TC in complex with CNCbl have been
solved previously. However, the initial steps of holo-TC assembly have remained
elusive. Here, we present four crystal structures of the beta domain of human TC (TC-
beta) in different substrate-bound states. These include the apo and CNCbl-bound
states, providing insight into the early steps of holo-TC assembly. We found that in
vitro assembly of TC-alpha and TC-beta to a complex was Cbl-dependent. We also
determined the structure of TC-beta in complex with cobinamide (Cbi), an alternative
substrate, shedding light on the specificity of TC. We finally determined the structure
of TC-beta in complex with an inhibitory antivitamin B12 (anti-B12). We used this
structure to model the binding of anti-B12 into full-length holo-TC and could rule out
that the inhibitory function of anti-B12 was based on an inability to form a functional
complex with TC.

Introduction

Vitamin B12 (cyanocobalamin, CNCDI) is essential for humans, as at least two
biochemical pathways are B12 dependent'“: It is a coenzyme precursor for
cytoplasmic methionine synthase and mitochondrial methylmalonyl-CoA mutase.
Because only certain prokaryotes are able to synthesize cobalamins (Cbls), humans
are dependent on dietary intake of vitamin B12°. When ingested, the water-soluble
vitamin is transported via a multistep transport system through the ileum into the
bloodstream®. There, 10-30% of total Cbls are bound to transcobalamin (TC). The
remaining Cbl and Cbl analogs are bound to haptocorrin (HC)’. Despite having a
higher affinity for Cbls®, HC has a lower substrate specificity than TC and is able to
bind various Cbl analogs with similar affinities®. Cellular uptake of Cbls occurs via
receptor-mediated endocytosis of holo-TC by means of the receptor CD320'°. The
structure of the extracellular domain of CD320 in complex with holo-TC was recently
determined’!. Cancer cells, being in elevated need of Cbls, overexpress the CD320
protein'?. This makes TC:CD320-mediated uptake of Cbls an interesting target for
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oncological research. TC consist of two domains (alpha and beta) that are connected
by a flexible linker. Both domains contribute to Cbl binding, resulting in sub-pico-molar
affinity (Fig 1A)%13. It has been hypothesized that the two domains only assemble upon
binding of Cbls to either one of the two domains (Fig 1B)'314.

To address the question of how Cbl mediated TC assembly proceeds, we determined
crystal structures of apo TC-beta and TC-beta in complex with Cbl, putatively
representing the first steps of TC assembly. Moreover, we determined the structure of
TC-beta in complex with the substrate analog Cbi.

Antivitamins B12 are modified Cbls that are structurally similar to CNCbl, with the [3-
axial ligand being replaced by inert ligands such as difluorophenylethinyl (S1 Fig)'s-17.
When injected into mice, the anti-B12 compound 4-Ethylphenyl-Cobalamin (EtPhCbl)
induced a pronounced Cbl-deficiency'®. The use of anti-B12 molecules therefore
provides a more efficient approach to study the effects of Cbl deficiency than feeding
laboratory animals with Cbl- free nutrition, because the latter depends on the slow
depletion of the Cbl storage in the liver'®. Elevated Cbl levels in the blood of mice that
have been supplied with EtPhCbl suggest an interference with the cellular uptake of
Cbls. The molecular basis of this interference is unknown because it was
demonstrated that anti-B12 can bind to TC and can be taken up into cells'®. To test
whether anti-B12 affects Cbl uptake via its interaction with TC, we deter- mined a co-
crystal structure of TC-beta bound to Co-B-[2-(2,4- difluorophenyl)ethinyl]Jcobalamin
(F2PhEtyCbl) at high resolution.

25



—

g 100
Protease — =75
MBP-TC-beta —— | 4“ | .-

MBPp— . 37
- s
-
- 5
TCbeta — ———— 10
D 400 , , : E 123 MWl 2 -
350 H ] 150
300 | | T
g 250 | | 5
E 200} | CD320 (soluble ¥
2 domains)
0
>, 150 ) TC-alpha / %
100 L 2 4 20
50 | 1 | 15
TC-beta— 10
0
10 15 20 25 30

Elution time (min)

Figure 1 Cbl induced assembly of individually expressed TC domains. (A) PDB entry 4ZRP, holo-TC with the
alpha domain (blue) and the beta domain (cyan) in cartoon representation and CNCbl in stick representation
(carbons salmon) (receptor CD320 not shown). The TC-beta construct used in this study begins at Q307 and
contains additional N-terminal residues from the TEV-cleavage site. (B) Hypothetical stages of TC-alpha, TC-beta
assembly upon Cbl addition, green boxes indicate new, red boxes previously published crystal structures. (C)
Coomassie stained SDS-PAGE analysis of TC-beta purification. (D) SEC (size exclusion chromatography) profile
(TSK-G3000 column) of a mixture of TC-alpha:CD320, TC-beta in the presence (red) or absence (black) of CNCbl
of a ratio of 1:4:16 (TC-alpha:TC-beta:CNCbl). (E) Silver stained SDS-PAGE of peak fractions from SEC.
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Results

Expression of human TC-beta and Cbl-dependent assembly of holo-TC

The sub-picomolar affinity of TC to Cbl®?° and the presence of Cbls in eukaryotic
expression media made it challenging to produce apo TC without denaturing the
protein. We expressed the two domains of TC individually in insect cells, which
lowered the affinity for Cbls while retaining the structural integrity of the domains, as
no denaturing was required to generate the Cbl-free domains. TC-beta was expressed
as a fusion protein with maltose binding protein (MBP). Extensive washing of the
immobilized fusion protein was required to completely remove all bound Cbl. After
proteolytic cleavage of the MBP and further affinity purification we obtained pure,
substrate free TC-beta (Fig 1C). TC-alpha was co-expressed with the soluble/external
domains of CD320, as this increased the stability and the yield of the pure protein. TC-
alpha:CD320 did not contain bound Cbls after purification, as evidenced by the
absence of a peak at 361 nm in the vis-spectrum.

In full-length TC, the alpha- and the beta domains are connected by a flexible linker.
In the structure of CNCbl-bound TC, the alpha- and beta domains share a very small
binding interface’®. We therefore wanted to test the hypothesis that the two domains
would only assemble upon Cbl binding (Fig 1B). A similar dependence has been
observed previously with the alpha- and beta domains of the structurally similar protein
intrinsic factor?!.

We incubated TC-beta with TC-alpha:CD320 in the presence or absence CNCbI.
Subsequent size exclusion chromatography and SDS-PAGE analysis of the peak
fractions revealed that TC-beta and TC-alpha:CD320 only co-eluted when CNCbl was
present(Fig 1D and 1E). In contrast, the domains remained separated when no CNCbI

was added.

Crystal structures of TC-beta in apo- and CNCbl-bound form

We first determined the crystal structure CNCbl-bound TC-beta at 1.43 A resolution
(Fig 2A, Table 1). It revealed a highly similar structure compared to the beta domain
in full-length holo-TC"" (rmsd = 0.39 A for 97 Ca-atoms, Table 2). However, we
observed that CNCbl was rotated out of the binding pocket by 9.2° compared to holo-
TC (Fig 3A). As a consequence, not all H-bonds observed in CNCbl-bound TC were
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formed. For example, the H-bond from the phosphate to the backbone of L358 was
missing in the CNCbl-bound TC-beta structure.

Figure 2 Crystal structures of TC-beta bound to different substrates and in apo form. Crystal structures of
TC-beta in four different conformations such as CNCbl-bound TC-beta (A), apo TC-beta (B), Cbi-bound TC-beta
(C) and anti-B12-bound TC-beta (D). All 3 ligands bind at the same site of TC-beta in roughly in the same
orientation. In the structure of Cbi-bound TC-beta, an additional Cbi is bound to the surface of TC-beta.

We next determined the crystal structure of apo TC-beta at 1.57 A resolution (Fig 2B,
Table 1), which represents to our knowledge the first structure of TC resembling a
putative partial apo state of TC in the apo form (i.e. TC-alpha and TC-beta are not
associated with each other). The structure was highly similar to the Cbl bound state of
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TC-beta (rmsd = 0.41 A for 97 Ca-atoms, Table 2), with minor changes evident in
several side chains compared to CNCbl- bound TC-beta.

Crystal structure of Cbi-bound TC-beta

Co-crystallization of TC-beta with Cbi yielded crystals diffracting to 1.57 A resolution
(Fig 2C, Table 1). The compound used was dicyano-Cbi, which, when dissolved in
water, is converted to the stable monocyano-Co(lll)cobinamide. To our surprise, the
structure revealed two bound Cbi molecules (Cbi1 and Cbi2). Cbi1 was located in the
binding pocket, was bound in a similar way as CNCbl in holo-TC. Notably, the corrin
ring/plane of Cbi1 was not rotated compared to the structure of CNCbl-bound full-
length TC. We observed a large electron density peak (S2 Fig) in the space occupied
by the 5,6-dimethylbenzimidazole (DMB) moiety in Cbl-bound TC. This density was
attributed to the N-terminus of a symmetry-related TC-beta molecule in the crystal lat-
tice, with the central cobalt atom of Cbi1 coordinating the side chain of His305. A
cyanide ligand bound to the central cobalt atom of Cbi1 could also be modeled
(opposite side of His305).

The second Cbi molecule (Cbi2) was found attached to the surface of TC-beta. Its
central cobalt atom was coordinated to the side chain of the surface-exposed His345.
Here, the histidine was coordinated to the opposite side of the corrin ring compared to
Cbi1. Apart from an H-bond to the backbone carbonyl of Tyr352, this was the only
contact of Cbi2 to TC-beta. However, Cbi2 was also in contact with a TC-beta
symmetry mate. The additional interactions probably caused Cbi2 to be ordered and
well-resolved. For Cbi2, no electron density for a bound cyanide ligand was observed,
suggesting that it had dissociated. To our knowledge this is the first report of a Cbi
molecule non-specifically bound to the surface of a protein.
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Table 1. Crystallographic data

Structure Apo TC-beta TC-beta:Cbl TC-beta:anti-B12 TC-beta:Cbi
Crystals 1 1 1 1
Wavelength (A) 1.0 1.0 1.0 1.0
Resolution range 41.72-1.57 30.12-1.43 43.85-1.27 41.68-1.57
(1.63-1.57) (1.49-1.43) (1.33-1.27) (1.63-1.57)
Space group P3221 P3221 P21212 P3221
Unit cell: a, b, c (A) 59.98 59.98 70.04 60.24 60.24 69.57 61.7262.30 33.76 59.86 59.86 70.11
a, B,y () 9090120 9090 120 9090 90 9090 120
Total reflections 203359 (18492) 257023 (22478) 137130 (7405) 203737 (17928)
Unique reflections 20772 (2015) 27022 (2563) 33543 (1161) 19877 (1790)
Multiplicity 9.8(9.2) 9.5(8.8) 6.3(6.4) 10.2 (10.0)
Completeness (%) 99.76 (98.97) 99.23 (96.61) 96.19 (68.73) 95.53 (87.45)
Mean l/sigma(l) 16.80 (0.90) 22.25(1.03) 24.40 (12.16) 16.79 (0.82)
R-merge® 0.075 (2.06) 0.046 (1.99) 0.043(0.11) 0.05742 (2.31)
cC1/2 1(0.33) 1(0.61) 1(1.00) 1(0.52)
cc+ 1(0.70) 1(0.87) 1(1.00) 1(0.83)
R-work (%) 15.5(29.3) 15.6(32.8) 14.4 (46.9) 17.9 (43.5)
R-free (%) 19.9(32.0) 19.1(35.6) 17.9 (48.9) 20.8 (45.5)
Number of non-hydrogen atoms 1017 1163 1231 1075
macromolecules 868 909 892 856
ligands 6 99 102 138
solvent 143 155 236 81
Protein residues 105 106 106 106
RMS(bonds) (A) 0.005 0.008 0.017 0.014
RMS(angles) () 0.84 1 2.42 1.09
Ramachandran favored® (%) 97.09 99.04 99 96.15
Ramachandran allowed® (%) 1.94 0.96 0.96 2.88
Ramachandran outliers® (%) 0.97 0 0 0.96
Rotamer outliers® (%) 1.03 0.99 2.04 4.21
Clashscore® 4.55 10.39 5.64 16.19
Average B-factor 36.48 31.65 22.90 46.95
macromolecules 32.51 28.05 18.70 43.90
ligands 189 40.94 17.60 62.66
solvent 54.12 46.87 41.30 52.45
Highest resolution shell in parentheses.
& Rmerge = Y hkl [I(hkl)—< I(hkl) > |/ Yhki(hkl), where < I(hkl) > is the mean of the symmetry equivalent reflections of I(hkl).
® As defined in MolProbity.
Table 2. RMSD values of TC-beta structures aligned to holoTC.
Protein Rmsd (A)
TC-beta:Cbl 0.39
Apo TC-beta 0.47
TC-beta:anti-B12 0.34
TC-beta:Cbi 0.48

Alignment of the TC-beta crystal structures to structure of human TC:CD320 (4KRP) for the residue range

313-409.
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Figure 3 Comparison of ligand positioning in CNCbl-bound TC-beta and full-length TC. (A) Superimposed
structures of Cbl-bound TC:CD320 (PDB entry 4ZRP, alpha-domain blue, beta-domain cyan, CNCbl orange,
CD320 not shown), CNCbl-bound TC-beta (green, only Cbl shown) and anti-B12-bound TC-beta (pink, only anti-
B12 shown). In the absence of TC-alpha, CNCbl and anti-B12 are rotated both by about 10° (indicated by dotted
red lines). (B, C) Comparison of the structures of CNCbl-bound TC-beta (B) (cyan, green) and anti-B12-bound TC-
beta (C) (cyan, pink) with highlighted polar crystal contacts (dotted red lines) for CNCbl and anti-B12 (symmetry
mate in orange).
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Crystal structure of anti-B12-bound TC-beta

We next determined the crystal structure of TC-beta in complex with the inhibitory B12
analog F2PhEtyCbl (S1 Fig)'” at 1.27 A resolution (Fig 2D, Table 1). As apparent in
the statistics (high I/o but low completeness) the crystal would have likely diffracted to
higher resolution. However, the data collection was limited by the minimum detector
distance of the beamline. The structure and binding mode of anti-B12-bound TC-beta
were similar to CNCbl-bound TC-beta (i.e. the anti-B12 was rotated by 11.4°in the
same way as CNCbl in TC-beta) (Fig 3A). The F2Ph-group of anti-B12 was clearly
visible in the electron density. It was probably well- resolved due to interactions with a
symmetry mate in the crystal (S3 Fig). The F2Ph-group was rotated by 90 “compared
to the small molecule crystal structure of F2PhEty-Cbl'". Superposition of the anti-
B12-bound TC-beta structure with the crystal structure of CNCbl bound TC: CD320"
suggested that anti-B12 could bind to TC in the same way as CNCbl and would not
generate steric clashes with the F2Ph-3-coaxial ligand (Fig 4).

Discussion

When we purified full-length TC expressed in insect cells, the protein remained Cbl-
bound even after extensive washing on affinity columns (result not shown). For
structural studies of the apo state, denaturing poses a potential threat of losing
structural integrity. In a previously reported crystal structure of human TC, the
disulfide-bridge between Cys65 and Cys78 in the alpha domain was missing™. It is
conceivable that the denaturing protocol in this study may have resulted in disulfide
breakage. To avoid such complications, TC-alpha:CD320 and TC- beta were here
expressed individually in insect cells.

Our experiments demonstrate that holo-TC could only be assembled from separated
alpha- and beta domains upon addition of a Cbl. This is in line with a previously
proposed mechanism of holo-TC assembly'3'4 and with an earlier finding that the
structurally related protein intrinsic factor (IF) only assembles upon CNCbl addition?'.
The structures of apo TC-beta and CNCbl-bound TC-beta provide insight into distinct
states of holo-TC assembly. They demonstrate the structural integrity of apo TC-beta
and Cbl- bound TC-beta and therefore further consolidate the hypothesized
mechanism of Cbl dependent holo-TC assembly. Virtually no structural changes occur
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in TC-beta upon Cbl binding, arguing against an induced fit mechanism with regards
to this domain of TC.

It was shown previously that Cbi can bind to TC and can be transported into cells via
CD320-dependent internalization?2. HC is structurally related to TC and binds Cbi with
a much higher affinity: The dissociation rate constants were reported as k-Cbi >
5*10-2 s-1 for TC and k-Cbi < 1*10-5 s-1 for HC8. In HC, the missing DMB moiety is
replaced by Arg-35723. Our structure demonstrates that monocyano-Cbi binds to TC-
beta in the same way as CNCbl. The lower affinity of TC for Cbi?° is most likely caused
by the reduced number of protein-ligand interactions, given that cobinamides do not
contain a DMB moiety.

In Cbi bound TC-beta, both Cbi molecules are coordinated to a histidine, leading to an
arrangement where the histidine side chain assumes the role and position of the DMB
moiety in Cbl. We hypothesize that cobinamides have the potential to nonspecifically
attach to many proteins, as long as they contain solvent-exposed histidines.

When we superimposed the structure of anti-B12-bound TC-beta and Cbl-bound full-
length TC'", it became evident that the anti-B12 would not clash with TC-alpha (Fig
4). There is no structure of CNCbl or anti-B12 bound mouse TC, however the Cbl
binding site of human and mouse TC are highly conserved (Fig 4B). Since the
receptor-binding site is remote from the substrate-binding site, we believe that the anti-
B12 cannot interfere with CD320-mediated uptake of TC. However, anti-B12 will
competitively inhibit Cbl binding to TC, which should lead to decreased cellular Cbl
uptake. Anti-B12 molecules have been synthesized with an “upper” axial substituent,
that is inert to the Cbl-reducing enzyme methylmalonic aciduria and homocystinuria
type C protein (CbIC)'7:2425_|t remains unclear whether the chemical inertness of anti-
B12 molecules has an effect on cellular Cbl uptake, such as for example the
downregulation of CD320 expression. The 90 °rotation of the F2Ph-group in our anti-
B12-TC-beat structure compared to the conformation observed in the pure compound
suggests that this ligand freely rotates and that non-covalent contacts, as provided by
a symmetry mate of TC-beta in our structure, determine its conformation (S2 Fig).

In the structures of CNCbI- and anti-B12-bound TC-beta, the corrin planes of the
ligands are rotated relative to CNCbl in full-length holo-TC by ~ 10°. We hypothesize
that during holo-TC assembly, TC-alpha pushes the substrate deeper into the binding
pocket.
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Figure 4 Model of anti-B12 bound to TC. Composite model of the structure of anti-B12-bound TC-beta (salmon,
green) superimposed onto CNCbl-bound TC:CD320 (PDB entry 4ZRP, only alpha domain shown, blue). (A) The
model shows that anti-B12 bound to TC would not clash with the protein. (B) Stereo representation (wall-eyed),
with residues that are not identical between human and mouse TC highlighted in red.

A crystal contact bias of these structures is unlikely because although both ligands

are involved in lattice contacts, the two protein complexes have crystallized in different

space groups and feature different lattice contacts (Fig 3B and 3C, Table 1).
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Finally, our crystal structures provide a visualization of the putative early steps of holo-
TC assembly and into the substrate affinity of TC. With the structure of anti-B12-bound
TC-beta we were able to shed light on the mechanism of anti-B12-mediated inhibition
of Cbl-uptake. Lastly, we demonstrated that the production of apo TC-beta is a robust
method to probe the interaction of TC with alternative substrates, as it is easy to
produce and to co-crystallize with various substrates. This could be of great use for
the development of drugs targeting TC: CD320-mediated uptake of Cbl. For example,
Technetium-99m labeled Cbl analogs were synthesized in the past to target TC
mediated Cbl uptake in mice and binding of the compounds to TC as well as tumor
labeling was demonstrated successfully?6.

Experimental procedures

Expression and purification of TC-beta

All proteins where recombinantly expressed in SF21 cells as described previously for
TC: CD320[11]. TC-beta was fused to an N-terminal 9-histidine tag, followed by
maltose-binding- protein and a TEV-cleavage site (N-9His-MBP-TEV _cleavage_site-
ValAspHisMet-TC-beta (GIn307-W409)). The proteins were purified as described for
holo-TC:CD320 previously''. For TC-beta an additional washing step during the Ni-
NTA immobilization was introduced to remove all bound Cbl: After washing the
immobilized 9His-MBP-TC-beta with 10 column volumes of washing buffer (300 mM
NaCl, 40 mM imidazole pH 8.0, 20 mM HEPES pH 7.0, 0.5 mM CaCl2) the protein
was washed with “desalting buffer” (500 cv of 150 mM NaCl, 20 mM Tris-HCI pH 7.5,
0.5 mM CaCl2).

Assembly of TC-alpha:CD320 and TC-beta

10 uM TC-alpha:CD320 in desalting buffer was mixed with 40 uM apo TC-beta with or
with- out 160 uM CNCDbl. All components were kept in desalting buffer. The mixtures
were incubated overnight at 4 C. Size exclusion chromatography of the mixtures was
performed on a TSK-G3000 column using a 1260 Infinity HPLC System from Agilent
Technologies. Peak fractions were subsequently analyzed by SDS-PAGE and Silver

Stain Plus staining from Biorad.
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Crystallization, data collection and processing

TC-beta was concentrated in desalting buffer and subsequently crystallized using
vapor diffusion in sitting drops. Crystals were cryo protected in 25% glycerol.
Diffraction data were collected at the Swiss Light Source (SLS) at the beamlines
XO06SA (apo TC-beta, Cbi-bound TC- beta, detector EIGER 16M) and X10SA (CNCbl
bound TC-beta and anti-B12 bound TC-beta, detector PILATUS 6M) at 1.0 A. Data
were processed using XDS?’. Model building was done in Coot?® and refinements
were performed in iterative rounds using PHENIX?®. Initially, XYZ coordinates,
Occupancies and Individual B-factors were refined. After every round of refinement
the structures were manually improved in Coot?®. Waters were added initially
automatically and afterwards manually. One glycerol molecule was added manually to
the structures TC-beta:B12 and apo TC-beta. In the final stages of the refinement,
anisotropic B- factor refinement was performed with all structures. Moreover, the X-
ray/stereochemistry weight, as well as the X-ray/ADP weights were optimized.

Apo TC-beta was concentrated to 5 mg/ml and was mixed 2:1 with 0.2 M sodium
chloride, 20% w/v polyethylene glycol 3,350. The structure was solved by molecular
replacement (MR) with PHENIX Phaser-MR?® using a truncated version of TC (PDB
ID: 4ZRP) as search model. Hereby, the residues 1 to 306 as well as the protein
CD320 were removed from the model.

For the crystallization of TC-beta:CNCbl, TC-beta was mixed with a 1.5 molar excess
of CNCDblI to a final concentration of 5 mg/ml and was subsequently mixed 1:1 with
0.15 M Mg formate dihydrate, 22.5% w/v polyethylene glycol 1,000. The structure was
solved by MR using the same truncated version of TC that was used for the structure
solving of apo TC-beta as search model. The ligand, as well as the geometry-restraints
replaced with the files from PDB ID 1CCW?° [30].

For the crystallization of TC-beta:Cbi2, TC-beta was mixed with a 1.5 molar excess of
dicyano-Cbi to a final concentration of 5 mg/ml and was subsequently mixed 1:1 with
0.1 M sodium malonate pH 7.0, 12% w/v polyethylene glycol 3,350. The structure was
solved by MR using the same truncated version of TC that was used for the structure
solving of apo TC-beta as search model. The ligand structure and geometry-restraints
files were downloaded from PDB ID 5M293". In the structure of TC-beta:AntiB12 one
calcium molecules was placed, coordinated by one His305 and its backbone amide,
which is part of the flexible N-terminus, as well as by two water molecules and the
surface exposed His345 of a symmetry mate. A strong electron density peak that is
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still visible at >18 o indicated need to place an ion at this position. All other ions that
were present in the buffer did either clash with the coordinating atoms due to a too
large atomic radius or contained too many electrons which was observed by a large
negative electron density peak after refinement.

For the crystallization of TC-beta:anti-B12, TC-beta was mixed with a 1.5 molar excess
of F2PhEtyCbl to a final concentration of 5 mg/ml and was subsequently mixed 1:1
with 0.3 M potassium formate, 17% w/v polyethylene glycol 3,350. The structure was
solved by MR using the crystal structure apo TC-beta (PDB ID: 5NOQ) as search
model. The ligand structure and geometry-restraints files were downloaded from PDB
ID 5U0S™".

All superposition calculations were performed using CCP4 Superpose?®? with the
option “superpose usi'’ng secondary structure matching”. For the superposition and
rmsd calculations we always used residues 312 to 409 (human TC and TC-beta have

the same numbering).
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Supporting information

vitamin B45:
L = CN: cyanocobalamin

CHs
/( CONH, antivitamins B4, (‘anti-By,"):
o ; L = 2-(2,4-difluorophenyl)-ethynyl: F2PhEtyCbl

N CHs L = 4-ethylphenyl: EtPhCbl
HaG, ¢
3 //'4 N
g HO, CHs

Supplementary figure 1 Chemical formula of cobalamins (vitamin B12 and antivitamins B12).

“L” indicates the ligand in the structure.
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Supplementary figure 2 Cbi binding to histidines in TC-beta.TC-beta in complex with Cbi interacting with
symmetry mates in the crystal lattice. The blue mesh represents a composite omit map contoured at 1 o. (A) Cbi1
(pink) in the TC-beta binding pocket (pink), being coordinated to the side-chain of His305 of a symmetry mate
(cyan). (B) Cbi2 (salmon) attached to the surface of TC-beta (cyan), being coordinated to the side-chain of His345.
Symmetry mates contacting Cbi2 are shown in green and orange.
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Supplementary figure 3 Crystal contacts of anti-B12 bound to TC-beta. (A) Interaction of TC-beta:anti-B12
(cyan, salmon) with a symmetry-mate (orange) in the crystal. The B-coaxial ligand of anti-B12 is involved in a crystal
contact. This interaction probably causes the DFP-group to be ordered in the crystal. (B) Wall-eyed stereo
representation of TC-beta:anti-B12. Two TC-beta molecules are shown as sticks, the view is as in A. The blue
mesh represents a composite 2Fo-Fc electron density omit map contoured at 2 o and is shown only around the
anti-B12 molecule
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Abstract

Cellular uptake of vitamin B12 in humans occurs via CD320 receptor mediated
endocytosis of the soluble B12 carrier protein transcobalamin (TC). The expression
of CD320 is associated with the cell cycle and is upregulated in highly proliferating
cells, such as cancer cells'3. This makes the uptake route of vitamin B12 a potential
target for cancer therapy*. Here we present a set of four camelid nanobodies, binding
to TC and the TC:CD320 complex, with nanomolar affinities. Three of these
nanobodies, when conjugated to saporin, are capable of inhibiting the growth of
highly proliferating human embryonic kidney (HEK293T) cells and therefore bear the
potential to inhibit the growth of cancer cells. In particular, one of these nanobodies
(TCNB4), which specifically recognizes the formed TC:CD320 complex, led to
complete inhibition of cellular growth. Using fluorescent light microscopy, we were
able to demonstrate the cellular uptake of this nanobody. We have determined X-ray
crystal structures of the nanobodies in complex with TC:CD320 nanobody
complexes, and we could map the binding sites to three distinct epitopes. One of the
nanobody co-crystal structures led to a new structure of the TC:CD320 complex at
higher resolution than previous structures. The structure shows the complete
interface of TC and the LDLR-A1 domain of CD320, revealing additional pH sensitive
salt bridges and ordered water molecules. Furthermore, for the first time the disease
related residue Glu88 of CD320 could be resolved at sidechain resolution revealing
the structural importance of this residue for the stability of the receptor.
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Introduction
In humans the final stage of cellular uptake of vitamin B12 is mediated by endocytosis
of the soluble B12 carrier protein transcobalamin via binding to the transcobalamin
receptor CD320°. As vitamin B12 is necessary for DNA synthesis, the need for it is
elevated in highly proliferating cells such as cancer cells, which often results in the
overexpression of CD3203. In spite of over 40 years of research no drug targeting
the B12 uptake route has reached the market®. In previous studies different groups
have attempted to target the cellular uptake route for vitamin B12 for cancer therapy
and diagnosis*. The strategies included the derivatization of vitamin B12 with
cytotoxic drugs’ or the coupling of an antibody targeting CD320 with saporin®®. It
could be demonstrated that in vitro, the saporin-conjugated antibody was capable of
efficiently destructing a broad spectrum of cancer cell lines®. Camelid single chain
VHH antibodies respectively nanobodies are highly stable, less immunogenic than
therapeutic antibodies, able to penetrate tissues, and can easily be produced at large
scale in E. coli'®. For these reasons, a nanobody drug conjugate would be a desirable
tool for cancer therapy by targeting the cellular vitamin B12 uptake route.
An open question regarding TC:CD320 mediated uptake are the detailed molecular
interactions between TC and CD320. These have been structurally adressed'", but
still leave open questions such as a the loop from Cys74 to Cys89, which is close to
the binding interface with LDLR-A1, but could not be resolved in the published
structure’. Also, the region around the disease implicated residues Glu88 in CD320
could only partially be resolved.
In order to develop a tool for nanobody mediated drug delivery via TC:CD320
mediated B12 uptake we aimed to develop a set of nanobodies targeting the
TC:CD320 complex. In addition, we aimed at using these nanobodies as
crystallization chaperones for the further structural characterization of the complex.

Results

Production and characterization of camelid nanobodies against TC:CD320
A Vicugna pacos was immunized against purified TC:CD320 complex. Using phage
display of the cDNA library against immobilized biotinylated TC:CD320, we obtained
a set of 20 unique nanobody binders, of which 14 successfully bound in pulldown
and SEC complex formation experiments. The four nanobodies TCNB4, TCNB11,
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TCNB26 and TCNB34 were chosen for further characterization (Fig, 1a). From these
four nanobodies, three nanobodies were suitable for amine-reactive labelling. The
labelled nanobodies and were tested for their affinity to TC:CD320 by MicroScale
thermophoresis (MST). We measured affinities of 5.2 nM for TCNB4, 87.4 nM for
TCNB26 and 12.8 nM for TCNB34 (Fig. 1b). All four nanobodies were co-crystallized
with TC:CD320. The resulting X-ray crystal structures (Fig. 1c, Extended Data Table
1) enabled us to identify the binding sites of the nanobodies to 3 distinct binding
epitopes. TCNB11 and TCNB34 have overlapping binding epitopes. Notably, TCNB4
is the only nanobody that binds simultaneously to TC and CD320 and therefore
specifically recognizes the formation of the TC:CD320 complex.

a 2|0 4[0 CDR 1 GIO CDR 2 BIO
TCNB4 MKYLLPTAAAGLLLLAAQPAMAQRQLVESGGGLVQPGGSLRLSCAASGFTPGIYDIGWFRQAPGKEREGVSCISSRGSSTN 81
TCNB11 MKYLLPTAAAGLLLLAAQPAMAQLQLVESGGGLVQAGGSLRLSCTASGRT---GTMGWFRQGPGKEREFVASHKWVAGSTY 78

TCNB26 MKYLLPTAAAGLLLLAAQPAMAQVQLVESGGGLVQAGESLRLSCAASGRT---FAMAWFRQAPGKEREFVAVRGWLGVTTY 78
TCNB34 MKYLLPTAAAGLLLLAAQPAMAQWQLVESGGGLVQPGGSLRLSCAASGSTFSSYAMGWYRQAPGKECELVAAISRAGGSTN 81
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TCNB26 YADSVKGRFTISRDNAKNTLDLQMNSLKPEDTAVYYCAAG-QYSSSLYDRE-TEYNYWGQGTRVTVSSHHHHHHEPEA* 155
TCNB34 YADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNAAAEGETGSNWSLCEEYDYWGKGTRVTVSSHHHHHHEPEA* 160
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Figure 1 Structural and functional characterization of nanobodies raised against TC:CD320. a, Sequence-
alignment of conformational nanobody binders against the TC:CD320 complex. Red bars below the sequence
indicate the degree of sequence conservation. CDRs are indicated above the sequences. b, MicroScale
thermophoresis affinity measurements of nanobodies TCNB4, TCNB26 and TCNB34 binding to TC:CD320. Note
that TCNB11 was not tested, as it was not suitable for the required fluorescent labelling. ¢, Overlaid crystal
structures of TC:CD320:nanobody complexes with TC (cyan) and CD320 (yellow) in surface representation and
TCNB4 (green), TCNB11 (blue), TCNB26 (brown) and TCNB34 (red) in surface representation.
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Cellular uptake of TCNB4
To test whether TCNB4, for which we had measured the highest affinity for
TC:CD320, could enter human cell by hijacking CD320 receptor mediated
endocytosis of holo TC (i.e. B12 bound TC), we used fluorescently labelled TCNB4
for cellular uptake studies. By incubating the nanobody with HEK293 cells that
constitutively overexpress GFP-tagged CD320, as well as holo TC, we observed
colocalization of TCNB4 and CD320 in a fluorescent light microscopy experiment
(Fig 2). We further observed that the nanobody was endocytosed by the cells
together with the receptor. To test whether the nanobody would get degraded inside
the cells we repeated the experiment with dsRed-tagged TC'? where, over the time
course of 4 h, we would only observe the degradation of dsRed-TC however not of
TCNB4 (Extended Data Figure 1). One caveat is, that in this experiment one can
only observe the lifetime and stability of the fluorophore, which may differ from that

of the protein to which the fluorophore is fused to.

(A) GFP-TCbIR (B) GFP-TCbIR A) Red-NHS B) Red-NHS-TC A) Merge B) Merge

Figure 2 Internalization of nanobody uptake by HEK 293 cells expressing TCbIR-GFP. Cells were incubated
with fluorescently labelled TCNB4 (A) or with labelled TCNB4 + TC-Cbl for 1, 2 or 4 h at 37 °C. Over the time
period tested, TCNB4 without TC appears to bind to the cell surface likely due to nonspecific surface binding
(panels A) but this binding is not associated with TCbIR (the merge panels A)). Nanobody preincubated with TC-
Cbl appears to bind specifically to TCbIR-GFP (panels B) and is associated with TCbIR-GFP (merge panels B).
However, the TCbIR-GFP does not appear to degrade at 4h.

1 hour

2 hours

4 hours
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Cellular inhibition of growth by saporin-conjugated nanobodies
Knowing about the potential of the TC:CD320 binding nanobodies to be endocytosed
by human cells, we wanted to test their applicability in the targeting and the
destruction of cancer cells. We therefore generated nanobody drug conjugates which
would, if being endocytosed successfully, destroy or inhibit the respective cells. As a
drug, respectively toxin we chose the plant enzyme saporin, which deglycosylates
and thereby inactivates eukaryotic ribosomes’3. In order to generate the nanobody
drug conjugates we used commercially available, biotin reactive saporin
(Streptavidin-ZAP). In order to biotinylate the nanobodies, we engineered enzymatic
biotinylation recognition sites into the nanobodies and biotinylated them using the
enzyme BirA. Subsequently, the biotinylated nanobodies and the biotin reactive

saporin were coupled used for cell-cytotoxicity assays.

50 nM TCNb4-saporin 50 nM TCNb4

-
o
o

Viability (%)

"M alla

50 nM saporin control PBS Control

Figure 3 Cell cytotoxicity assays for saporin-conjugated nanobodies targeting cellular vitamin B12
uptake. a, Cell viability after incubation of HEK293 cells with saporin-conjugated nanobodies for 8 days, defined
as reduction of MTS tetrazolium reagent by viable mammalian cells, generating a colored formazan dye. 100%
viability correlates to the conversion by untreated cells (PBS control) and 0% correlates to the conversion in wells
without cells. b, Light microscopy images of HEK293T cells after incubation with saporin-conjugated TCNB4,
TCNB4 alone, saporin alone or PBS (control) for 8 days.

We seeded HEK293T cells at low density in order to obtain highly proliferating cells,
which in turn would have a high expression of CD320. When adding the saporin-
conjugated nanobodies at a concentration of 50 nM to these cells, a complete
inhibition of growth was observed for the addition of saporin-TCNB4 (Fig. 3a). Control
experiments, where either only TCNB4 or saporin-ZAP was added, did either not or
significantly less affect the growth of the cells (Fig. 3b). Compared to TCNB4,
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TCNB11 and TCNB34 showed lower but still significant inhibition of growth. The
TCNB26 saporin conjugate did not inhibit significantly more than the saporin-ZAP
control at the tested concentration.

Structural characterization of nanobody binding
TCNB4, which binds its target with high affinity (ko = 5.2 nM), interacts with CD320
via complementarity-determining region 1 (CDR1) and a non-variable loop between
beta-strands 5 and 6 of the nanobody (Extended Data Figure 2). Interactions with TC
are mediated mostly by CDR3 and in some part by CDR1 and CDR2. Although CDR2
only interacts via one residue (Arg75) with TC, the loop appears to have a sterically
important role in positioning CDR3. This finding is further substantiated by the fact
that CDR2 is linked via a disulfide bond to CDR3. Unexpectedly, we observed a Ca?*
ion coordinated by three backbone carbonyl groups of CDR3 and by one glutamate
sidechain of CDR1. The Ca?* ion seems to further stabilize the conformation of the
CDRS loop.
While TCNB11 binds its target with CDR2 and CDR3, CDR1 does not interact with
TC (Extended Data Figure 3). CDR3, which binds close to the B12 recognition site
of TC, introduces a twist into a flexible loop of TC, flipping the backbone of the
residues in the range of Phe168 to His173 by approximately 180°. The flexibility of
this loop has been observed previously, where His173 can serve as upper coaxial
ligand of B12'4, but can also be displaced by more stable ligands such as the cyano-
group in cyanocobalamin''. Nonetheless, this structure serves as a prime example
how nanobody- or antibody bound structures should always be interpreted with a
grain of salt, especially at the binding interface, where a binder might have altered
the structure of the target protein.
TCNB26 binds TC with all three CDRs (Extended Data Figure 4). However, its rather
loosely packed binding interface might be the reason for the comparably lower
binding affinity of the nanobody. In the crystal structure of the complex of TCNB26
with TC:CD320, the crystal packing was such that there was only enough space for
one TCNb26 per two TC molecules.
TCNB34 binds TC mostly via CDR1 and CDR3 (Extended Data Figure 5). CDR2 is
further away from the target and only Arg53 would be in reach to potentially form a
salt bridge with Glu210 of TC, which however was not observed in the crystal
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structure. Nonetheless, CDR2 appears to play a role in sterically positioning CDRS3,
as it forms a disulfide bond with CDRS3.

New features in the structure of the TC:CD320 complex
TCNB34 turned out to be a helpful crystallization chaperone, improving the resolution
of the TC:CD320 complex from previously reported 2.1 A'' to 1.85 A (Extended Data
Table 1). Apart from the overall better resolved maps, two regions in particular are
better resolved in the TCNB34:TC:CD320 co-crystal structure (Fig. 4): The loop in
TC from Cys65 to Cys78, which form a disulfide bond, was visible in earlier structures
of TC alone'. However, in these structures the disulfide bond was not formed, which
may have affected the fold of the loop. In the published structure of TC:CD320"" the
disulfide bond was formed, but the loop was disordered in the crystal structure. In the
TCNB34:TC:CD320 co-crystal structure the disulfide is formed, and the loop is
clearly visible. The structure reveals previously unknown binding interactions
between TC and CD320. Glu73 and Asp74 of TC from salt-bridges with Lys58 of
CD320. As such salt-bridges are sensitive to changes in pH'®, this finding is in line
with the observation that TC and CD320 dissociate at low pH after endocytosis of the
complex''. In addition, several ordered water molecules at the TC:CD320 binding
interface could be resolved. The structure also reveals the complete interface
between TC and LDLR-A1 of CD320. Another feature revealed by the
TCNB34:TC:CD320 co-crystal structure is the region around Glu88 in CD320. The
structure shows that the adjacent residue Glu87 forms a salt bridge with Arg68 via
its head group and with Arg73 via its backbone carbonyl. Deletion of either one of
the residues Glu86, Glu87 or Glu88 has been associated with vitamin B12 deficiency
in patients carrying the mutation'®. After initial findings that the loss of one of these
residues would lead to steric constrictions in the LDLR-A1 domain'', we now see in
detail the structural importance of the residue for the overall stability of the receptor.
Notably the interactions of Glu87 are salt-bridges and therefore also pH-dependent.
Loss of these interactions at low pH might destabilize the receptor and thereby aid
the release of TC from CD320 after endocytosis. A genetic deletion of Glu86, Glu87
or Glu88 however would also destabilize the receptor, which could explain the lower
affinity of the AE88 mutant receptor to TC and also the decreased resolution of the

crystal structure of the TC:CD320AE88 complex’.
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Figure 4 New structural insights into transcobalamin recognition by CD320. In the cocrystal structure of
TCNB34:TC:CD320 TC (cyan) and CD320 (yellow) are shown in cartoon representation and B12 (red), as well
as disulfide bonds forming the loops of interest in stick representation. TCNB34 has been removed for clarity.
The red inset (left) shows a loop in TC which was disordered in previous crystal structures'"'*. Polar contacts
between TC and CD320 are indicated with blue dashed lines with distances indicated in A. The blue inset shows
Glu88 and the surrounding residues of CD320. Salt bridges involving Glu87 are indicated with blue dashed lines.
Note that a genomic deletion of Glu88, which would be equal to a deletion of Glu87, has been reported to lead
to B12 deficiency’®.

Although the structure and position of the EGF-like domain still remains elusive, the
TCNB11:TC:CD320 co-crystal structure reveals 8 previously unresolved residues
reaching from LDLR-A1 towards the EGF-like domain, revealing Cys94, the first
cysteine residue, and therefore the to some degree, the location of the missing
domain (Fig 4).

Conclusions
We have obtained a set of nanobody binders which bind to TC or TC:CD320 at high
affinity. The binders have shown to be able to enter human cells and to inhibit growth
of these cells when connected to a toxin. Therefore, these nanobodies bear the
potential to be further developed as anti-cancer drugs, specifically targeting the
cancer marker CD320. As three of the four nanobodies bind to distinct, non-
overlapping epitopes, binding affinity and specificity could potentially be improved by
engineering bi- or tripartite nanobody fusion proteins. Combining TCNB4 with a
nanobody that solely binds to TC might increase the chances in successful assembly
of TC, CD320 and the nanobody. Such a bipartite nanobody could bind to soluble
TC in the bloodstream already before reaching CD320, rather than only being able
to bind to the pre-formed complex of TC:CD320, as it likely is the case for TCNB4.
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Fusing TCNB4 to other cancer cell marker binding proteins could further increase its
specificity for cancer cells.

To determine the applicability of our nanobody drug conjugates, further studies in
closer to real life scenarios will be necessary. Such experiments could involve more
tissue like cell cultures, real cancer cell lines and in a later stage cancer tissue from
patients. Also fusing the nanobodies to other toxins or radionuclides for imaging
studies could be tested.

The crystal structure of TC:CD320 bound to TCNB34 revealed new features of the
TC:CD320 complex, such as the full TC:CD320-LDLR-A1 interface and the region
around Glu88 in CD320. These findings have helped to further rationalize the
dissociation of the TC:CD320 complex at low pH and have provided a deeper
explanation for the vitamin B12 deficiency causing mutation AE88 in TC. A structural
feature of the TC:CD320 complex that still remains elusive is the role of the EGF-like
domain in CD320. Although functional data has suggested that the domain ensures
the correct stoichiometric binding stoichiometry of TC:CD320'', no structural
information about the domain could be retrieved yet, apart from the TCNB11 bound
structure of TCCD320 which shows the first cysteine of CD320. This seems to be
caused by the mobility of the domain, which is tethered between by two flexible
linkers between LDLR-A1 and LDLR-A2, could possibly be resolved by using cryo-
EM. A large dataset of the TC:CD320 complex could be collected and one could
potentially classify distinct states of the complex with the EGF-like domain in different
positions. This could also help to resolve the structural ensemble of specific
orientations in which the EGF-like domain can be present. A similar study has been
conducted recently on the flexible ABC transporter protein TmrAB, where multiple
high-resolution structures of different states of the same protein could be obtained
by 3D classification of a large set of data'’. As the mass of TC:CD320 with 60 kDa
is rather low for cryo-EM, one could utilize a combination of 3 nanobodies (e.g.
TCNB4, TCNB34, TCNB26) to increase the mass of TC by another ~45 kDa, which
could assist in particle alignment. Also, the TC binding antibody A-5 (Santa Cruz
Biotechnology, Inc, Catalogue # sc-137017), if it should bind rigidly, could help with
this problem with alignment in cryo-EM.
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Methods
Expression and purification of TC:CD320

TC:CD320 was expressed and purified as described previously'".

Nanobody selection, expression and purification

Nanobodies were generated expressed and purified as described previously'®. with
the following modifications: For the panning TC:CD320 was immobilized via
biotinylation of CD320 as described previously''. Purified nanobodies were desalted
into 20 mM Tris pH 7.5, 0.5 mM CaCl2 and 150 mM NaCl.

In order to generate nanobody-saporin conjugates a C-terminal Avi Tag
(GLNDIFEAQKIEWHE), preceding the His6 Tag and flanked by flexible GGGS
linkers, was fused to the nanobodies. Biotinylation was performed as described
previously''. For the saporin-fusion, the biotinylated samples were desalted into PBS
(Gibco) and were mixed at a concentration of 5 yM with a 2.4-fold molar excess of
Streptavidin-ZAP (Advanced Targeting Systems). The mixture was incubated for 1h
on ice before diluting it in PBS to a working concentration of 500 nM.

MicroScale Thermophoresis affinity measurements

MST affinity measurements for the binding of TCNB4, TCNB26 and TCNB34 to
TC:CD320 were performed on a monolith NT.115 instrument (NanoTemper)'®.
Nanobodies were labeled using the lysine reactive Monolith NT Protein Labeling kit
RED-NHS (NanoTemper). As TCNB11 has a lysine residue in CDR2, it was not
suitable for this labeling method and was therefore not analyzed by MST. Labelled
nanobodies at concentrations ranging from 50 nM to 1.6 nM were pre-incubated with
TC:CD320 at either 18 nM (for TCNB4) or 50 nM (for TCNB26 and TCNB34) for 20
min at room temperature. Subsequently the samples were loaded into glass
capillaries (NanoTemper) and MST measurements were performed at various values
of LED power and MST power, reaching the clearest results at 100% LED power and
80% MST power for TCNB4, at 90% LED power and 80% MST power for TCNB26
and at 90% MST power and 40% LED power for TCNB34. NanoTemper software
was used to calculate the respective Kp values.
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Cellular nanobody uptake experiments (Written and performed by Prof. Edward

Quadros)
TCNB4 was covalently labeled with Red-NHS using the Monolith NT kit (Nanotemper
technologies) and used in the cellular binding and uptake studies. HEK 293 cells
transfected with the CD320 cDNA fused to a green fluorescent protein (GFP)
expressing protein in plasmid pEGFP?°. Cells were selected for stable expression of
TCbIR-GFP by culturing in DMEM containing G418 antibiotic and used in the present
experiments. Cells were seeded at a density of 0.1 x 106 cells per well in 60mm
dishes, cultured for 48 h in DMEM containing 10% FBS and 200ug/ml G418.
For Fig. 2, cells were washed 3 times with PBS and incubated in DMEM with labeled
TCNB4 alone or an equivalent amount preincubated for 1hr with 200ul of human
serum + cobalamin as a source of holoTC. At 1, 2 or 4 h cells were washed three
times with PBS and fixed in 4% paraformaldehyde for 30 min. The cell layer was
washed 3 times with PBS and prepared for fluorescent microscopy. Cells incubated
on ice for 1-2 h and cells incubated at 37 °C with free dye served as controls.
For Extended Data Figure 1, cells were washed 3 times with PBS and incubated with
DMEM with dsRed TC-Cbl or TCNB4+dsRed TC-Cbl. At 1, 2 or 4 h cells were
washed with PBS and fixed with 4% paraformaldehyde for 30 min.

Cell cytotoxicity Experiments
HEK293T cells in DMEM medium supplemented, with 10% v/v FBS and 200 pg/mi
G418, were seeded in 96 well sterile cell culture plates at 2 x 103 cells per well. After
letting the cells attach for 1-2h at 37 °C. The medium was replaced with the same
medium, containing 5% v/v human serum and 5 yM cyanocobalamin as source of
holoTC, as well as either 50 nM TCNB4, saporin conjugated TCNBs 4, 11, 26 or 34,
unconjugated Streptavidin-ZAP as saporin control, or PBS as negative control. After
incubation for 8 days at 37 °C the medium was exchanged to DMEM medium
supplemented, with 10% v/v FBS and 200 ug/ml G418, to avoid bias by color
changes in the medium and inhibition of growth respectively total cellular viability was
assayed using the MTS Assay Kit (Abcam). 100% viability was defined as the
readout from non-treated cells (addition of PBS) and 0% viability was defined by the

readout performed on wells where no cells where seeded. Measurements were
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conducted in triplicates and positive and negative controls were performed in
quintuplicates.

Crystallization and data collection
After preincubating TC:CD320 at 10 mg/ml with a 1.2-fold molar excess of TCNB4
for 1h on ice, crystals of the TCNB4:TC:CD320 complex were grown by sitting drop
vapor diffusion in 100 mM Bis-Tris pH 5.5, 25% w/v PEG 3350, supplemented with
10% (0.2% w/v Betaine anhydrous, 0.2% w/v L-Glutamic acid, 0.2% w/v L-Proline,
0.2% w/v Taurine, 0.2% w/v Trimethylamine N-oxide dihydrate, 0.02 M HEPES
sodium pH 6.8 from the Silver Bullets Screen (Hampton) at room temperature. The
crystals were cryo-Protected by addition of a final concentration of 25% glycerol.
Diffraction data was collected from a single crystal at Swiss Light Source (SLS) at
the beamline X06SA. For the data collection increments of 0.1° per 0.1 s were
collected for 360° at a beam transmission of 10% and a beam size of 10 yM x 10
M.
After preincubating TC:CD320 at 10 mg/ml with a 1.2-fold molar excess of TCNB11
for 1h on ice, crystals of the TCNB11:TC:CD320 complex were grown by sitting drop
vapor diffusion in 0.2 M sodium malonate pH 6.0, 20% w/v PEG 3350. The crystals
were cryo-Protected by addition of a final concentration of 25% glycerol. Diffraction
data was collected from a single crystal at Swiss Light Source (SLS) at the beamline
X06SA. For the data collection increments of 0.1° per 0.1 s were collected for 360°
at a beam transmission of 10% and a beam size of 10 yM x 40 uM.
After preincubating TC:CD320 at 10 mg/ml with a 1.2-fold molar excess of TCNB26
for 1h on ice, crystals of the TCNB26:TC2:CD3202 complex were grown by sitting
drop vapor diffusion in 150 mM Ammonium citrate tribasic pH 7.0, 21% w/v PEG
3350. The crystals were cryo-Protected by addition of a final concentration of 25%
glycerol. Diffraction data was collected from a single crystal at Swiss Light Source
(SLS) at the beamline X06SA. For the data collection increments of 0.1° per 0.1 s
were collected for 360° at a beam transmission of 10% and a beam size of 20 yM x
20 pM.
After preincubating TC:CD320 at 10 mg/ml with a 1.2-fold molar excess of TCNB34
for 1h on ice, crystals of the TCNB34:TC:CD320 complex were grown by hanging
drop vapor diffusion in 200 mM Ammonium lodide, 16% w/v PEG 3350 and 1.4 x
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10°-fold diluted seed stocks from crystals of the same protein, grown in similar
conditions. The crystals were cryo-Protected by soaking in a drop containing 25%
ethylene glycol. Seeds were generated using a Seed Bead™ Kit (Hampton).
Diffraction data was collected from a single crystal at Swiss Light Source (SLS) at
the beamline X06SA. For the data collection increments of 0.1° per 0.1 s were
collected for 360° at a beam transmission of 10% and a beam size of 20 yM x 40
MM,

Data processing, structure determination, model building and refinement
Crystallographic data were indexed, and reduced by XDS?', Structures were solved
by molecular replacement in Phaser MR?? using a single monomer of TC:CD320
(PDB ID 4ZRP)'" as input model. Nanobodies were fitted based on an existing model
of a nanobody (PDB ID 3P0G)?3. Model building was done in Coot?* and Refinement
was performed in Phenix?®. To avoid bias from the comparably low-resolution map
of TCNB26:TC2:CD320, for this structure only rigid body and B-factor refinement was
performed.

Figure preparation and data analysis
Protein sequence alignments were performed in CLC Genomics Workbench. Cell
viability assay data was analyzed and plotted in GraphPad Prism. Protein structure

images were generated in PyMol?®.
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Extended Data

(A) GFP-TCbIR (B) GFP-TCbIR (A) dsRed-TC (B) dsRed-TC + NHS (A) Merge (B) Merge

1 hour

2 hours

4 hours

Extended Data Figure 1 Internalization of dsRed TC-Cbl and dsRed TC-CbI-TCNB4 by HEK293 cells
expressing TCbIR-GFP. Cells were incubated with dsRedTC-Cbl (A) or with nanobody TCNB4 +dsRed TC-Cbl
for 1, 2 or 4 h at 37 °C. Over time the dsRed-TC-Cbl is internalized and is degraded (panels A), however, the

TCNB4 + dsRed TC-Cbl is internalized but is not degraded (panels B).
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Extended Data Figure 2 Crystal structure of TC:CD320 bound to TCNB4. a, TC (cyan) and CD320 (yellow)
are shown in surface representation. Cyanocobalamin (red) is shown in stick representation. TCNB4 (brown) is
shown in cartoon representation with CDR1 (red), CDR2 (blue), CDRS3 (green) as well as a non-variable loop
(black) that is interacting with CD320 are highlighted with colors. A disulfide bond between CDR2 and CRD3 is
shown in stick representation. Note that the nanobody is interacting with both TC as well as the receptor CD320.
b, Close up view on molecular interaction between different CDR loops of the nanobody and TC:CD320 shown
in stick representation, using the same colors as in a. Note that in CDR3 there seems to be a Ca?* ion coordinated
by three backbone carboxyl groups of CDR3 and by one aspartate of CDR1.
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Newly visible residues in CD320
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Extended Data Figure 3 Crystal structure of TC:CD320 bound to TCNB11. a, TC (cyan) and CD320 (yellow)
are shown in surface representation. Cyanocobalamin (red) is shown in stick representation. TCNB11 (brown) is
shown in cartoon representation with CDR1 (red), CDR2 (blue), CDR3 (green) are highlighted with colors. b,
Close up view on molecular interaction between different CDR loops of the nanobody and TC shown in stick
representation, using the same colors as in a. In the panel for CDR3 the structure of TC has been superposed
with a nanobody free structure of TC (gold) (4ZRP'") and for clarity the structures are shown in cartoon
representation and only selected residues and B12 are shown in stick representation. Note that binding of
TCNB11 induces a twist in TC in a loop at the binding interface. ¢, Residues of CD320 extending LDLR-A1 that
were not resolved in previous structures, as well as the disulfide-bond forming resides Cys74 and Cys89 are

shown in stick representation.
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Extended Data Figure 4 Crystal structure of TC:CD320 bound to TCNB26. a, TC (cyan) and CD320 (yellow)
are shown in surface representation. Cyanocobalamin (red) is shown in stick representation. TCNB26 (brown) is
shown in cartoon representation with CDR1 (red), CDR2 (blue), CDR3 (green) highlighted with colors. b, Close
up view on molecular interaction between different CDR loops of the nanobody and TC, shown in stick
representation, using the same colors as in a.
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Extended Data Figure 5 Crystal structure of TC:CD320 bound to TCNB34. a, TC (cyan) and CD320 (yellow)
are shown in surface representation. Cyanocobalamin (red) is shown in stick representation. TCNB34 (brown) is
shown in cartoon representation with CDR1 (red), CDR2 (blue), CDR3 (green) highlighted with colors. A disulfide
bond between CDR2 and CRD3 is shown in stick representation. b, Close up view on molecular interaction
between different CDR loops of the nanobody and TC shown in stick representation, using the same colors as in
a.
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Extended Data Table 1

TCNB4:TC:CD320 TCNB11:TC:CD320 TCNB26:TC,:CD320, TCNB34:TC:CD320
Wavelength 0.979502 1 0.979502 0.979502
48.92 -2.692(2.789 - 48.96 -3.0(3.107 - 49.14 -4.184 49.27 -1.854
Resolution range 2.692) 3.0) (4.334 -4.184) (1.92 -1.854)
Space group P212121 Cc2221 P43212 P43212
105.339 116.418 103.717 195.831 102.129 102.129 104.822 104.822
Unit cell 125.498 90 90 90 198.385 90 90 90 360.998 90 90 90 167.46 90 90 90
Total reflections 84243 (7177) 81479 (8030) 28382 (1406) 158598 (15319)
Unique reflections 42564 (3745) 40763 (4011) 14241 (752) 79459 (7693)
Multiplicity 2.0(1.9) 2.0(2.0) 2.0(1.9) 2.0(2.0)
Completeness (%) 97.98 (87.42) 99.84 (99.80) 94.99 (51.80) 99.79 (98.15)
Mean I/sigma(l) 7.97 (1.17) 11.45(2.30) 10.17 (1.59) 19.37(1.89)
Wilson B-factor 56.39 68.96 164.21 31.94
R-merge 0.08061 (0.6841) 0.05523 (0.371) 0.04472 (0.4819) 0.0272 (0.4422)
R-meas 0.114 (0.9675) 0.07811 (0.5247) 0.06324 (0.6815) 0.03847 (0.6254)
R-pim 0.08061 (0.6841) 0.05523 (0.371) 0.04472 (0.4819) 0.0272 (0.4422)
cCc1/2 0.993 (0.459) 0.997 (0.791) 0.999 (0.851) 0.999 (0.66)
cc* 0.998 (0.793) 0.999 (0.94) 1(0.959) 1(0.892)
Reflections used in
refinement 42558 (3745) 40739 (4008) 14207 (748) 79457 (7693)
Reflections used for R-
free 2128 (187) 2037 (201) 712 (37) 3973 (384)
R-work 0.2287 (0.3664) 0.2057 (0.3629) 0.2666 (0.3837) 0.1731(0.2875)
R-free 0.3015 (0.3973) 0.2731(0.4116) 0.2866 (0.3419) 0.2044 (0.3046)
CC(work) 0.933 (0.671) 0.948 (0.792) 0.843 (0.681) 0.957 (0.824)
CC(free) 0.896 (0.494) 0.895 (0.695) 0.694 (0.644) 0.938 (0.784)
Number of non-
hydrogen atoms 9598 9548 8372 5545
macromolecules 9352 9354 8182 4826
ligands 193 191 190 312
solvent 53 3 1070 407
Protein residues 1217 1217 0.008 612
RMS(bonds) 0.016 0.018 1.24 0.012
RMS(angles) 1.73 1.75 93.89 2.58
Ramachandran
favored (%) 86.11 84.04 5.15 98.17
Ramachandran
allowed (%) 10.29 10.36 0.95 1.83
Ramachandran
outliers (%) 3.6 5.6 1.36 0
Rotamer outliers (%) 0.1 0 8.9 0.76
Clashscore 29.25 20.96 213.36 9.14
Average B-factor 74.07 74.18 214.3 40.38
macromolecules 74.34 74.33 172.98 40.28
ligands 66.01 66.99 34.87
solvent 54.3 57.6 45.8
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4. Structure and mechanism of the ER-based glucosyl-

transferase ALG6
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In eukaryotic protein N-glycosylation, a series of glycosyltransferases catalyze
the biosynthesis of a dolichylpyrophosphate-linked oligosaccharide prior to its
transfer onto acceptor proteins’. The final seven steps occur in the lumen of the
endoplasmic reticulum (ER) and require dolichylphosphate-activated mannose
and glucose as donor substrates?. The responsible enzymes ALG3, ALGY,
ALG12, ALGG6, ALG8, ALG10 are glycosyltransferases of the C-superfamily (GT-
Cs), which is loosely defined as containing membrane-spanning helices and
processing an isoprenoid-linked carbohydrate donor substrate®*. Here we
present the cryo-EM structure of yeast ALG6 at 3.0 A resolution, which reveals
a new transmembrane protein fold. A comparison with reported GT-C structures
suggests that GT-C enzymes contain a modular architecture with a conserved
and a variable module, each with distinct functional roles. The activity of ALG6
was recapitulated in vitro using synthetic analogs of dolichylphosphate- and
dolichylpyrophosphate-linked sugars and enzymatic glycan extension to
generate donor and acceptor substrates using purified enzymes of the ALG
pathway. A second cryo-EM structure of ALG6 bound to an analog of
dolichylphosphate-glucose at 3.9 A resolution revealed the active site of the
enzyme. Functional analysis of ALG6 variants identified a catalytic aspartate
residue likely acting as a general base. This residue is conserved in the GT-C
superfamily. Our results define the architecture of ER-luminal GT-C enzymes
and provide a structural basis for understanding their catalytic mechanisms.
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In the eukaryotic cell, N-glycosylation of secretory proteins is an essential process that
involves the transfer of a high-mannose glycan (GIcNAcoMangGlcs) from a
dolichylpyrophosphate (DolPP) carrier, catalyzed by oligosaccharyltransferase'. The
biosynthesis of this donor substrate is a sequential process that is initiated in the
cytoplasm, requires the flipping of the GIcNAc2Mans-containing intermediate, and is
completed on the luminal side of the ER, where the transfer of the final seven hexoses
occurs? (Fig. 1a). For the cytoplasmic reactions, the donor substrates are soluble,
nucleotide-activated sugars. In contrast, the ER-luminal reactions depend on the
membrane-embedded donor substrates dolichylphosphate-mannose (DolP-Man) and
dolichylphosphate-glucose (DolP-Glc)?.. ALG6 transfers the first of three glucose
moieties onto the pre-assembled GIcNAc:Mang glycan. Following the identification®
and cloning® of the ALG6 locus, it was shown that deficiencies in ALG6 are a frequent
cause of congenital disorders of glycosylation (CDG)’, where patients generally suffer
from hypo-glycosylated serum glycoproteins®®. To understand the mechanism of
ALGG6, we sought to obtain high-resolution structural insight.

a s b .
e 7)9 %]QHF 5, L L i ?3; ?ﬁ)}‘i ig
ALGQ ¢ zxz rs SNP MS’ a®" =

~—~—NXT/

RFT1?
ER Lumen B 4x
-
p 5xGDPe@ P —» P -
po— b A~A Dolichol Y /\*Fluorescent e 4 4
: aer P Phosphate @ Man peptide ALG13/14 : Ore pot%
ALG2 @ GlcNAc O Hydrolyzed (recycling) Alpha-1,2
ALG11 Man mannosidase
1. Hz, PtO2
AcO 1.CIPO(OPh):  AcO 2. R>-OH Ra=
AcO OMAP o oL _OPh _cekeN or . _ _ _ _
AcO 4 °N p? 3 2
AcO p 2
\OPh 3 MeOH 2
Rz NH<OH Ry II ~o NH,*
1 Ri=OAc, R2= H (Man) 3 Ri1=0Ac, Re= H 5 Ri=0H, Re=H
2 Ri=H, R2= OAc (Glc) 4 Ri=H, R2= OAc 6 Ri=H,R2=0H

Figure 1 Functional analysis of ALG6. a, Schematic of eukaryotic LLO biosynthesis and glycan transfer by
oligosaccharyltransferase (OST)2,36. Enzyme names are indicated above reaction arrows. Curved arrows across
the ER membrane indicate flipping reactions. b, Tricine gel-based analysis of chemo-enzymatic LLO extension
and of ALG6-catalyzed glucose transfer. Glycans were transferred onto a fluorescent peptide using purified T.
brucei STT3A enzyme11. The glycan structures are indicated schematically above the lanes. Note that alpha-1,2-
mannosidase is unable to remove mannoses from the A-branch of GIcNAc2Man9GiIc, demonstrating the presence
of a glucose moiety. ¢, Synthesis scheme of dolichylphosphate-hexose analogs including Dol25-P-Man (5) and
Dol25-P-Glc (6). Note that the citronellyl-farnesyl moiety of Dol25 faithfully reflects the stereochemistry of native
dolichol.

In vitro activity of purified yeast ALG6
Neither the donor nor the acceptor substrate of ALG6 is commercially available. To
generate the acceptor substrate, we started from our previously developed’® method
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for chemo-enzymatic synthesis and analysis of Dol25-PP-GIcNAc2Mans, where Dol25
refers to a citronellyl-farnesyl moiety. The lipid-linked glycans were analyzed by tricine
gel analysis following a transfer onto a fluorescent acceptor peptide catalyzed by the
eukaryotic, single-subunit oligosaccharyltransferase STT3A from T. brucei’® (Fig. 1b).
To append mannose moieties to Dol25-PP-GIcNAc2Mans, we heterologously
expressed and purified the membrane-integral enzymes ALG3, ALG9 and ALG12
(Supplementary Information Fig. 1a) and synthesized the required mannose donor
analog Dol25-P-Man (Fig. 1c). Using a stepwise procedure, we extended Dol25-PP-
GIcNAc2Mans to the ALG6 acceptor substrate Dol25-PP-GlcNAc2Mang (Fig. 1b). We
also synthesized the required donor substrate Dol25-P-Glc de novo (Fig. 1c).
Incubation of ALG6 with Dol25-P-Glc and Dol25-PP-GIcNAc2Mang led to complete
conversion to Dol25-PP-GIcNAc:MangGlc (Fig. 1b). To confirm the physiologically
relevant glycan structure, the peptide-attached glycans were incubated with alpha-1,2-
mannosidase, which showed that ALG6-catalyzed glucose addition protected the A-
branch of the Mang-containing glycan from mannosidase activity (Fig. 1b). ALG6 was
found to be active in different detergents as well as reconstituted in lipid nanodiscs
(Extended Data Fig. 1a).

Notably, our chemo-enzymatic approach enabled us to synthesize every lipid-linked
oligosaccharide (LLO) intermediate of the biosynthetic pathway (Extended Data Fig.
1b). Our LLO analogs are readily accepted both by the single subunit OST enzyme
from Trypanosoma brucei'’ and the octameric yeast OST enzyme'2.

Structure determination of ALG6

We used phage display and a synthetic library of antigen-binding Fab fragments? to
identify a conformational binder (6AG9-Fab) that increased the size and
thermostability of detergent-solubilized ALG6 (Fig. 2a. Supplementary Information Fig.
2a, b) but did not interfere with its catalytic activity (Fig. 2b). The increased particle
mass and size (Extended Data Fig. 2) aided particle alignment, and the EM
reconstruction of nanodisc-reconstituted apo-ALG6 bound to 6AG9-Fab had an overall
resolution of 3.0 A (Fig. 2c, Extended Data Fig. 2, Extended Data Table 1,
Supplementary Information Fig. 3). This allowed us to build an atomic model of ALG6
lacking only 37 residues at the presumably flexible N-terminus and 28 residues in the

cytoplasmic loop connecting TM12 and TM13, a segment that contains several short
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linear motifs (SLiMs) including a di-arginine ER-retention motif'4. 6AG9-Fab bound to
a conformational, ER-luminal epitope of ALG6 and all interacting CDR-loops of the
Fab fragment are well-resolved (Extended Data Fig. 3). The EM maps revealed bound
lipids and cholesterol hemisuccinate molecules in contact with transmembrane helices
of ALG6 (Extended Data Fig. 4a).
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Figure 2 ALG6-Fab interactions. a, Size exclusion chromatography of purified ALG6 (64 kDa) in detergent in the
presence and absence of 6AG9-Fab (49 kDa). b, Analysis of ALG6 activity as described in Fig. 1b but in the
presence of 6AG9-Fab. 6AG9-Fab was incubated with ALG6 at a 5- or 15-fold molar excess to test inhibition. The
lane labeled Man9-LLO is a control sample for size comparison. ¢, Refined and B-factor sharpened EM map of
nanodisc-reconstituted ALG6 bound to 6AG9-Fab colored by proximity to protein chains of ALG6 (light brown),
6AG9-Fab heavy chain (red), and 6AG9-Fab light chain (grey).

ALG6G6 topology and GT-C architecture

ALG6 has 14 transmembrane helices and two long loops (EL1 and EL4) that form
helices in the ER lumen (Fig. 3a-c). A disulfide bridge covalently links the ER-luminal
end of TM14 with the external loop EL4 that connects TM7 and TM8 (Fig. 3b, c). While
the overall fold and membrane topology of ALG6 is novel, we noticed that the TM
arrangement and topology of the first half of the protein resembles partial structures
of previously reported GT-C enzymes. We superimposed the structure of ALG6, which
belongs to the GT57 subfamily according to the CAZy data base'®, to PgIB'® (GT 66),
AgIB'" (GT66), STT3'2'® (GT66), ArnT'® (GT83), and PMT1/PMT22° (GT39). We
found that the first seven TM helices (including the luminal helices EL1-h1 and EL1-
h2) are structurally similar, whereas the remainder of the proteins are distinct in fold,
topology and number of TM helices (Fig. 3d, Extended Data Fig. 5). This suggests that
GT-C enzymes contain a structurally conserved, N-terminal module consisting of TM1-
TM7, and a structurally variable, C-terminal module (Fig. 3b-d). The structural
similarity of the conserved module is not reflected in sequence conservation, as the
primary sequences of the compared proteins are dissimilar?'. However, the first
external loop contains the catalytically essential aspartate residue Asp69 (see below).
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Our interpretation of a modular architecture is supported by the observation that in all
published structures of GT-C enzymes, the active site and the substrate-binding
cavities are located at the interface of the conserved and variable modules (purple
asterisk and red arrows in Fig. 3d). The architectural similarity further extends to how
GT-Cs bind their dolichyl(pyro)phosphate-linked donor substrates: The dolichol moiety
invariably interacts with TM6 of the conserved GT-C module, whereas the distinct
attached carbohydrates, which include single sugars or complex glycans, interact with
the variable module. The donor substrates reach their respective active sites by "diving
under" arch-like structures formed by the external (or ER-luminal) loops that either link
the conserved to the variable modules, or are part of the variable modules (Fig. 3d).
These loops contain at the minimum a helix running parallel to the membrane but may
contain entire domains (Fig. 3d). We conclude that the conserved module of GT-Cs
likely served as a platform that allowed distinct functionalities to evolve and that the
modularity has allowed GT-C enzymes to accommodate different donor and acceptor
substrates and generate diverse active sites for distinct catalytic mechanisms during

glycan transfer reactions.
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Figure 3 ALG6 structure and GT-C architecture. a, Cartoon representation of ALG6 in rainbow coloring (blue at
N-terminus, red at C-terminus). b, Schematic representation ALG6 topology, with TM helices and external loops
(EL) numbered and colored as in a. The pink dot indicates the proposed catalytic residue Asp69. The yellow bar
depicts a disulfide bond. ¢, Top view of schematic representation of ALG6 colored as in b, with numbered circles
depicting TM helices and cylinders depicting helices in ER luminal loops. d, comparison of the topologies of ALG6
and other selected GT-C enzymes of known structure. Ribbon diagrams of top views (as in ¢) of the structures are
shown, and the constant GT-C modules are shaded grey, whereas the variable GT-C-modules are shaded in
different colors for each structure. TM helices are numbered. Note that GT39 and GT66 contain similar variable
modules (shaded green). Purple asterisks indicate the locations of the catalytic sites. Dashed red arrows indicate
the entry site for the dolichol-linked donor substrates, which are depicted using standard glycobiology symbols.
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An analysis of residues reported to be implicated in ALG6-associated human
CDGs’?2?5 revealed that none of them directly point at the presumed active site.
Rather, they are second shell-residues with respect to the active site or are located
even further away (Extended Data Fig. 6). It was indeed shown that such mutations
do not fully abolish ALG6 function but rather reduce the enzymatic activity to a level
that is not yet lethal®?.

Structure of Dol25-P-Glc-bound ALG6

ALG6 forms a large, hydrophilic cavity facing the ER lumen and a groove-shaped
cavity facing the lipid bilayer. The residues lining these cavities are not only highly
conserved among ALG6 homologs, but also in the functionally related
glucosyltrasferase ALG8%2%, suggesting that they are involved in substrate binding or
form the active site of the enzyme (Extended Data Fig. 7). To investigate the roles of
these cavities, we collected a second cryo-EM dataset of the ALG6-Fab complex
(Extended Data Fig. 8, Extended Data Table 1). Here, ALG6 was solubilized in
digitonin and pre-incubated with the synthetic donor substrate Dol25-P-Glc. Although
the overall resolution of the structure is 3.9A and thus lower than that of nanodisc-
reconstituted apo-ALG6, well-resolved density for bound donor substrate was
observed in a lipid-exposed groove formed by TM6, TM7 and TM8 (Fig. 4a, b.
Extended Data Fig. 4b). The shape of the density can clearly accommodate a Dol25-
P-Glc molecule. The citronellyl-farnesyl moiety is located in the conserved, lipid-facing
groove, interacts mostly with hydrophobic residues from TM6. The loop EL4 forms an
arch above the groove on the ER-luminal side, resulting in a funnel-like entrance, and
the Dol25 moiety bends under this arch at the level of the membrane boundary. This
causes the phosphate group, which represents the leaving group of the glucose
transfer reaction, to be lodged in a slightly positively charged surface region of ALG6
(Extended Data Fig 4b).

The EM density revealed a feature large enough to accommodate the glucose moiety
of Dol25-P-Gilc, but the quality of the map does not allow exact positioning. This is in
part due to the fact that this density also covers the adjacent side chain of the
conserved histidine residue His378 (Fig. 4a, b). We could nevertheless assign the
orientation of the glucose moiety, with one face packing against the surface of ALG6

and the other pointing towards the solvent. We built the model such that the a-
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anomeric position of the C1 carbon is accessible for a nucleophilic attack by the
mannose C3 hydroxyl group of the acceptor glycan. This binding mode can ensure
the specificity of ALG6 for DolP-Glc over DolP-Man, as the axial C2 hydroxyl group of
a mannose would cause a steric clash with the enzyme surface (Fig. 4a). The
specificity of ALG6 can be demonstrated in vitro, where only glucose, but not
mannose, is transferred from a Dol25-P carrier (Extended data Fig. 9a).

Figure 4 Donor substrate binding and catalytic site of ALG6. a, Surface representation of substrate-bound
ALGS in light brown with EM density map for Dol25-P-Glc in blue mesh carved to 3A, with bound Dol25-P-Glc in
stick representation. The front of ALG6 was clipped for clarity. The inset shows a zoomed-in view. A dashed, red
arrow indicates the anomeric C1 of the glucose moiety. An ordered water molecule close to the C1 carbon is shown
as a red sphere. b, Structure of the active site, with ALG6 shown in light brown ribbon representation with EL4
colored in light blue. Acidic residues in the active site are shown in stick representation and labeled, bound Dol25-
P-Glc is depicted in stick representation, with carbon atoms colored green. ¢, Analysis of substrate conversion by
ALGS6 variants, with mutations indicated above the lanes.

We could not unambiguously identify a second dolichol-binding groove in the ALG6
structure, and multiple smaller grooves are potential candidates for binding the
acceptor substrate DolPP-GIcNAc2Mang (Extended Data Fig, 4c). Because several of
the TM helices of ALG6 are not perpendicular to the lipid bilayer, the protein appears
to induce a distortion of the lipid bilayer of the nanodisc, with the lipid bilayer appearing
to thin out at the side of the cavity opposite to the “arch” generated by EL4 (Extended
Data Fig. 4d). Such membrane thinning might facilitate the binding of the dolichol-
linked donor substrate form the membrane. A deformation of a membrane caused by
a protein has been reported previously in the TMEM16 scramblase, where it has been

proposed to facilitate or assist in lipid flipping?”’.
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Catalytic mechanism

Given that ALGG is an inverting glycosyltransferase, its reaction is thought to occur via
an Sn2 mechanism?8. This implies that the C3 hydroxyl group of the terminal A-branch
mannose of Dol-PP-GIcNAc2Mang has to be activated for a nucleophilic attack on the
anomeric C1 of the glucose moiety to form an a-1-3-glycosidic bond. This is generally
achieved by deprotonation of the attacking hydroxyl group by an aspartate or
glutamate side chain acting as a general base, either directly or by forming catalytic
dyads or triads with suitable groups such as imidazole rings (histidine), hydroxyl
groups of protein sidechains or ordered water molecules?%-3. In our Dol25P-Glc-bound
ALGG6-structure, we identified five acidic residues in external loops that could act as a
general base (Fig. 4b): Asp69 and Asp99 from EL1, Glu306 and Asp307 from EL4 and
Glu379 from ELS5. We mutated all five residues to alanine and, in the case of
aspartates or glutamates, to asparagine or glutamine. We also mutated His378, which
is in direct contact with the glucose moiety, to investigate its potential function in
substrate binding. We expressed and purified the resulting ALG6 variants
(Supplementary Information Fig. 1b, c) and tested their in vitro activity using our
coupled assay (Fig. 4c). We found that activity was unaffected by mutation of Glu306,
Asp307, and Glu379. Mutating Asp99 to an alanine abolished ALG6 function, whereas
mutation to an asparagine did not reduce enzymatic activity. This suggests that Asp99
has a functional role, possibly in acceptor substrate binding, but is not the essential
catalytic base. Finally, mutating Asp69 to an alanine abolished ALG6 function, and
mutating it to an asparagine strongly reduced activity. We conclude that the structurally
conserved Asp69 is the catalytic base in ALG6. The corresponding aspartates
(Extended Data Fig. 5b) have been demonstrated to be catalytically essential in
oligosaccharyltransferases and the arabinosyltransferase ArnT'216.17.19 and proposed
to be essential in the mannosyltransferase Pmt1-Pmt22°. Hence, an aspartate or
glutamate at the N-terminal end of the helix EL-h1 may be catalytically essential in all
GT-C enzymes. Mutating His378, which is in the immediate vicinity of the glucose
moiety of Dol25-P-Glc, to alanine, asparagine or glutamine, strongly reduced the
activity of ALG6 but did not fully abolish it. Given the location of this residue, it is most
likely involved in the binding and orientation of the donor substrate. Although it was
shown that at least one of the ER-luminal mannose transfer reactions of the LLO
biosynthesis pathway is metal-dependent®?, our EM map showed no evidence for a
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bound divalent metal ion (M?*), nor does ALG6 contain a DXD sequence motif similar
to those shown to be essential for M?* binding in oligosaccharyltransferase'216.20,
Purified ALG6 indeed retains activity in the presence of EDTA (Extended data Fig.
9a), demonstrating that the reaction is metal ion-independent.

To probe the reaction mechanism further, we tested whether ALG6 could process
synthetic Dol25P-Glc analogs where the glucose moiety carried distinct substituents
originally designed for labeling studies (Extended data Fig. 9a). We found that
substituting the C4 hydroxyl group with a 2-azido-N-ethylacetamido group abolished
glucose transfer, which can be rationalized by the structural data as this would lead to
a clash with the side chain of His378 (Fig. 4b). Substituting the C6 hydroxyl group of
glucose with an azido group did not impair glucosyl transfer, which is in line with the
structural data given that this hydroxyl group is facing the solvent and can probably
freely rotate (Fig. 4a). ALG6 activity was abolished when a larger substituent (PEG4-
linked Rhodamine110) replaced the C6 hydroxyl group (Extended data Fig. 9a), where
it probably hinders access of the acceptor substrate to the active site (Fig. 4a,
Extended Data Fig. 4b).

Based on our structural and functional data, we propose a three-state mechanism for
ALG6 function (Extended Data Fig. 9b). The structure of substrate-bound ALG6
suggests that DolP-Glc binds before the Mang-containing acceptor substrate, because
the glucose moiety is at the bottom of the active site cavity. We therefore propose that
donor and acceptor substrates bind sequentially and that Asp69 acts as a general
base that abstracts the proton of the 3-hydroxyl group of the terminal A-branch
mannose of the acceptor substrate in order to activate it for a nucleophilic attack. This
may require a conformational change during which the glucose moiety of the donor
substrate moves closer to the acceptor substrate and to the catalytic residue Asp69,
akin to induced fit. An analogous conformational change was indeed described in
another GT-C enzyme, the bacterial oligosaccharyltransferase PgIB®. In ALG6 an
induced fit mechanism would allow the enzyme to prevent futile donor substrate
hydrolysis. Upon formation of a ternary complex, the glucose moiety may not only
become better ordered, but might deviate from the chair conformation, as was
previously observed in other GTs and glycosyl hydrolases (GHs)3*3.
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Conclusions

Our ALGG6 structure not only defines the architecture of eukaryotic ALG enzymes
involved in ER-luminal N-glycan synthesis, but also suggest an unexpected structural
modularity of GT-C enzymes. The conserved GT-C module acts both as a scaffold
and as a substrate activator by providing a catalytically essential general base residue,
whereas the variable module allows different GT-Cs to catalyze diverse glycosyl
transfer reactions and bind distinct substrates. We identified key residues involved in
ALGG6 catalysis and provide the basis for future studies of the catalytic mechanism of
this and related GT-C enzymes. Our approach of combining synthetic chemistry with
chemo-enzymatic glycan extension presents a highly efficient and controlled way to
generate LLO analogs that are not only essential for studying ALGG6-substrate
interactions but may allow all enzyme-catalyzed reactions of the ER-based protein N-
glycosylation pathway to be studied in molecular detail.

Methods

Overexpression and purification of ALG3

A synthetic gene (GenScript) of full-length ALG3-PreScission-EYFP-1D4 from S.
cerevisiae (UniProtKB — P38179) was optimized for the expression in S. frugiperda
(GeneArt, Thermofisher). The gene was cloned into a pOET1 vector (Oxford
Expression Technologies) and was expressed in S. frugiperda (Sf9) cells transfected
with baculovirus that was generated with FlashBAC DNA (Oxford Expression
Technologies). Cells were cultured in serum free SF-4 Baculo Express ICM medium
(AMIMED) at 27 °C. Cells were transfected at a density of 1x108 cells/ml and were
harvested after three days. For purification, the cells were resuspended 150 mM NacCl,
50 mM HEPES pH 7.4 with 0.1 mg/ml DNAsel, 1:100 protease inhibitor cocktail
(Sigma), 0.1 mg/ml PMSF and were lysed by dounce homogenization before
solubilization by addition of, 1% n-dodecyl-B-D-maltopyranosinde (DDM, Antrace)
0.2% cholesteryl hemisuccinate (CHS, Anatrace) and 10% glycerol. After 1h of
solubilization cell debris were pelleted by centrifugation at 30,000 rpm in a type T45 Ti
rotor (Beckmann). The supernatant was added to anti-1D4 antibody coupled beads
and was incubated for 1h. The beads then were washed with 2 x 20 column volumes
of washing buffer (150 mM NaCl, 40 mM HEPES pH 7.4, 0.03% DDM, 0.006% CHS).
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Then the protein was eluted by incubation of washing buffer, supplemented with 0.5
mg/ml 1D4 peptide for 1h.

Overexpression and purification of ALG6, ALG9 and ALG12

Synthetic genes (GenScript) of Flag-EYFP-PreScission-full length ALG6 (UniProtKB
— Q12001), ALG9 (UniProtKB - P53868) or Alg12 (UniProtKB - P53730) from S.
cerevisiae were optimized for the expression in H. sapiens (GeneArt, Thermofisher).
Proteins were expressed, and cells were lysed, solubilized and pelleted as described
above for ALG3. The supernatant was added to anti-Flag antibody coupled resin and
was incubated for 1h. The beads then were washed with 2 column volumes of washing
buffer (150 mM NaCl, 40 mM HEPES pH 7.4, 0.03% DDM, 0.006% CHS). Then the
protein was eluted by incubation of washing buffer, supplemented with 0.2 mg/ml Flag
peptide for 1h. For functional assays ALG6 was eluted with washing buffer
supplemented with 3C-protease. For the substrate bound structure, the immobilized
ALG6 was solubilized, immobilized to Flag resin and washed as described above.
Subsequently the immobilized protein was washed with 10 cv washing buffer
supplemented with 0.1% digitonin (Huberlab) and with 2 x 10 cv digitonin washing
buffer (150 mM NaCl, 40 mM HEPES pH 7.4, 0.1% digitonin). The sample was eluted
with 3C-protease and was subsequently purified by size exclusion chromatography
(SEC) in the same buffer.

ALG6 mutant generation

ALG6 mutants were generated by site directed mutagenesis PCR and were
expressed and purified by immobilization to Flag-resin and elution with peptide as
describe above for wild type ALG6. The proteins were further purified by SEC.

Nanodisc reconstitution of ALG6

A mixture of yeast polar lipids (Yeast Extract Polar, Avanti Polar Lipids) and CHS
(80:20, w:w) was diluted to a concentration of 10 mM in buffer (150 mM NaCl, 40 mM
HEPES pH 7.4). Lipids were solubilized by addition of 10 mM DDM and sonication for
20 min. Purified EYFP-PreScission-ALG6 in DDM:CHS supplemented buffer, purified
MSP1D1%8 protein and solubilized lipids were mixed in a ratio of 1:6:390. After

incubation for 10 min at 4 °C, the mixture was incubated for 20 min at room
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temperature. Detergent was removed by addition of 0.8 mg activated Biobeads (BIO-
RAD) per ml of reconstitution mixture and subsequent incubation at 4 °C overnight.
Biobeads were removed and the reconstitution mixture was 10 x diluted in washing
buffer (150 mM NaCl, 40 mM HEPES pH 7.4). To remove empty nanodiscs, the
reconstitution mixture was incubated with anti-Flag antibody coupled resin for 1h. After
washing the resin with 2 x10 column volumes of wash buffer, the sample was eluted

by incubation with 3C-protease.

Expression and purification of EYFP

His6-EYFP-1D4, was cloned into a modified pET19b vector a (Novagen) and
overexpressed in BL21 gold cells (DE3) (Stratagene, San Diego, CA). Cells were
grown in Terrific Broth medium at 37 °C to an ODggo of 3.0 before induction with 1 mM
Isopropyl 3-D-1-thiogalactopyranoside (IPTG). For protein expression cells were then
grown overnight at 25 °C and harvested by centrifugation at 10’000 x g.

For purification cells were resuspended in PBS (Gibco) supplemented with 1 mM
PMSF and 0.025 mg/ml DNAsel. Cells were lysed by three cycles of sonication (50%
amplitude and 50% duty cycle). Cell debris were pelleted by ultracentrifugation at
35,000 rpm, in a type T45 Ti rotor, for 30 min. The supernatant was incubated with Ni-
NTA resin for 1h and was subsequently washed with 10 cv 150 mM NaCl, 50 mM Tris-
HCI pH 7.5 and 10 cv 300 mM NaCl, 40 mM Tris-HCI pH 8.0 and 50 mM imidazole,
before elution with 5 cv 300 mM NaCl, 40 mM Tris-HCI pH 8.0 and 400 mM imidazole.
Immediately afterwards, the protein buffer was exchanged into 150 mM NaCl, 50 mM
Tris-HCI pH 7.5.

Enzymatic biotinylation of MSP1D1

MSP1D1 fused to a C-terminal Avitag was biotinylated in biotinylation buffer (75 mM
NaCl, 50 mM bicine pH 8.3, 10 mM Mg acetate, 10 mM ATP, 0.25 mM biotin) with 2
MM BirA protein, overnight at 4 °C. 2.5 yM. 3C protease was added for 6h at 4 °C. 3C-
Protease as well as BirA were removed by reverse binding to Ni-NTA. Subsequently,
the biotinylated MSP1D1 protein was desalted into 150 mM NaCl, 50 mM HEPES pH

7.4 and subsequently used for nanodisc reconstitution as described above.
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Synthetic antibody generation

For phage display experiments enzymatically biotinylated MSP1D1 was used for the
nanodisc reconstitution and no reverse binding or cleavage after nanodisc
reconstitution was performed. Aggregates were removed by SEC after the nanodisc
reconstitution.

To validate the immobilization efficiency of the final sample, pull-down assays of the
target proteins immobilized on Streptavidin MagneSphere® Paramagnetic Particles
(Promega) were performed, followed by biopanning using Fab Library E'337; DNA was
kindly provided by Shohei Koide and phage library was prepared by Somnath
Mukherjee. Five subsequent rounds of selection rounds were performed in 25 mM
HEPES, pH 7.4 and 150 mM NaCl (Selection Buffer) supplemented with 1% bovine
serum albumin (BSA)38:39,

The phage display selection was performed according to published protocols®4°. In
brief, in the first round, 400 nM Flag-EYFP-Prescission-ALG6 in nanodiscs was
immobilized onto paramagnetic particles for biopanning, followed by three washes and
resuspension of the particles directly in log-phase E. coli XL-1 Blue cells for infection.
Phage were amplified in 2xYT media supplemented with ampicillin (100 pg/mL) and
M13-KO7 helper phage (10° pfu/mL). From the second to fifth round sorting was
performed using a Kingfisher magnetic beads handler (ThermoFisher) with decreasing
concentration of target protein: 200nM for 2" round, 100 nM for 3" round, 60 nM for
4" round and 30 nM for the last round. Phage elution was done by disrupting of
immobilized nanodiscs with 1% Fos-choline 12 in Selection Buffer. Also, for rounds 2-
5, each phage pool was negatively selected against streptavidin-coated particles and
then used as an input for the next round. Throughout the entire selection process
soluble competitors were included in excess: 2 yM non-biotinytaled empty nanodiscs
(same reconstitution procedure as for ALG6, without the addition of ALG6 and using
non-biotinylated MSP1D1) and 2 uM purified EYFP protein. Phage pools from the 4t

and 5" round were used for binder screening.

Synthetic antibody screening

Single-point phage ELISA was performed to screen and validate the binding affinities
of selected binders®8. Briefly, E. coli XL-1 Blue were transfected with selected phage
pools and plated on LB/agar plates with Ampicillin. Colonies were used to inoculate
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2xYT media with 100 pg/mL ampicillin and 10° pfu/ml M13-KO7 helper phage.
Overnight amplified cultures were pelleted by centrifugation and 10-fold diluted
supernatants were used for ELISA. For this purpose, 96-well plates coated with 2
pug/ml Neutravidin were blocked with Selection Buffer with 1% BSA and Flag-EYFP-
Prescission-ALG6 protein reconstituted in biotinylated nanodiscs (50nM) was
immobilized in each well. Subsequent ELISA assays were performed in Selection
Buffer with 2% BSA. Diluted phage particles were assayed against the target protein
by using an HRP-conjugated anti-M13 monoclonal antibody (GE Healthcare).
Detection was done with TMB substrate (ThermoFisher) quenched with 1.0M HCI after
3 minutes and subsequent absorbance measurement at 450 nm. Biotinylated empty
nanodiscs were used as a control and only target-specific binders were selected.
Selected binders were sequenced at the University of Chicago Comprehensive
Cancer Center DNA Sequencing facility and cloned into a pRH2.2 vector (kind gift of
Sachdev Sidhu) using the In-Fusion Cloning kit (Takara). The antigen-binding
fragments were expressed in E. coli BL21-Gold cells and purified by Protein A
chromatography and ion exchange chromatography as described previously*'.
Subsequently multi-point protein ELISA was performed to estimate the binding affinity.
ELISA plate preparation and target immobilization was done similar to single-point
ELISA, followed by purified Fabs in 3-fold dilutions (starting from 3 uM) assayed
against target protein by HRP-conjugated mouse anti-human IgG F(ab’)2 monoclonal
antibody (Jackson). Detection was done as described above. Data points were plotted
assuming sigmoidal dose response and EC50 values were calculated for affinity

estimation.

Fab binding characterization using size exclusion chromatography

For SEC binding analysis 3C-protease cleaved ALG6 in DDM:CHS supplemented
buffer was incubated with 4-fold molar excess of Fab for 30 min on ice and
subsequently analyzed by SEC. Peak fractions were subsequently analyzed by SDS-
PAGE.

Thermostability experiments were performed as described previously*?, with 3C-
protease cleaved ALG6 in DDM:CHS supplemented buffer pre-incubated with three
fold molar excess of Fab for 30 min on ice and by measuring A280 instead of
fluorescence during SEC.
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EM sample preparation

For the apo structure, ALG6 in MSP1D1 lipid nanodiscs was incubated with Fab 6AG9
in 1:2 molar ratio for 1h at 4 °C and subsequently purified by SEC. Pooled peak
fractions were concentrated to 0.33 mg/ml. Quantifoil holey carbon grids, Cu, R
1.2/1.3, 300 mesh were glow discharged for 45s, 25 mA using a PELCO easiGLOW
glow discharger. 4 ul of sample were applied to the cryo-EM grids and blotted for 1-2
s before plunge freezing in a liquid ethane-propane mixture with a Vitrobot Mark IV
(Thermo Fischer Scientific) operated at 4 °C and 100% humidity.

For the substrate bound structure ALG6 in digitonin supplemented buffer at 7.2 mg/ml
was incubated with 1.5-fold excess of Fab 6AG9 for 1h, at 4 °C. Subsequently, the
sample was purified by SEC and peak fractions were pooled and were concentrated
to 6.3 mg/ml. The sample was supplemented with a final concentration of 150 yM Gilc-
P-dol25 and incubated for 1.5 h before grid preparation. Grids were prepared the same
way as for the nanodisc sample, but with 3.5 s blotting time.

EM data collection

Data was recorded on a Titan Krios electron microscope (Thermo Fischer Scientific)
operated at 300 kV, equipped with a Gatan BioQuantum 1967 filter with a slit width of
20 eV and a Gatan K3™ camera. Movies were collected semi-automatically using
SerialEM*® at a nominal magnification of 105,000 and a pixel size of 0.42 A per pixel
in super resolution mode. The defocus range was -0.6 to -2.8 ym. Each movie
contained 40 images per stack with a dose per frame of 2.3 electrons/A2.

EM data processing, model building and refinement

For the apo structure of ALG6 in nanodiscs, 6,801 movies were corrected for beam
induced motion using MotionCor2*. The micrographs were visually inspected and
5,143 were used for further processing in RELION 3.0%°. Contrast transfer function
(CTF) was estimated using gCTF“8. 3,437,475 particles were auto-picked and
extracted with 3-fold binning to a pixel size of 2.52 A/pixel. After two subsequent
rounds of 2D classification 445,702 particles were used to generate an initial model.
The particles were subjected to two subsequent rounds of 3D classification and the
remaining 171,764 particles were subjected to 3D refinement. Subsequently, the
particles were re-extracted at 0.84 A/pixel and subjected to 3D refinement yielding a
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map at 3.2 A resolution. Subsequent particle polishing and 3D refinement lead to a
map at 3.1 A resolution. Applying of a tight mask that masked out most of the flexible
constant domain yielded a map at 3.0 A resolution.

For the substrate-bound structure in digitonin, 6,187 movies corrected for beam
induced motion using MotionCor2*. The micrographs were visually inspected and
4,000 were used for further processing in RELION 3.0*5. Contrast transfer function
(CTF) was estimated using gCTF*6. 995,878 particles were auto-picked and extracted
with 3-fold binning to a pixel size of 2.52 A/pixel. After two subsequent rounds of 2D
classification 287,977 particles were selected and were used to calculate an initial
model. After one round of 3D classification 115,590 particles were selected for one
round of 3D refinement and subsequent re-extraction at 0.84 A/pixel. Subsequent 3D
refinement yielded a final map at 3.9 A.

Model building was performed in Coot*’. Most of the Fab, except for the binding
interface, was built based on a preexisting model at high resolution (PDB ID 5UCB).
The structures were refined in PHENIX*® and ligand files were generated in PHENIX
eLBOW?*, The correlation between model and map was validated using PHENIX

mtriage®°.

Figure preparation and data analysis

Local resolution estimations were calculated in ResMap.5' Figures were prepared in
PyMol®2 and UCSF Chimera®® and UCSF ChimeraX%*. Graphs were generated in
GraphPad Prism 8. Protein sequence alignments were performed using CLUSTAL
W55, Clustal Omega® and EMBOSS Needle®’. Figure 3d was generated using the
following structures: Saccharomyces cerevisiae ALGG6 (this study), Campylobacter lari
PglB (PDB 3RCE), Cupriavidus metallidurans ArnT (PDB 5F15), S. cerevisiae PMT1
(PDB 6P25).

Chemical synthesis of substrate analogs

B-mannosyl (3) and B-glucosyl (4) triesters were synthesized starting from 2,3,4,6-
tetracetylated glycosides with and optimized procedure based on a previously
described method® Diphenyl protected glycosyl phosphates were readily
hydrogenated and coupled to farnesylcitronellol in presence of trichloroacetonitrile.
Acetyl deprotection gave B-glycosyl phosphoisoprenoids Dol25-P-Man (5) and Dol25-
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P-Glc (6). To generate potentially clickable analogues of 6, an azide was introduced
in 6 position following known procedure®®, and in 4 position introducing a short linker
via O-alkylation of orthogonal protected glucopyranoside®® with bromoacetonitrile
followed by reduction of the nitrile with BH3-SMe2 (ref.®") and acylation of the primary
amine. [(-phosphorylation of the azide bearing lactols was performed using
diallylphosphoryl chloride®? to avoid hydrogenation steps. The desired configuration
was confirmed by ROESY (Supplementary Information methods). Diallyl phosphates
were deprotected, converted to the phosphoric acid and coupled with
farnesylcitronellol'", as described above. More detailed procedures are described in
Extended Data methods.

Synthesis and purification of Dol25-PP-GIcNAc:Mang

Dol25-PP-GIcNAc2Mans was produced as previously described'®. 20 yM Dol25-PP-
GlcNAc2Mans and 120 yuM Dol25-P-Man were mixed in 150 mM NaCl, 50 mM HEPES
pH 7.4, 0.03% DDM, 0.006% CHS. 1.5 uM purified ALG3 was added and the mixture
was incubated overnight at 4 °C. The reaction was inactivated by heating for 10 min
at 95 °C. After cooling down to 4 °C, the reaction was supplemented with 10 mM MgCl>
and 1.5 yM ALG9 and 1.5 uM ALG12 were added and incubated overnight at 4 °C.
For purification of Dol25-PP-GlcNAc2Mans, the reaction was lyophilized followed by a
first extraction with CHCI3:MeOH (2:1, v/v) to remove contaminants of smaller LLO
species. The remaining pellet was then subjected to extraction with CHCIz:MeOH:H>O
(10:10:3, v/vlv). Subsequently the extracted substrate was dried under N2 and was
resuspended in 150 mM NaCl, 40 mM HEPES pH 7.4. The yield was quantified as
described previously'©,

Note that a similar synthetic route for in vitro synthesis of an LLO analog was
previously reported®3. However, the lipid carrier in that study was a phytanol moiety

instead of dolichol.

In vitro glycosyl transfer assays

Glycosyl transfer reactions for ALG1, ALG2 and ALG11 were performed as previously
described'. Glycosyl transfer reactions for ALG3, ALG9, ALG12 and were performed
in reaction buffer (150 mM NaCl 50 mM HEPES pH 7.4, 0.03% DDM, 0.006% CHS)
supplemented with 10-20 uyM acceptor substrate (Starting from purified Dol25-PP-
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GlcNAc2Mans as acceptor substrate with sequential addition and heat inactivation of
ALG enzymes) and 50-120 yM donor substrate (Dol25-P-Man). Reactions for ALG9
and ALG12 were supplemented with 10 mM MgCl.. Protein concentrations were
ranging from 0.5 - 2 yM. Reactions were carried out overnight at 4 °C. Reactions were
stopped by heating at 98 °C for 10 min. This ensured that during the ALG mediated
glycosyl transfer reactions, no other active ALG enzymes from previous reactions
were present and eliminated fluorescence from EYFP fusion proteins, which otherwise
would affect subsequent tricine gel analysis.

Reactions for ALG6 were carried out in reaction buffer (150 mM NaCl 50 mM HEPES
pH 7.4, 0.03% DDM, 0.006% CHS) supplemented with 10 yM purified Dol25-PP-
GlcNAc2Mang acceptor substrate, 50 uM of the respective donor substrate and 0.2 yM
tag-cleaved ALGG6. For reactions in presence of EDTA or Fab, the entire reaction
mixture was preincubated for 1h on ice, before adding donor and acceptor substrates.
The reactions were incubated for 6 h at 10 °C. Subsequently the reactions were
stopped by heating at 98 °C for 10 min. Reactions of ALG6 mutants were carried out
as described above, at 10 °C for 24 h. All ALG reaction products were analyzed by
TbSTT3A mediated oligosaccharyl-transfer and subsequent tricine gel analysis as
previously described’. Due to lower substrate specificity of TbSTT3A for
Glc1Man9GIcNAc2-PP-dol25, oligosaccharyl-transfer reactions for ALG6 reactions
were performed for 12 h at 30 °C. For the oligosaccharyl-transfer reactions for ALG6
reactions that were carried out in presence of EDTA 30 uM of MnCl, was added, to
avoid inhibition of TOSTT3A.

Statistics and Reproducibility

Unless otherwise stated, ALG6 assays and tricine gel-based analyses were
conducted once as shown in the figures.
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Extended Data
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Extended Data Figure 1 ALG6 activity in distinct lipidic environments and chemo-enzymatic synthesis of
LLO intermediates. a, Tricine gel-based analysis of ALG6-catalyzed reaction using Dol25-PP-GIcNAc2Man9 and
Dol25-P-Glc substrates. The reactions were carried out in distinct detergents or with ALG6 reconstituted in lipid
nanodiscs, as indicated above the gel lanes. The glycans were analyzed as described in Fig. 1b. b, Tricine gel-
based analysis of ALG reaction cascade intermediates with reactions analyzed as described in Fig. 1b. Structures
of glycopeptides are schematically shown above the lanes and respective glycosyltransferase enzymes indicated
above the arrows.
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Extended Data Figure 2 Data processing and structure determination of substrate-free ALG6-6AG9-Fab
complex in lipid nanodiscs. a, Overview of the EM data processing and structure determination pipeline using
RELION 3.0%. b, Representative cryo-EM micrograph. ¢, Representative 2D classes. d, Representative 2D class
with 6AG9-Fab and nanodisc belt highlighted. e, Spatial distribution of particles in the final iteration of 3D
refinement. f, Refined and B-factor sharpened EM map, colored by local resolution estimation as calculated in
ResMap®2. g, Resolution estimation of final map via Fourier shell correlation, as calculated in RELION 3.0. h,
Fourier shell correlation (FSC) between model and map, as calculated in PHENIX mtriage®’.
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Extended Data Figure 3 Molecular interactions at the interface of ALG6 and 6AG9-Fab. a, Surface
representation of ALG6 in light brown and cartoon representation of the variable fragment of 6AG9-Fab colored
red (heavy chain) and black (light chain). The 5 CRD-loops of 6AG9-Fab interacting with ALG6 are shown in
sphere representation and make contact mostly with the ER-luminal “arch” formed by EL4 of ALG6. b, Detailed
view of the individual CDR:ALGS6 interactions, with 6AG9-Fab CDRs and ALGS in stick representation and
colored as in a. The CDR-sequences are indicated above the panels. Note that CDR1 of the light chain (LC) was

not randomized.
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Extended Data Figure 4 a, Distinct lipid binding sites were identified in the structure of nanodisc-reconstituted
ALG6, shown in light brown surface representation. Ordered phospholipids and cholesteryl-hemisuccinate
molecules are shown in stick representation (green), and the EM density map was contoured at 5 rmsd and carved
to 1.6 A. b, Electrostatic surface potential of ALG6, with negative charges colored in red, neutral charges in white
and positive charge in blue and bound Dol25-P-Glc depicted in stick representation with carbons in green. The
inset shows a zoomed-in view of the kink induced in the dolichol moiety. ¢, Electrostatic surface potential of ALG6
shown from four angles to indicate potential binding sites for lipid-linked substrates of ALG6 based on the presence
of suitable surface cavities. A solid red arrow indicates the binding site of the observed donor substrate Dol25-P-
Glc. Dashed red arrows indicate potential binding sites of the acceptor substrate Dol-PP-GIcNAc:Mang. These
sites were chosen based on groove-like features in the TM region that might bind dolichol and positively charged
patches at the ER-luminal membrane boundary that could help bind the pyrophosphate moiety of the acceptor
LLO. Binding to these sites would allow the terminal mannose of the A-branch of the acceptor substrate to reach
the active. d, Membrane deformation by ALG6 shown from distinct views. The EM map of the apo-ALG6 complex
with 6AG9-Fab complex in a lipid nanodisc is colored yellow for ALG6, red (heavy chain) and black (light chain) for
6AG9-Fab, and shown transparent grey for density indicating the lipid nanodisc. Note that the lipid bilayer of the
nanodisc surrounding the ALG6 protein is twisted and thinner in the region opposite the arch formed by EL4.
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S.c. STT3

Extended Data Figure 5 Structural similarity of conserved module of GT-C enzymes. a, Ca. traces of the first
7 TM helices and the first external loop EL1 of selected structures are shown following superposition. These
following GT-C family members of known structure were used, with GT family number indicated: S. cerevisiae
PMT1 (GT39, PDB-ID 6P25), S. cerevisiae ALG6 (GT57, this study), C. lari PgIB (GT66, PDB-ID 3RCE), A. fulgidus
AgIB (GT66, PDB-ID 3WAJ), S. cerevisiae STT3 (GT66, PDB-ID 6EZN), C. metallidurans ArnT (GT83, PDB 5F15).
b, Close-up view of EL-h1, EL-h2 and connecting loop of GT-Cs where the catalytic role of the conserved aspartate,
shown in stick representation, was experimentally demonstrated.
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Extended Data Figure 6 Residues involved in congenital disorders of glycosylation (CDGs) caused by
ALG6 mutations. The structure of yeast ALG6 is depicted as a Ca trace and as a transparent surface
representation colored in light brown. The surface is colored green for residues conserved between yeast and
human ALG6. Ca atoms of residues that have been shown to cause congenital disorders of glycosylation (CDG)
in the human homolog of ALG6 are shown in sphere representation. Residue numbers in brackets indicate the
corresponding residues of human ALG6 according to pairwise protein sequence alignment with EMBOSS needle®.
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Extended Data Figure 7 Sequence alignment of ALG6 homologs and orthologs. a, Alignment of amino acid
sequences of yeast and human ALG6 and ALGS8 proteins, generated with Clustal Omega® (Uniprot identifiers:
Q12001, Q9Y672, P40351, Q9BVK2). Secondary structure elements of yeast ALG6 are depicted and labeled
above the sequence. Dashed lines indicate regions that are disordered in the ALG6 structures. Cytosolic regions
are labelled “cyto”, ER-luminal regions are labelled “ER-lumen”. A red dot indicates the catalytic base Asp69, which
is a structurally conserved aspartate residue that has been observed or proposed to be the catalytic base in all GT-
C enzymes of known structures. b, Surface representation of yeast ALG6 (light brown) with residues identical to
human ALGB6 highlighted in green (left) and residues identical to yeast ALG8 highlighted in blue (right).
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Extended Data Figure 8 Data processing and structure determination of substrate-bound ALG6-6AG9-Fab
complex in detergent solution. a, Overview of the EM data processing and structure determination pipeline using
RELION 3.0%. b, Representative cryo-EM micrograph. ¢, Representative 2D classes. d, Spatial distribution of
particles in the final iteration of 3D refinement. e, Resolution estimation of final map via Fourier shell correlation,
as calculated in RELION 3.0. f, Final refined and B-factor sharpened map, colored by local resolution estimation in
as calculated in ResMap®2. g, Fourier shell correlation (FSC) between model and map, as calculated in PHENIX
mtriage’’.
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Extended Data Figure 9 Mechanism of ALG6-catalyzed glucosyl transfer. a, Chemical structures of synthetic
donor substrate analogs (left) and their functional analysis (right). Compound numbers are indicated in bold and in
parentheses. Analysis of ALG6 activity as described in Fig. 1b but in the presence of different substrate analogs
as indicated above the lanes. The lane labeled Man9-LLO is a control sample for size comparison. In one of the
ALG6 reactions, a pre-incubation of ALG6 with 10 mM EDTA was used to remove any divalent ions from the
solution. b, Proposed three-state mechanism of ALG6, intermediate states are numbered and encircled. State 1
represents the apo state of ALG6 based on our EM structure, with ALG6 in surface representation (brown) and
clipped for better visualization of the substrate binding pocket. State 2 represents ALG6 bound to donor substrate
based on our EM structure, with Dol25-P-Glc shown in sphere representation with carbon atoms colored green.
State 3 represents a putative ternary complex based on the apo structure of ALG6, with substrates drawn manually.
The inset depicts the proposed reaction mechanism, with Asp69 acting as a general base that deprotonates the
C3-hydroxyl group of the attacking mannose moiety.
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Extended Data Table 1 Cryo-EM data collection, refinement and validation statistics

#1 ALGO apo #2 ALG6 Dol25-
(EMDB-10258) P-Glc
(PDB 6SNI) (EMDB-10257)
(PDB 6SNH)
Data collection and processing
Magnification 105.000 105,000
Voltage (kV) 300 300
Electron exposure (e—/A?) 23 23
Defocus range (um) -0.6t0 0.8 -0.6t0 0.8
Pixel size (A) 0.42 0.42
Symmetry imposed Cl Cl
Initial particle images (no.) 3,437374 995,878
Final particle images (no.) 171,764 115,590
Map resolution (A) 3.03 3.94
FSC threshold 0.143 0.143
Map resolution range (A) 25-3.04 25-3.89
Refinement
Initial model used (PDB code) 5UCB (Fab) 6SNI
Model resolution (A) 2.96 3.90
FSC threshold 0.143 0.143
Model resolution range (A)* 2.96-3.04 3.74-3.89
Map sharpening B factor (A2) -68.9 -178.4
Model composition
Non-hydrogen atoms 7,510 7,315
Protein residues 918 918
Ligands 8 1
B factors (A?)
Protein 19.57 48.23
Ligand 42.76 84.99
R.m.s. deviations
Bond lengths (A) 0.006 0.008
Bond angles (°) 0.848 0.912
Validation
MolProbity score 3.09 2.49
Clashscore 23.86 19.09
Poor rotamers (%) 8.07 1.49
Ramachandran plot
Favored (%) 90.55 88.90
Allowed (%) 9.23 10.99
Disallowed (%) 0.22 0.11

a as defined in PHENIX#?
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Sl Figure 1 Purification of ALG3, ALG9, ALG12 and ALG6 variants. a, SDS-PAGE analysis of purified enzymes
ALG3, ALG9 and ALG12. b, SDS-PAGE analysis of purified ALG6 variants. The red asterisks indicate ALG6 c,
Size exclusion chromatography analysis (TSKgel G3000WXL, 0.5 ml/min) of purified ALG6 variants in detergent.
The red arrows indicate the peak fractions that were used for functional assays. Note that ALG6 variants D307A
and D307N were purified with a different column, leading to a slightly shifted elution peak.
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Sl Figure 2 Characterization on of 6AG9-Fab binding interactions with ALG6 and sample preparation for
cryo-EM analysis. a, SEC profile of ALG6 in the presence and absence of 6AG9-Fab, as shown in Fig. 2a in the
main manuscript (left) and reducing SDS-PAGE analysis of SEC elution peak of the ALG6-6AG9-Fab complex
(right). b, Thermostability analysis*? of wild type ALG6 in detergent solution and in the presence or absence of
B6AG9-Fab, performed by comparing the heights of SEC elution peaks after heating samples for 10 min at the
respective temperatures prior to SEC analysis. ¢, SEC profile (TSKgel G3000WXL, 0.5 ml/min) of ALG6
reconstituted in lipid nanodiscs and in complex with 6AG9-Fab (left) and non-reducing SDS-PAGE analysis of

corresponding peak fractions (right). The red box indicates the fractions that were pooled and used for cryo-EM
analysis.
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S| Figure 3 EM density for different segments of the structure of substrate-free ALG6-6AG9-Fab complex
in lipid nanodiscs at 3.0 A resolution. ALG6 is depicted in stick representation. Maps are displayed at a contour
level of 7.0 rmsd and were carved at 1.6.
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5. Conclusions and outlook

Part 1:

Vitamin B12 is an essential nutrient for humans and the deficiency can lead to severe
developmental defects'?. Ativitamin-B12 is a tool dedicated to study the short-term
effects of vitamin B12 deficiency3®. With our structural and mechanistic studies of the
beta subunit of transcobalamin we were able to provide insights into the substrate
specificity of transcobalamin. We were also able to elucidate a two-step binding
mechanism, in which cobalamins bind first to the beta subunit of TC, and a second
step in which the alpha domain assembles with the cobalamin bound beta domain.
The construct of the beta domain of TC is well expressed and is crystallizes readily.
The construct therefore provides a formidable tool for the fast and efficient study of
the binding mode of TC to different ligands.

As vitamin B12 is required for DNA synthesis’ the vitamin is crucial for the growth of
carcinogenic tissue®. Cancer cells have been shown to have an upregulated
expression of the TC receptor CD3208. Targeting the TC:CD320 mediated cellular
uptake of B12 for cancer treatment has been a long-standing effort®'!. With our
saporin conjugated nanobodies, we provide a new, promising tool for the destruction
of cancer cells. Our in vitro experiments we demonstrate the efficient destruction of
HEK293T cells by saporin conjugated TCNB4. Further experiments will be necessary
to compare the killing efficiency among different cell lines at different stages of the cell
cycle to make sure that the nanobody is only targeting cancer cells. Also, cell culture
models that are closer to real cancer tissues, as well as actual cancer tissue would
need to be tested. A drawback is that the nanobodies, which are specific for human
transcobalamin cannot be tested in mice. However, the biotinylated nanobodies
provide a versatile platform to derivatize the nanobodies with different probes. To
assess the localization of the nanobody in a real cancer patient one could for example
conjugate the nanobody with a fluorescent marker or with a non-invasive radio marker
such as TC99m. Cancer therapy is one of the biggest challenges that medical
research faces today and it might never be completely solved due to the extreme
diversity and evolvability of the diseases. However, | do sincerely hope that my results

help pushing the frontier in the battle against cancer a little bit further.
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Part 2:

N-glycosylation is one of the most common post translational modifications'>'3. The
structural basis of biosynthesis of the LLO which constitutes the basis of N-
glycosylation has only been poorly understood. In this thesis we were able to express
and purify a number of enzymes from the ER-luminal part of the biosynthetic pathway.
With the help of synthetic substrate analogs from the Reymond group and building on
the previously established chemoenzymatic synthesis of Dol-PP-GIcNAc;Mans'* we
were able to generate high-mannose LLO intermediates. These molecules were
successfully used to study the reactivity of the ER-luminal glycosyltransferases ALG3,
ALGY9, ALG12 and ALG6. Gaining structural insights into any of the ER-luminal
glycosyltransferases was another daunting challenge. With these eukaryotic proteins
being limited to low yields and being very unstable when being reconstituted in
detergent they were not suitable for crystallization. On the other hand, with sizes
ranging from ~50 kDa to ~70 kDa these proteins were by far out of the current realm
of cryo-EM for membrane proteins. In a collaborative effort and a research visit with
the Kossiakoff group we managed to obtain a non-inhibitory, conformationally binding
Fab, that would not only bind to ALG6 but did also thermostabilize the protein. With
the help of the Fab we managed to increase the size of ALG6 sufficiently to obtain
cryo-EM structures at side-chain resolution. With the help of a synthetic donor
molecule provided by the Reymond group, we were also able to identify the donor
substrate binding site of ALG6. Modified substrate analogs provided by the Reymond
group enabled the probing of the substrate specificity of ALG6. Finally, with the help
of side directed mutagenesis we were able to identify the catalytic residue Asp69 of
ALG6 and were able to speculate about a potential catalytic mechanism.

The established chemoenzymatic synthesis of high-mannose LLO intermediates
provides a great tool for studying the enzymatic reactions of the pathway. By scaling
up the reactions it should also be possible to generate large amounts of purified LLO
intermediates which could be used for more extensive biochemical or even structural
studies of enzymes of the ALG-pathway. One remaining question concerning ALG6 is
the binding site of the acceptor substrate Dol-PP-GIcNAc2MangGlcs. With sufficient
amounts of the donor substrate, it might be possible to determine the structure of
acceptor substrate bound ALGG6, or even of ALG6 in a ternary complex with both
substrates. For this however, one will also have to find a way to trap the substrates in
a state close to the transition state, but without hydrolyzing the donor substrate. An
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extant challenge is the biosynthesis of the final Dol-PP-GIcNAc:MangsGlcs glycan,
which will require biochemical control over the enzymes ALG8 and ALG10. Such a
compound may become very useful to study substrate interactions of eukaryotic
oligosaccharyltransferases.

The Fab binder has proven to be an extremely helpful tool for the structure
determination of small membrane proteins by cryo-EM. To our knowledge, at this time,
the apo structure of the nanodisc reconstitute ALG6:6AG9-Fab complex at 3.0 A
resolution is the highest resolved cryo-EM structure of a membrane embedded
complex at this size. To fully understand the biosynthetic pathway of LLOs it will be
inevitable to determine more structures of ALG enzymes and conformationally binding
Fabs might be a great help to achieve this goal.

Perhaps the biggest insight of this study was the discovery of an evolutionary
conserved GT-C fold. With the ALGG6 structure, it was finally possible to find a common
pattern among GT-C enzymes. The GT-C fold, which is conserved among all
kingdoms of life, consists of two membrane embedded domains which together form
the active site of the protein. Whereas one of these domains is structurally conserved,
the other domain is highly variable. The substrate binding sites, and mechanisms of
catalysis also seem to be conserved. With this newly described fold we were able to
rationalize the common architecture of GT-C enzymes. In the future knowing about
the variability of this fold might become useful for the directed evolution or de-novo

design of new GT-C enzymes.
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