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Summary

Vitamin B12 (Cobalamin, Cbl) is a vital cofactor in many metabolic processes. For Cbl
assimilation and maintenance of Cbl homeostasis, humans have evolved a sophisticated

pathway consisting of a series of transport proteins and receptors.

Three homologous proteins are responsible for transport in the extracellular fluid: Intrinsic
factor (IF), transcobalamin (TC) and haptocorrin (HC). IF is the transport protein that
regulates the absorption of Cbl in the gastrointestinal part via the receptor complex cubam.
TC is responsible for the cellular uptake of Cbl, facilitated by the TC-receptors: CD320 and
megalin. Besides HC'’s role of transporting Cbl down the upper gastrointestinal tract, its role
in blood circulation is still unclear. Interestingly, in contrast to the other transport proteins,

HC binds to a variety of Cbl analogues.

With the publication of the crystal structures of TC and IF, structural aspects of Cbl binding
to its transport proteins could be elucidated. However, structural information of HC, the

least specific of the transport proteins, is still missing.

To address the role of HC in Cbl transport, especially with regard to structural aspects of Cbl
analogue binding, we expressed recombinant HC (rhHC) in human embryonic kidney cells
with a final yield of 6 mg (90 nmol) per litre cell supernatant. rhHC behaved similarly to
native HC with respect to its spectral properties and ability to recognise Cbl and its baseless

analogue cobinamide (Cbi).

Next, we established recombinant expression of three other Cbl transport protein variants,
namely recombinant TC (rhTC), recombinant mouse TC (rmTC) and a glyco-variant of rhHC
(rhHC*) suitable for crystallisation studies. All three proteins were obtained at 2-10 mg/L
culture supernatant and based on glycosylation studies and UV-absorbance spectroscopy

they compare well to the native proteins and could therefore be used for future studies.

The expression of a rhHC* that could easily been deglycosylated, allowed us to crystallise HC
in complex with cyano-Cbl (CNCbl) and Cbi. Crystals were obtained and the structures were
solved to 2.35 and 3.0 A resolution respectively. We could identify the three unique residues
Asn120, Asn373 and Arg357 as key players for stabilising Cbl analogues, including Cbi. Due to
the lack of the nucleotide moiety at the lower axial side of Cbi, the e-propionamide side

chain shows two different conformations: the “normal” and the “flip-in” conformation.
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While Asn120 and Asn373 form hydrogen bonds to the e- and the f-propionamide side
chains, Arg357 provides a hydrogen bond to either the oxygen of the ribose when a

I”

“normal” Cbl is binding and moreover it can stabilise the “flip-in” conformation of Cbi. These
findings extend the insight into the complexity of Cbl binding to the transport proteins and

are therefore valuable for an optimised and rational design of new Cbl derivatives.

Cbl derivatives need at least to bind to one transport protein to be retained in the body.
Therefore sufficient knowledge about the interactions with the specific protein carriers is of
major importance. Cbl binds to all three transport proteins with a Kq of approximately

10™ M, whereas accurate determination of such high affinity constants is difficult.

We therefore introduce differential scanning fluorimetry (DSF) for the determination of Cbl
derivatives ability to bind to the Cbl transport proteins. DSF offers a fast and easy way to
measure ligand-induced protein stability, because the melting temperature T,, of the protein
increases upon ligand binding. We screened a series of novel Cbl derivatives and ranked their

binding potential to Cbl transport proteins according to their ability to increase T,.

Tumour cells over-express receptors for Cbl uptake. Several strategies to use Cbl as a vehicle
for targeted delivery of imaging or cytotoxic agents have been proven successful in vitro. But
studies with radiolabelled Cbl derivatives in mice and in humans struggled with high delivery

to vital organs such as the liver or the kidneys.

Recently, a promising in vivo study with a Cbl derivative, **™Tc-PAMA(4)-Cbl, that would not
bind to TC showed high tumour uptake together with decreased uptake in liver and kidneys

in mice. It was speculated that HC mediates the observed tumour uptake.

Based on these promising results, we investigated the uptake mechanism in tumour cells in
vivo and in vitro. Biodistribution studies in tumour bearing mice with the murine cell line
B16F1 and the human cell lines CLS-1 and HCC827 confirmed the observed tumour uptake.
However, it was shown to be HC-independent, because no evident difference between HC-
producing and non-producing tumour cell lines was recognised in vivo. In fact, the presence
of HC blocked uptake of Cbl derivatives. Furthermore, in vitro cell uptake of " Tc-PAMA(4)-
Cbl was low (around 2% internalised cpm/0.3 mg protein) and seemed to be transport
protein independent in the case of B16F1. Interestingly uptake of **™Tc-R-PAMA(4)-Cbl, a Cbl
derivative that binds to TC, was achieved in the absence of transport proteins in both cell

lines and uptake was decreased by addition of Cbi. While uptake in B16F1 seemed again
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transport protein independent, uptake of this radiotracer into HCC827 was further increased
in the presence of TC and mTC, and could not be blocked with Cbi. Altogether these findings
point to an alternative uptake mechanism for Cbl derivatives into tumour cells and should be

investigated further for a conclusive answer to the elusive uptake of Cbl derivatives in

tumour cells.
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Zusammenfassung

Vitamin B12 (Cobalamin, Cbl) ist ein wichtiger Cofaktor in vielen metabolischen Prozessen.
Um die Assimilation und die Aufrechterhaltung der Cbl Homdostase zu gewadhrleisten,
existiert im Menschen ein hoch komplexes System, basierend auf dem Zusammenspiel

verschiedener Transportproteine und Rezeptoren.

Drei homologe Proteine sind fur den Transport von Cbl in der extrazelluldren Flissigkeit
verantwortlich: Der intrinsische Faktor (IF), Transcobalamin (TC) und Haptocorrin (HC). IF
reguliert die Absorption von Cbl im gastrointestinalen Trakt. TC ist fur die zelluldre Aufnahme
von Cbl verantwortlich, die durch die TC-Rezeptoren: CD320 und Megalin zustande kommt.
HC transportiert Cbl in den gastrointestinalen Trakt, jedoch ist seine Aufgabe in der
Blutzirkulation immer noch ungeklart. Interessanterweise bindet HC, im Gegensatz zu den

anderen Transportproteinen, an eine Vielzahl von Cbl-Analogen.

Durch die Veréffentlichung der Kristallstrukturen von TC und IF konnten strukturelle Aspekte
der Bindung zwischen Cbl und den Transportproteinen aufgeklart werden. Strukturelle
Informationen zu HC, dem am wenigsten spezifischen Transportprotein, sind bisher keine

vorhanden.

Um die Rolle von HC im Cbl Transport zu studieren, vor allem auch im Hinblick auf
strukturelle Aspekte der Bindung zu Cbl-Analogen, wurde rekombinantes HC (rhHC) mit
einer Ausbeute von 6 mg (90 nmol) pro Liter Zelliiberstand, in humanen embryonalen
Nierenzellen exprimiert. Aufgrund seiner spektralen Eigenschaften und seiner Fahigkeit Cbl
und das basenlose Cbl-Analog Cobinamid (Cbi) zu binden, entsprach rhHC dem nativen HC

grosstenteils.

In einem nachsten Schritt etablierten wir die rekombinante Expression von drei anderen Cbl
Transportproteinen: rekombinantes TC (rhTC), rekombinantes Maus-TC (rmTC) und eine
Glycovariante von rhHC (rhHC*), die vorteilhaft fir Kristallisationsstudien ist. Alle drei
Proteine wurden mit einer Ausbeute zwischen 2-10 mg/L Zelliberstand erhalten.
Glykosylierungsanalysen und UV-Absorptionsspektren stimmten mit denen der nativen

Proteine Uberein.

Die Expression von rhHC*, das einfach zu deglykosylieren ist, ermdglichte es uns HC

zusammen mit Cyano-Cbl (CNCbl) und Cbi zu kristallisieren. Mit den erhaltenen Kristallen
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konnte die Struktur mit einer Auflésung von 2.35 respektive 3.0 A gelést werden. Die drei fir
HC unikalen Seitenketten Asn120, Asn373 und Arg357 wurden dabei als Hauptfaktoren der
Cbl-Analog Stabilisierung, inklusive Cbi, identifiziert. Aufgrund der fehlenden
Nukleotideinheit auf der Unterseite von Cbi, kann die e-Propionamid-Seitenkette zwei
verschiedene Konformationen eingehen: die ,normale” und die ,flip-in“ Konformation.
Wahrend Asn120 und Asn373 Wasserstoffbriicken zu den e- und f-Propionamid-Seitenketten
ausbilden, ist es fiir Arg357 moglich durch eine Wasserstoffbriicke zum Sauerstoff der Ribose
ein ,normales” Cbl, doch dariiber hinaus auch die ,flip-in“ Konformation von Cbi zu
stabilisieren. Diese Forschungsergebnisse erweitern den Blick auf die Komplexitdt der Cbl
Bindung zu den Transportproteinen und erméglichen dadurch eine optimierte und rationale

Entwicklung neuer Cbl Derivate.

Cbl Derivate miissen an mindestens ein Transportprotein im menschlichen Kérper binden,
sonst werden sie sofort wieder ausgeschieden. Darum ist es dusserst wichtig, Kenntnisse
Uber die Interaktionen mit den spezifischen Proteintransportern zu haben. Cbl bindet an alle
drei Transportproteine mit einer Kq von etwa 10" M, wobei die akkurate Bestimmung einer

so hohen Affinitatskonstante sehr schwierig ist.

Aus diesem Grund stellen wir die dynamische Differenzfluorometrie (DSF) vor, als eine
Methode zur Bestimmung der Fahigkeit der Cbl Derivate an die verschiedenen
Transportproteine zu binden. Mit DSF kann, aufgrund der Erhéhung der Schmelztemperatur
T eines Proteins durch die Bindung eines Liganden, schnell und einfach die ligand-induzierte
Proteinstabilitdat bestimmt werden. Eine Reihe von neuen Cbl Derivaten wurde mithilfe
dieser Methode gemessen und konnte anschliessend entsprechend ihrer Bindungspotentiale

zu den Transportproteinen, basierend auf der Fahigkeit T, zu erhéhen, beurteilt werden.

Auf Tumorzellen sind die Rezeptoren fiir die Cbl Aufnahme Uberexprimiert. In verschiedenen
in vitro Versuchen konnte die Strategie Cbl als Vehikel fiir die zielgerichtete Aufnahme von
bildgebenden oder zytotoxischen Agenzien erfolgreich umgesetzt werden. Studien mit
radiomarkierten Cbl-Derivaten in Mausen und Menschen zeigten jedoch immer auch eine

hohe Aufnahme in lebenswichtigen Organen wie der Leber oder den Nieren.

Eine kirzlich veréffentlichte in vivo Studie mit dem Cbl Derivat *™Tc-PAMA(4)-Cbl, das nicht

mehr an TC bindet, zeigte Akkumulation im Tumorgewebe zusammen mit einer
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verminderten Aufnahme in der Leber und den Nieren der Mause. Aufgrund dessen wurde

Uber eine mogliche Rolle von HC als Mediator der Tumoraufnahme spekuliert.

Basierend auf diesen vielversprechenden Resultaten, untersuchten wir den
Aufnahmemechanismus von Tumorzellen in vivo und in vitro. Mit Biodistributionsstudien in
Tumormadusen mit der murinen Zelllinie B16F1 und der humanen Zelllinie HCC827 konnte die
beschriebene Tumoraufnahme bestatigt werden. Jedoch wurde widerlegt, dass HC als
Mediator der Tumoraufnahme fungiert, da in vivo kein ersichtlicher Unterschied zwischen
der HC-produzierenden und der nicht-produzierenden Tumorzelllinie erkannt werden
konnte. Tatsachlich blockierte die Anwesenheit von HC die Aufnahme von Cbl Derivaten in
Tumorzellen. Dariber hinaus war die in vitro Aufnahme von 99mTc—PAMA(4)—CbI eher gering
(ca. 2% internalisierte cpm/0.3mg Protein) und im Falle von B16F1 mutmasslich
Transportprotein unabhdngig. Interessanterweise zeigte PMTc-R-PAMA(4)-Cbl, ein Cbl
Derivat, das auch an TC bindet, in beiden Zellinien in Abwesenheit der Transportproteine
eine Aufnahme, die durch Zugabe von Cbi geblockt werden konnte. Wahrend die Aufnahme
von B16F1 wiederum als Transportprotein unabhangig erschien, wurde die Aufnahme dieses
Radiotracers in HCC827 Zellen durch TC und mTC erhéht und konnte nicht durch Cbi
geblockt werden. Zusammengefasst lassen diese Resultate auf einen moglichen alternativen
Aufnahmemechanismus von Cbl Derivaten in Tumorzellen schliessen, der durch weitere
Untersuchungen eine schliissige Antwort flr die Aufnahme von Cbl Derivaten in Tumorzellen

ermoglichen kdnnte.
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Abbreviations

% ID/g percentage of injected dose per gram of organ
ACsg concentration of ligands to achieve half-maximal protein stabilisation
AdoCbl 5’-deoxy-5’-adenosyl-Cbl

ASGP-R asialoglycoprotein receptor

BSA bovine serum albumin

bTC bovine transcobalamin

Chi cobinamide

Cbl cobalamin, vitamin B12

cDNA complementary DNA

CHCA saturated sinapinic acid

CNCbl cyano-cobalamin

cubam cubilin and amnionless

DMB 5,6-dimethylbenzimidazole

DNA deoxyribonucleic acid

DSF differential scanning fluorimetry

DTPA diethylenetriaminepentaacetate

Endo F1/H endoglycosidase F1/H

ESI electrospray ionisation

FA formic acid

FCS fetal calf serum

GdnHCI guanidine hydrochloride

GIcNAc N-acetyl glucosamine

GnTI N-acetylglucsoaminyltransferase |

H,OCbl aquo-cobalamin

HC haptocorrin

HEK293 human embryonic kidney cells

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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HFIP hexafluoro-2-propanol

HRP horseradish peroxidase

IAM iodoacetamide

IF intrinsic factor

IFN-B interferon

i.v. intravenous

Man mannose

MeCbl methylcobalamin

MRP1 multidrug resistance protein 1

mTC mouse transcobalamin

NO nitric oxide

p.i. post injection

PAMA (pyridine-2-yl-methyl-amino)-acetic acid
PAS periodic acid-Schiff

PBS phosphate buffered saline

PNGase F N-glycosidase F

Pt cisplatine

PVDF polyvinylidene difluoride

rhHC recombinant human haptocorrin

rhHC* recombinant human haptocorrin expressed in GnTlI- cells
rhTC recombinant human transcobalamin
rmTC recombinant mouse transcobalamin

RT room temperature

s.C. subcutaneous

SD standard deviation

SDS/PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
TC transcobalamin

TCA trichloroethane

TCbI-R transcobalamin receptor, CD320
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TFA
TH
Tm
TOF

uv

w/o

trifluoroacetic acid
tetrahydro-
melting temperature

time-of-flight

ultraviolet

without
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1

Introduction
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1.1 Historical outline

Vitamin B12 (cobalamin, Cbl) — nature’s most beautiful but also most complex cofactor [1,2]
has a rich history in which many of its landmarks were also milestones in the history of

biochemistry [3].

The discovery of Cbl and the elucidation of its biological function goes back to the early
1920s when G.R. Minot and W.P. Murphy, two American physicians, successfully treated
patients suffering from pernicious anaemia with a liver diet [4]. For the next 20 years liver
was the main source of this unknown curing factor, until the isolation of pure crystalline Cbl

was achieved [5].

For the elucidation of the X-ray structure of Cbl in 1956 [6], Dorothy Hodgkin was awarded
with the Nobel Prize for Chemistry in 1964. Soon after this landmark discovery, total
synthesis of Cbl was achieved by R.B. Woodward and A. Eschenmoser in a joint effort of

more than 100 co-workers over 25 years after the first isolation of Cbl [7].

Since these early milestones, thousands of articles about the chemistry, biochemistry and
enzymology of Cbl have been published [2]. Besides the complete elucidation of the
biosynthetic pathway to Cbl in aerobic and anaerobic microorganisms, the crystal structures
of several Cbl-dependent enzymes and two of the three Cbl transport proteins in mammals

have been solved [8-12].

These recent studies gave rise to the rational design of Cbl-based bioconjugates for tumour
imaging; as well as for targeted delivery of anti-tumour agents to malignant cells starting

possibly a new era of Cbl research [2].

1.2 Cobalamin structure and function

1.2.1 General structure of cobalamins

Cobalamins are organometallic compounds with a central positively charged cobalt-ion. All
Cbls show the same core structure consisting of a chiral corrin, containing four reduced
pyrrole rings (A, B, C, D), linked through four nitrogen atoms to a cobalt ion and possessing

seven amide side chains (a-g) three acetamides (g, ¢, g) and four propionamides (b, d, €, f)
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(Figure 1.1A). The fifth nitrogen atom links the cobalt’s lower axial (a-side) ligand, a 5,6-
dimethylbenzimidazole (DMB) ribonucleotide moiety. The sixth or upper axial (B-side) ligand
is exchangeable. The three major occurring Cbls in living organisms are 5’-deoxy-5’-adenosyl-

Cbl (AdoCbl) (= 60%), methyl-Cbl (MeCbl) (= 20%) and H,OCbl (= 20%) [13].

a-side

Figure 1.1 Structural formulae of Cbl. A. The core or Cbl consists of a central corrin ring that
coordinates a central cobalt ion and possesses seven amide side chains (a-g) B. Perspective view of
Cbl indicating the lower a-side and the upper B-side in a base-on coordination with the 5,6-
dimethylbenzimidazole ribonucleotide moiety. The corrin ring is indicated as square. A number of
different entities may be present in the upper axial position (designated “R”), including -CN
(cyanocobalamin, CNCbl), -H,O (aquocobalamin, H,0Cbl), -CH; (methylcobalamin, MeCbl) and 5’-
deoxy-5’-adenosyl (adenosylcobalamin, AdoCbl).

Cyanocobalamin (CNCbl) possesses a cyano group as upper axial ligand and is the most
important synthetic form of the cobalamins. Despite its lack of direct physiological function
it is used in many pharmaceuticals and food additives due to its stability and lower cost [14-
16]. Because only AdoCbl and MeCbl are used as active cofactors, Cbls with different upper
axial ligands are readily converted by the trafficking chaperone MMACHC inside the cells [17-
19]. Structural differences other than the upper axial ligand are a feature of the so-called Cbl
analogues, most typically having either a substituted or an absent nucleotide moiety. In
humans these analogues are inactive, in contrast to bacteria where many of them are
catalysing Cbl dependent reactions [13,20]. The term corrinoids refers to Cbls as well as Cbl

analogues.
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1.2.2 Cobalamin cofactors

AdoCbl is not only the most abundant natural Cbl, it is also used as a cofactor for the
mitochondrial L-methylmalonyl-CoA mutase, one of the two human enzymes that require
Cbl. AdoCbl is involved in catabolism of different organic compounds such as branched
amino acids and odd-chain fatty acids, whereby it acts as a cofactor in the conversion of
methylmalonyl-CoA to succinyl-CoA [21] (Figure 1.2). Deficiency of AdoCbl leads to high level
of methylmalonic acid (MMA) and is a possible indicator of Cbl-deficiency [22].

Methylcobalamin is the cofactor for methionine synthase. It mediates the transfer of the
methyl group from the inactive form of folate (methyl tetrahydrofolate, 5-methyl TH) to
homocysteine and thereby catalyses the methylation of homocysteine and its conversion to
methionine [21]. Cbl deficiency results in high levels of homocysteine, but it accounts for

only a minority of all cases of high homocysteine levels [22].

Cytosol 5-methyl TH— Homocysteine
Methionine synthase ethylcobalami
Purines, pyrimidines «---—- TH— g *  Methionine

l\f@ﬂ!ylfn Ionvl CoA
mut se \\
\Ji uc myIJQ _J |\
/ g .

Mltochonanon N S

Figure 1.2 Coenzyme function of Cbl. Cbl is involved in two distinct enzymatic processes involving the
methionine synthase and the methylmalonyl-CoA mutase. The former converts homocysteine to
methionine by linkage to the folate metabolism whereas the methyl group transferred to
homocysteine is provided by the conversion of 5-methyl tetrahydrofolate to tetrahydrofolate.
Methylmalonyl-CoA mutase converts methylmalonyl-CoA to succinyl-CoA. TH: tetrahydro- (Figure
modified from [14]).
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1.3 Cobalamin transport and uptake in humans

1.3.1 Transport proteins and their receptors

As Cbl is exclusively produced by bacteria, humans are dependent on the nutritional intake
of Cbl from dietary sources such as meat, milk, eggs and fish [13,23,24]. The limited amount
of Cbl available from food is compensated by a complex and efficient transport and cellular
uptake system involving three transport proteins as well as a number of receptors [14,25-
27]. These three proteins are intrinsic factor (IF), transcobalamin (also known as
transcobalamin I, TC) and haptocorrin (previously referred to as transcobalamin | or R-
binder, HC). Based on the amino acid sequence, the molecular weights of the three proteins
are very similar (approximately 45 kDa), however, IF and HC are glycosylated and therefore
show apparent molecular weights of approximately 55 kDa (IF) and 65 kDa (HC) [13,28]. The
glycosylation of these two proteins hinders partial proteolysis in the intestine and prevents
HC from glomerular filtration [13]. However, these oligosaccharides are not involved in
protein or receptor binding in the case of IF [13,29,30]. Each protein carries a single Cbl
molecule which is tightly bound and only released after degradation of the transport protein

(Figure 1.3).

Although IF is synthesised and secreted primarily from the gastric mucosa [31] , binding to
Cbl is only possible in the neutralised environment of the intestine and only after enzymatic
cleavage of the HC-Cbl complex in the duodenum [32,33]. IF plays a crucial role in Cbl
absorption by the intestinal enterocytes via the specific receptor cubilin [34], a process that
is facilitated by the transmembrane protein amnionless. The receptor complex of cubilin and
amnionless is known as cubam (cubilin and amnionless) [35,36] and is specific for the IF-Cbl

complex as it binds to neither IF nor free Cbl alone [37,38].

TC is produced by all tissues of the body with the highest expression found in kidneys,
lymphatic nodes and liver [39]. The essential role of TC is to transport absorbed Cbl in the
blood to all cells of the body. Cellular uptake of Cbl bound to TC is achieved via the
transmembrane protein CD320 (TC-receptor; TCbI-R), a 60 kDa heavily glycosylated protein
[40]. This protein is present on the cell surface of virtually all tissues [41,42] and is regulated
according to the proliferative and differentiation status of the cell [41,43]. Recently, a

soluble form of this receptor has been identified [44]. CD320 binds preferentially to the TC-
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Cbl complex (with a 30-fold lower affinity for TC alone) and neither IF nor HC bind to CD320
[45]. Upon binding to CD320, TC-Cbl is internalised and Cbl is released from TC within the

lysosomes [14].

Another uptake mechanism of the TC-Cbl complex is mediated via megalin, a 600 kDa multi-
ligand receptor [46]. Megalin is located mainly on the apical membrane of proximal tubule
cells but is also found on other absorptive epithelia such as the visceral yolk sac, lungs and
intestine [47,48]. In the kidneys this receptor is responsible for the prevention of urinary loss

of Cbl [46,49], consequentially minimising the daily dietary requirement of Cbl.

HC is the third Cbl transport protein and is secreted into many body fluids including saliva,
breast milk and plasma from many types of cells (i.e. granulocytes, mammary glands, salivary
duct and gastric mucosa) [50-52] including some tumour cells [53,54]. It is responsible for
escorting Cbl down the upper part of the gastrointestinal tract, but it also binds to a
considerable amount (up to 75%) of Cbl in the plasma. Depending on the source of synthesis,
different glycoforms of HC have been described [55]. HC originating from granulocytes lacks
terminal sialic acid and is known to be rapidly cleared by the asialoglycoprotein receptor
(ASGP-R) found mainly in the liver [56]. This receptor consists of two homologous subunits,
H1 and H2 that form a noncovalent hetero-oligomeric complex [57]. However, the
physiological relevance of this interaction still remains unclear. No receptor has yet been
identified for HC containing high amounts of sialic acids and, as a consequence, the half-life

of HC in plasma is much longer (t;/; = 10 days) than that of TC (t;/, = 15 h) [58].

HC differs from the other transport proteins because it also binds to corrinoids other than

Cbl, showing the lowest ligand specificity of all human Cbl transport proteins [59,60].

1.3.2 Cobalamin transport

As it enters the body, Cbl is released from food mainly in the stomach through peptidic
activity combined with a low pH [61]. Free Cbl is then bound rapidly by gastric HC and is
escorted through the upper part of the gastrointestinal tract by this transport protein.
Although a much higher concentration of IF is available in the stomach [61], Cbl
preferentially binds to HC in the low acidic gastric environment. Binding between IF and Cbl
only takes place in the neutralised environment of the duodenum, where Cbl is released by

the degradation of HC by pancreatic enzymes [32,33]. Cbl is then transferred to IF, a
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transport protein that has a high preference for “true” Cbl and omits binding of Cbl
analogues, consequently building the first step in a specific filter system to ensure that Cbl
binds to transport proteins over Cbl analogues [62]. The IF-Cbl complex travels to the
terminal ileum, where Cbl-IF is absorbed by endocytosis via the cubam receptor complex

[27].

Inside the endosome cubam is released and recycled to the cell surface [14]. The IF-Cbl
complex is transferred to lysosomes where Cbl is released by proteolytic breakdown of IF.
For Cbl trafficking within the cell, several proteins involved in the intracellular processing and
transport of Cbl have been identified. However, the exact details of the transport
mechanism are yet to be solved (reviewed in [63,64]). Eventually, Cbl can either be used as a

cofactor or it can be exported to the blood plasma or extracellular fluid [14].

For export of Cbl from the epithelial cells the multidrug resistance protein 1 (MRP1) has
been identified as a possible transport candidate [65]. Upon release of Cbl into the
bloodstream, Cbl is transported by TC and is readily taken up by cells of the liver and other
tissues through the interaction of the transmembrane protein CD320 with the TC-Cbl
complex [40]. Like IF-Cbl, TC-Cbl is degraded in the lysosomes and the free Cbl molecule is
released and potentially metabolised to the two cofactors AdoCbl and MeCbl [64]. The role

of the other Cbl transporting protein in blood, HC, is still obscure.
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Figure 1.3 Overview of Cbl transport in humans. Cbl released from food is first bound to HC present
in the saliva and gastric fluids. In the duodenum HC is degraded by pancreatic enzymes and Cbl is
transferred to IF. The Cbl-IF complex is then endocytosed by the receptor complex cubam. In the
intestinal cells IF is degraded and Cbl is released into blood plasma from the basolateral side of the
cell by MRP1, a multidrug resistance protein. In the blood plasma Cbl is bound either to HC or TC,
where only TC is responsible for the Cbl uptake into cells. This uptake is mediated by the TC receptor
CD320. In the kidney, megalin instead of CD320 is the receptor responsible for uptake of Cbl. (Figure
modified from [14]).

1.4 Modifications of Cobalamins

Despite its structural complexity, it is possible to selectively modify Cbl at various sites, for
example alkylation of the cobalt ion; modifications of the lower 5,6-dimethylbenzimidazole

nucleotide; modified side chains or replacement of the central cobalt ion [66,67].

Given the complexity of Cbl transport and cellular uptake, a suitable Cbl derivative needs to
bind at least to one transport protein in order to be preserved in the human body.
Therefore, structural aspects of Cbl binding to the transport proteins become important for

the design of new Cbl derivatives.
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1.4.1 Protein structures

The first crystal structure of a mammalian Cbl transport protein was solved in 2006 with the
structure of human and bovine TC in complex with H,OCbl [11]. This was followed by the
crystal structure of IF in 2007 [12]. Both proteins are composed of two domains, a and B,

I “"

which are connected by a flexible linker (Figure 1.4A). The N-terminal “a-domain” is
composed of twelve a-helices whereas the C-terminal “B-domain” is built of a five and a
three stranded B sheet and one a-helix (Figure 1.4C). Cbl is captured in the interface of these
two domains via a number of hydrogen bonds in addition to some hydrophobic interactions
(Figure 1.4B) [11]. In contrast to the enzymatic Cbl binding proteins methylmalonyl-CoA

mutase and methionine synthase, the transport proteins bind to Cbl in its "base-on” state,

where the 5,6-dimethylbenzimidazole moiety is coordinated to the cobalt ion [11].

Figure 1.4 Overall structure of TC-H,0Cbl [11]. A. Secondary structure cartoon of bovine TC, with the
N-terminal a-domain in red and the C-terminal B-domain in blue, the flexible linker in green and Cbl
in orange. B. Enlarged view to the histidine-coordinated Cbl (in ball-and-stick representation
(magenta, Co ion; lime, phosphorus; red, oxygen; blue, nitrogen; orange, carbon). C. Topology
diagram of the two domains with a separate numbering for helices and strands and the colour
scheme of A. In the a-domain’s as-ag barrel, the helix orientations run clockwise in the inner a6
bundle and counterclockwise in the outer. A 3/10 helix at the bottom shields the hydrophobic core of
the domain. The three disulfide bridges are shown as yellow sticks and cysteine residues are labelled
according to TC numbering.

Crystallisation of TC with its ligand H,OCbl showed a coordination bond of the cobalt ion to a
histidine side chain (His172/173) at the B-side of H,0Cbl. Only the ribose group of the

nucleotide moiety maintains its contact to the bulk solvent and therefore becomes a

potential site for substitution and derivatisation of Cbl [11]. This His-Co" interaction is
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conserved among TC from other origins, but it is not conserved in the other transport
proteins IF and HC, where H,0 remains coordinated and the B side of the Cbl becomes

accessible for solvent or external ligands, resulting in a solvent accessibility of about 17% [2].

Although only sharing 27% sequence identity with human TC, the crystal structure of IF-
CNCbl solved at a resolution of 2.6 A revealed a similar overall structure [12]. Due to
proteolysis during the process of crystallisation the proposed dimer status of IF could not be
corroborated [68]. Oligomerisation was found only to happen for uncleaved full-length IF,
and only if Cbl was bound [68]. Furthermore, the linker region was cleaved but previous
studies in solution showed that independent a- and B-domains of IF can still form a
functional IF-Cbl complex that is able to bind to cubam [12,68,69]. Only small structural
differences in the N-terminal domain were seen locally for the X-ray structure compared to
TC and the homology IF models [12]. Furthermore, two polar side chains (His73 and Asp204)
are exclusively found in the Cbl binding site of IF and were hypothesised to affect the
stability of the IF-Cbl complex at low pH [12]. Similar to the solvent accessibility of TC-CNCbl,
IF-CNCbl shows a solvent accessible surface of approximately 19% with the ribose 5’-

hydroxyl group and the B-side of Cbl being exposed to solvent [12].

As the crystal structure of HC was not available, multiple sequence alignments and
comparative modelling of HC based on the structure of human and bovine TC are the only
tools for structural predictions of the protein so far. HC and TC share approximately 25%
sequence identity, and so it is assumed that the overall architecture, in particular the a-
domain, of HC is very similar to that of TC. Adopting the same fold as TC permitted the
mapping of potential glycosylation sites onto the surface of HC which showed that, in
contrast to IF which displays these sites exclusively on its B-domain, HC possesses
glycosylation sites on the a- and B-domain as well as on the N-terminal side of its linker

region [70].

Nevertheless and as it was seen for IF [12], the homology model for HC derived from the
experimental TC model [70] might still miss some outstanding features, therefore the crystal

structure of HC is clearly of high value.
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1.4.2 Protein binding

Binding of Cbl to the transport proteins in mammals occurs both very quickly and with
exceptionally high affinity, whereupon all three transport proteins show a dissociation
constant of about 10 M towards Cbl [69,71,72]. However, these proteins differ in the
specificity for Cbl analogues, and can be ranked in the order HC << TC < IF. HC is the least
specific transport protein and is able to bind not only to Cbl and slightly modified Cbl
derivatives, but also to Cbl analogues that possess major structural differences such as Cbi, a

Cbl analogue that lacks the nucleotide moiety [60,70].

The general model for the binding of Cbl to its transport proteins contains the following
steps: (i) initial attachment of the ligand to the high-affinity C-domain, (ii) primary assembly
of N- and C-domains, and (iii) slow adjustments and fixation of the ligand at the domain-
domain interface [72]. While the binding of Cbl to human IF, the most specific binding
protein, appears to follow a complex kinetic pattern with mutual re-arrangements of the
protein domains, binding to TC occurs by almost simultaneous attachment of Cbl to the two
domains with a subsequent gradual adjustment [72]. In contrast, all ligands tested attached
almost instantly to HC, thereby characterising the binding kinetics of this transport protein
by a minimal number of steps [72]. Therefore the number of conformational steps can be
directly correlated to Cbl specificity with HC being the least and IF the most specific human

transport protein.

1.4.3 Cobalamin derivatives

There are four described sites for Cbl conjugation resulting in the recognition of all three
transport proteins: i) the e-propionamide of the peripheral corrin ring, ii/iii) the 2’- and 5’-

hydoxyl group of the ribose unit at the a-side of Cbl, iv) the cobalt ion [73].

In an elaborate work of Pathare et al. [74] six Cbl-biotin conjugates were synthesised. Four
were modified on the b-, c-, d- and e-side chain, one was conjugated to the 5-OH group of
the ribose moiety and another was attached to the cobalt ion, replacing the CN-group of

CNCbl.

Based on their observations, the preferable sites of conjugation that ensure binding to TC
are the ribose 5’ hydroxyl group and derivatisation on the cobalt ion itself by exchanging the

B-axial ligand. However, conjugation to the various propionamide side chains resulted in a



32

large variation in their binding ability. e-propionamide side chain conjugates had little effect
on the binding to TC, the binding of b-isomer conjugates to TC was lowered, the binding of d-
propionamide conjugates was lowered further still and c-acetamide conjugates exhibited
poor binding. These observations are in good agreement with the conclusions from the
crystal structures that demonstrated solvent accessibility of the ribose 5’ hydroxyl group and
B-axial ligands and also structural explanations for the different side chain modifications

[11,12,70].

By introducing appropriate linkers, b-propionamide conjugates may regain their ability to
bind to TC. This approach requires controlled hydrolysis of the propionamide chains and

PMTc-PAMA derivatives (see

isolation of the b-monocarboxylic acid prior to conjugation. For
section 6.2.5), a long spacer of >5 CH, ensured binding to TC, while derivatives with shorter

spacers were still able to bind HC and IF, but not TC [75].

Stupperich and Nexg [60] used so-called base-off corrinoids, whose nucleotides at the lower
side of Cbl is not coordinated to the cobalt ion of the corrin ring. While binding of these
derivatives to IF and TC was abolished, HC bound efficiently to all of them, thereby
emphasising its unique role in binding to Cbl derivatives. These findings were in full
agreement with the structural features of the X-ray and homology models of HC which
revealed that small modifications at the DMB moiety can be accommodated by the

environment of the nucleotide base [70].

In Cbl based targeted delivery, the different binding ability of Cbl derivatives has recently
been used to overcome the background uptake by healthy proliferating tissue associated
with TC-bound Cbl. By modifying the b-propionamide side chain of the peripheral corrin ring,

binding to TC was abolished, but tumour uptake was still observed [75].

1.5 Diagnostic and therapeutic uses of cobalamin derivatives

All living cells are dependent on vitamins for survival. Rapidly dividing cells, such as tumour
cells, up-regulate their receptors in order to meet their increased demand for vitamins. In
this context several vitamins including Cbl have been investigated as potential targeting
agents. Most prominently, vitamin B9 (folic acid) derivatives have been successfully used for
tumour imaging or drug delivery [76,77]. In contrast to drug delivery with folic acid, Cbl-

mediated tumour targeting is much more challenging as it has a very complex transport and
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uptake system consisting of three transport proteins and several receptors (see

section 1.3.1).

1.5.1 Targeted drug delivery with cobalamin derivatives

Various Cbl derivatives have been developed with the aim of delivering cytotoxic moieties
into tumour cells by selective uptake through the TC receptor CD320. Cbl derivatives should
fulfil two prerequisites: (i) they should still bind TC with high affinity, and (ii) only become
cytotoxic once they are internalised. This can be achieved by the introduction of an acid-
labile linker between Cbl and the attached cytotoxic moiety, for example. Furthermore, the
toxicity of the drug must be high enough to kill cells even at the low concentrations that can

be reached by targeted delivery of Cbl conjugates.

Several examples of successful in vitro targeting with Cbl derivatives have been described in
literature such as coupling colchicine, a very potent inhibitor of tubulin polymerization to the
B-axial site of Cbl via an acid-labile hydrazone linkage [78]. At a neutral pH, this linkage
provides a stable bond until the bioconjugate undergoes endocytosis and therefore moves
into a low pH environment. There, the linker between Cbl and colchicine is cleaved, releasing
the active drug [78] (Figure 1.5D). Other Cbl derived prodrugs modified at the B-axial side
made use of the low dissociation energy of the carbon-cobalt bond yielding Cbl-derivatives
that could be photocleaved by visible light [66] or indirectly cleaved through H and OH
radicals obtained through the sonolysis of aqueous solutions [79]. Similarly, the metal Gd*"is
highly toxic unless it is chelated, and has been used for Cbl-mediated delivery into leukaemia

cells [80] (Figure 1.5B).

Mundwiler et al. were the first to described cyanide-bridged-Cbl-cisplatine conjugates in
which they built a binuclear complex containing structural {Co-CN-Pt} arrangements [81,82].
These conjugates were still recognised and converted to AdoCbl by the corresponding
intracellular enzyme [83] (Figure 1.5C). Furthermore, in vitro cytotoxicity studies showed

DNA damage by the Pt" complex and a TC-dependent uptake mechanism [84].

For all these approaches, expression of the receptors involved in TC uptake is the limiting
factor, and so combination therapy coupled with synergistic mechanism of drug treatment
seems to be an interesting option. An increase in the uptake and toxicity was seen when

nitric oxide (NO)-Cbl derivatives were administered in combination with interferon B (IFN-),
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an agent that potentially up-regulates CD320 expression [85] (Figure 1.5E). Another study

with NO-Cbl showed an enhanced cytotoxic effect of standard chemotherapeutics [86].

Nucleus
Microtubuli

O Cobalamin @ Transcobalamin @D CD320

Figure 1.5 Cell uptake and cytotoxicity of different Cbl derivatives. By binding to CD320, TC-Chl is
internalised (A). After dissociation in the endosome TC-Cbl is separated from the receptor that
recycles back to the cellular membrane, while TC is degraded in the lysosome and frees Cbhl is
exported to the cytoplasm. There (MeCbl) and in the mitochondria (AdoCbl) act as a cofactors for
two enzymes. Cytotoxic metals like Gd** (B) or Pt" (C) have been conjugated to Cbl. Gd** ions are
thought to be released near the cytoplasmic membranes, while Pt" is putatively released from Cbl
after adenosylation and introduces DNA damage in the nucleus. Colchicine is released in the
lysosomes by cleavage of an acid-labile linker (D). Similarly, NO is thought to dissociate from NO-Cbl
derivatives in the lysosomes (E). Expression of CD320 can be upregulated by co-administration of IFN-

B.
Cbl derivatives with a high affinity not only to TC but also to IF are especially useful for the
oral delivery of bioactive peptides that are only required in small amounts, such as
granulocyte-colony stimulating factor G or erythropoietin [87-89]. These peptides showed a
higher affinity for IF when conjugated to the 5’-hydroxyl moiety of the ribofuranoside than
when conjugated to the e-propionamide side chain [90]. In another approach, Petrus et al.
attached insulin to the 5'OH-ribosyl moiety [91]. However, due to a limited oral uptake
capacity (1-2 pg of Cbl per day [13]), the blood glucose level could not be reduced
sufficiently to meet the requirements for clinical practice. In respect thereof, the use of Cbl
conjugated nanospheres shows a promising potential in order to circumvent this problem

[92,93].
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By using fluorescent Cbl-Re' conjugates bound to IF, living cells could easily be screened for
cubilin receptor. Cubilin expression found in a placental choriocarcinoma [94] and a lung
carcinoma cell line [95] showed the potential that such IF-binding Cbl derivatives could have

to specifically target cubilin-expressing tumours in vivo.

1.5.2 Imaging with cobalamin derivatives

Shortly after the first isolation of the crystalline Cbl and the discovery of the cobalt ion
within, replacement of the cobalt ion with radionuclides (*’Co, *®Co, ®°Co) resulted in the first
radioactive Cbl derivatives [96-98]. Early >’Co-Chl, *3Co-Cbl and ®Co-Cbl biodistribution
studies of mice with transplanted tumours showed high uptake of radioactivity in the kidney,
the pancreas and the liver [99]. In addition, the long half-lives of >'Co (t1/2: 271 days) limited
the maximal dose applicable for humans excluding external imaging of biodistribution.

Since then, several pharmacokinetics and biodistribution studies with radiolabelled Cbl

125 99m
T

derivatives have been described, including ““’l-arylstannane Cbl derivatives [100], c-
labelled Cbl derivatives either linked directly to the cobalt centre [101], or conjugated to the
different side chains of Cbl linked via histidine [102] or diethylenetriaminepentaacetate
(DTPA) [103,104]. *In-DTPA Cbl analogues had been developed by Collins and Hogenkamp
[103] for the purpose of CD320 imaging in mice, pigs and later in humans [105,106].
Although increased sequestration of the radiolabelled Cbl derivative in primary and
metastatic tumours including breast, lung (Figure 1.6E), prostate, colon, thyroid and
sarcomatous malignancies have been visualised by single-photon emission computed
tomography (SPECT) imaging, background uptake in some healthy organs was high,
especially in liver, spleen and lacrimal, nasal and salivary glands (Figure 1.6E). Activity

associated with kidneys was found to be variable in the different tumour patients [105].
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Figure 1.6 in vivo tissue distribution of Cbl derivatives in mice and humans. A-D. From Waibel et al.
[75]. Whole body SPECT/CT scans of tumour bearing mice 24 h after i.v. injection. A. three-
dimensional picture of a mouse with a B16F10 tumour at the neck injected with *™Tc-PAMA(4)-Cbl
(TC nonbinder; low resolution, high sensitivity). B. three-dimensional picture of a mouse with a
B16F10 tumour injected with *"Tc-PAMA(6) (TC binder). C. SPECT/CT (high resolution, low
sensitivity, pinhole collimator) scan of the head 24 h after i.v. injection with *Tc-PAMA(4)-Cbl. D.
SPECT/CT (high resolution, low sensitivity, pinhole collimator) scans of the head 24 h after i.v.
injection with ®™Tc-PAMA(6)-Cbl. The colour scale is normalised to the highest activity. E. From
Collins et al. [105]. Lung tumour patient with a 6 cm tumour in the right parahilar region. Anteriour
(left) and posterior (right) whole body images at 4 hours after i.v. injection of *In-DTPA-Cbl
demonstrating the tumour within the right hemithorax but furthermore accumulation in the liver,
the kidneys, the urinary bladder and the nasal cavity, as well as the lacrimal and salivary glands.

However, in a recent study by Waibel et al. [75], a PMTc-labelled Cbl derivative, *™Tc-
PAMA(4)-Cbl (Figure 6.6), showed a promising accumulation in tumours with a low
background activity in kidneys and other vital organs in mice (Figure 1.6A-D) [75].
Interestingly, this derivative only bound to HC, while binding to TC was prohibited [75]. The

mechanism by which these Cbl derivatives accumulate in tumours is still obscure.

Another group of Cbl derivatives showing potential for in vivo tumour imaging are
fluorescently labelled Cbl conjugates. Smeltzer et al. developed the so-called CobalaFluors by
conjugation of the fluorophores fluorescein, naphtofluorescein or Oregon Green for use in
Cbl receptor imaging using epifluorescence microscopy or flow cytometry [107]. Similarly,
the fluorescent dye Cy5 was linked to the 5'OH-group of the ribosyl moiety of Cbl, which

subsequently showed successful lymphatic mapping in pigs [108]. Furthermore, rhodamine-
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labelled polymers conjugated to folate, biotin and Cbl were used for tumour targeting in

vitro and in vivo [109] revealing increased uptake of the vitamin-conjugated polymers.

According to these findings, fluorescent Cbl derivatives may soon have an implementation in
intraoperative imaging similar to the successful use of fluorescent folate conjugates in

clinical trials [110].

1.5.3 Therapy with cobalamin derivatives

Although the above described NO-Cbl derivative has been used in several therapy and
combination therapy studies in mice [85,111] and in dogs [112], general therapy with
cytotoxic or radiotherapeutic Cbl derivatives has not been feasible so far due to the high
background activity of kidney and liver (Figure 1.6). This may possibly lead to severe side
effects. The binding of a Cbl derivative to TC and its subsequent receptor mediated
endocytosis leads to accumulation not only in tumours but also in the liver and kidneys.
While CD320 is expressed on virtually all tissues [14], megalin is abundantly expressed in the
proximal tubule of the kidney and in several epithelia [113]. As a consequence, accumulation

of a Cbl radiotracer in healthy tissue cannot be prevented.



38




39

1.6 Outline of the thesis

After many years of intensive research on Cbl and its transport and uptake mechanisms in
the human body, HC's role in Cbl homeostasis has remained obscure. Targeted drug delivery
to tumour cells using Cbl analogues modified with conjugated cytotoxins or radionuclides is
still of major interest, as seen by the large amounts of different Cbl analogues developed.
While most of the analogues aim to bind to to TC, newly synthesised Cbl derivatives that
specifically bind to HC showed preferential accumulation in tumours and to a much smaller
degree in healthy tissues such as liver and kidneys. These findings set the focus again on HC'’s
role in Cbl transport. As a consequence, the main aim of this thesis was to elucidate HC's role
in Cbl transport, especially transport to tumour cells with a special regard to HC's structure

and binding to the different Cbl analogues.

In the first part of the project, recombinant expression of human HC was established in
human embryonic kidney cells (HEK293). The mammalian expression system was used, in
order to achieve fully glycosylated protein as this is one of the major characteristics of
human HC. Characterisation and comparison to native HC showed that recombinant HC has
properties very similar to the native one and only slight different ligand binding kinetics,

making it a valuable tool for further biochemical and structural studies (see section 2).

The established expression system was further used in order to recombinantly express
human TC, mouse TC (mTC) and a glyco-variant of human HC. Comparison of UV-spectra and
glycosylation pattern analysis with literature-reported data implied the suitability of the

recombinant proteins for future studies (see section 3).

In a next step, we set out to solve the crystal structure of HC. Crystals of HC in complex with
CNCbl or Cbi were obtained and the structures of the complexes were determined to 2.35
and 3.0 A resolution respectively. While structural analysis of the CNCbl binding to HC only
showed marginal differences to the binding of CNCbl to IF and TC, an alternative
conformation of Cbi upon binding to HC could be revealed. Further, general aspects of ligand

specificity among the transport proteins were discussed (see section 4).

With regard to different newly synthesised Cbl derivatives and their divergent abilities to
bind to the transport proteins, we established a method in order to assess in a quick and

easy way the binding of different Cbl derivatives to the Cbl transport proteins (see section 5).



40

Finally, we wanted to elucidate the uptake of specific Cbl derivatives in tumour cells. For this
purpose, we radiolabelled Cbl derivatives that would either bind to all three transport
proteins or only to IF and HC and performed in vivo biodistribution studies in mice, as well as

in vitro internalisation studies (see section 6).
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2.1 Introduction

Cbl is a water soluble vitamin which is involved in biosynthetic processes in every living cell.
Its transport within the human body is mediated by an elaborate system involving three
soluble binding proteins, haptocorrin (HC) (previously referred to as transcobalamin | or R-

binder), intrinsic factor (IF) and transcobalamin (TC) as well as their receptors [13].

IF ensures the uptake of Cbl in the intestinal cell, and once Cbl is transferred to the blood, TC
is needed in order to transport Cbl into all cells of the body. The role for HC is only partially
known [50]. In the upper digestive tract, salivary HC captures dietary Cbl and mediates its
transport through the stomach. Subsequently, HC is degraded by pancreatic enzymes in the
duodenum, whereupon the released Cbl binds to IF and is transferred to the blood. In the
blood, approximately 75% of all Cbl is bound to HC whereas the remaining fraction is bound
to TC [26]. Interestingly, HC binds not only Cbl but also so-called Cbl analogues, which are
corrinoids without cofactor activity in mammalian cells. Up to 40% of all corrinoids bound to

HC in plasma are Cbl analogues [50,59,114].

While the presence of IF and TC is restricted to a few compartments in the body, HC is
present in both the circulation and in most exocrine secretions such as saliva, tears, and

human milk [50].

In contrast to TC, HC is heavily glycosylated and has an apparent molecular mass of 60-70
kDa, of which approximately 25% are attributed to glycans. Depending on the source of
synthesis, different glycoforms of HC have been described [55]. HC that lacks terminal sialic
acid is known to be rapidly cleared by the asialoglycoprotein receptor in the liver [56], while

no receptor has been identified for sialylated HC.

Interestingly, some tumour types, including fibrolamellar hepatocellular carcinoma, have
been described to express high amounts of HC [115,116]. In recent studies, this protein has
been proposed as a diagnostic marker in breast cancer [75,117] and fibrolamellar
hepatocellular carcinoma [115]. Expression of HC in cancer cells can reach high levels, and
HC has very recently even been proposed as a target molecule for cancer diagnosis or

therapy [73,75].
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Both IF and TC have been expressed in various hosts such as plants, yeast, and insect cells
[39,118-120], and their structures in complex with Cbl have been solved by X-ray
crystallography [11,12].

The overall structure of both proteins is similar and consists of an N-terminal a-domain and a
C-terminal B-domain connected by a flexible linker. In contrast to IF and TC, neither
expression of recombinant HC nor its crystallisation have been reported so far. Thus, the
only source of HC for biochemical studies is purified protein from human serum, saliva, or

milk, which hinders protein consuming experiments, e.g. crystallographic analysis.

The work presented here reports the expression, purification and characterisation of
recombinant human HC (rhHC) in the cell line HEK293. The C-terminal Myc-His-tag was
removed using a thrombin-cleavage site, and the protein was further purified to >98%
purity. We compare the biochemical properties of rhHC to native human HC isolated from

the plasma of a cancer patient [121].

2.2 Results

2.2.1 Purification of rhHC from HEK293 culture supernatant

We developed a mammalian cell expression system for production of rhHC which contained
a thrombin-cleavable, C-terminal fusion tag consisting of the Myc epitope followed by six
histidine residues (Myc-His-tag) for immunological detection by an anti-Myc-tag antibody
and affinity purification respectively (Figure 2.1A). The expressed fusion protein was purified
by Ni%* affinity and size exclusion chromatography. Tagged protein was obtained at high
yields (10 mg/L culture supernatant) and relatively high purity (Figure 2.1B, lanes 3 and 4).
Subsequently, the fusion tag was removed from rhHC by cleavage with thrombin and rhHC
was further purified by a Ni%* affinity chromatography step to remove uncleaved rhHC, the
cleaved tag peptides and any protein impurities with affinity for Ni** (Figure 2.1B, lane 5). A
final size exclusion chromatography step was performed to remove thrombin (Figure 2.1B,
lane 6). Western blotting of the tagged and untagged products indicated complete removal

of the fusion tag after thrombin cleavage (Figure 2.1C).
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Comparison of the two size exclusion chromatograms showed that the tagged intermediate
product was eluted as a main rhHC peak with a shoulder and some impurities (Figure 2.1D),
whereas only a single peak was observed in the final untagged rhHC preparation

(Figure 2.1E).
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Figure 2.1 Purification of rhHC. rhHC purified from approximately 0.5 L HEK293 cell culture
supernatant. A. Sequence alignment of native HC and tagged rhHC. Thrombin cleavage site (bold),
Myc-tag (underlined) and 6xHis-tag (italic) B. Coomassie stained SDS/PAGE and C. Western blot
analysis of the different purification steps. Lanes: 1, standards, 2, supernatant of HEK293 cells
transfected with rhHC, 3, elution of first Ni** affinity chromatography (tagged rhHC), 4, peak fraction
of first size exclusion chromatography (tagged rhHC), 5, flow-through of second Ni** affinity
chromatography after thrombin cleavage, 6, peak fraction of second size exclusion chromatography,
7, human native HC [116]. D. and E. UV-chromatograms at 280nm of first and second size exclusion
chromatography before and after thrombin cleavage on a Superdex 200 column at a flow rate of 48
ml h™. Elution volumes of Blue Dextran 2000 (V,) and albumin (V.;, 67 kDa) are marked with arrows.

The purified rhHC appeared as one broad band on SDS/PAGE after Coomassie staining
(purity >98%), and the yield of rhHC was estimated to be 6 mg (90 nmol/L) from one litre of
cell culture supernatant. N-terminal sequencing (EICEVS...) confirmed the identity and

correct maturation of the purified protein. At the C-terminus, four excessive amino acid
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residues (...LVPR) remained after cleavage with thrombin. The apparent molecular weight of
rhHC on SDS/PAGE was comparable to the weight of native HC purified from plasma of a

patient hepatocellular carcinoma [54] (Figure 2.1B and C, lane 7).

2.2.2 Glycosylation pattern of rhHC

The molecular weight of the purified rhHC was approximately 60 kDa as determined by 10%
SDS/PAGE gel stained by Coomassie Brilliant Blue (Figure 2.2A lane 2) and Western blotting
(Figure 2.2B, lane 1 and 2). This is significantly higher than the theoretical value of the
protein backbone of 46 kDa. In agreement with SDS/PAGE, MALDI-MS analysis also revealed
a molecular mass of rhHC of approximately 65 kDa (Figure 2.2C). The broad peak of mass

distribution is expected due to heterogeneous glycosylation patterns of rhHC.

To further analyse the extent of glycosylation, several deglycosylation procedures were
used. Incubation with PNGase F alone did not remove N-glycans completely (Figure 2.2A,
lane 5 and 10). Simultaneous treatment of rhHC with Neuraminidase and PNGase F resulted
in a lower molecular weight of the protein, indicating a high content of terminal sialic acids
(Figure 2.2A, lane 4 and 9). For complete deglycosylation with PNGase F, a denaturation step
prior to deglycosylation was needed in order to decrease the protein mass to the expected
value of approximately 46 kDa (Figure 2.2A, lane 3). MALDI-MS analysis of the denatured
and deglycosylated protein showed two peaks, one of which had the expected mass of the
protein backbone of 46058.6 Da, which was close to the theoretical value of 46076.1 Da for
rhHC (NCBI Reference Sequence: NP_001053) including the mass of the four excessive
residues present (..LVPR), reduced S-S bonds and assuming eight converted Asn to Asp
residues by action of PNGase F [122]. The second peak had a noticeably higher mass of
47054.4 Da (Figure 2.2D). This strongly indicates remaining posttranslational modification of
rhHC even after removal of N-linked glycans. Periodic acid-Schiff (PAS) staining supports this
finding as a residual amount of carbohydrates can still be detected after the deglycosylation
procedure (Figure 2.2A, lane 8). Altogether, our results indicate that carbohydrates

contribute approximately 20 kDa to the total mass of rhHC.
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Figure 2.2 Glycosylation Pattern of rhHC PAS staining revealed heavy glycosylation of rhHC.
A. Coomassie (lane 1-5)/PAS (lanes 6-10) staining of proteins separated on 10% SDS/PAGE. Lanes:
1/6, standards, 2/7, rhHC, 3/8, denatured and deglycosylated (PNGase F) rhHC, 4/9, rhHC overnight
incubated with PNGase F and Neuraminidase, 5/10, rhHC overnight incubated with PNGase F.
B. Western blot analysis of tagged rhHC using anti-Myc-tag antibody. Lane 1: denatured rhHC, lane 2:
rhHC, lane 3: denatured and deglycosylated rhHC. C. MALDI-MS analysis of rhHC. D. MALDI-MS
analysis of the denatured and deglycosylated (PNGase F) rhHC.

There are nine sequences for N-linked glycosylation in HC that show the consensus sequence
Asn-X-Thr/Ser. Database research and previous published studies [70,123] predict only eight
of them to be glycosylated. In contrast to IF, which is glycosylated only at its C-terminus, the
predicted glycosylation sites of HC are situated on both the a- and B-subunit as well as the

N-terminal part of the linker region [70].

We analysed the sequence for putative O-glycosylation sites using NetOGlyc 3.1 [124]. Two
potential sites for mucin-type O-linked glycosylation were identified on Thr301 and Thr303,
which are located on the linker region between the a- and B-subunit of HC. Analysis of the
sequences of 25 orthologues (ExPasy) revealed putative O-glycosylation sites in the linker
region in 21 of 25 HC-like-sequences (Table 2.1). Thus, O-glycosylation of the linker may be a

common feature of HC-like proteins in various species.



Table 2.1 Amino acid sequences of the linker region connecting the a- and B-domains of HC aligned

from different species.

Species Sequence

ORNAN14853 ALEGKTYLDVTR--GCCDSDP-DNLTLSSPSPTAPTN-PSTITVTYKVTDGISNTFADST
ANOCA05883 SLWGRTYLDVNR-—-FNCSKDKGDHFTYFAFQQIMPFASQRSITVIY—————— SNREFSEST
MACEU14399 ALEGKTYLDN-—-—--VSCQSTP-GHLSITPKPTEPTHQFYESISVIYR——-VVDSINKTST
TURTR11138 ALMGKTYLDVNKNSSCACSPDKENISTDEPVPVTPTISLSNISVNYS——-VQINEIFNST
LAMPAO4138 ALMGKTYLDVNNHSACARSPVDENISSDDPVSVTPTVSPSNITVNYY——-VQINETQP-T
BOVIN15542 ALMGKTYLDVTN-PSCGLNPVKENTSTEKPGTVTPTTAPLNILVKYS———VRINKTSH-T
CANFA13900 ALLGKTYLDVNKDSPCVYKSGAFNLSTQEPTSGPPAVSHPQIQVNYS———-VVINTTYN-TI
FELCAQ05217 ALMGKTYLNVNKDSPCVYGPGDENISTVEPITVTPPLSPSQIQVNYSV-—VIIEETHS-T
HUMAN26634 ALMGKTFLDINKDSSCVSASGNENISADEPITVTPPDSQSYISVNYS——-VRINETYF-T
PANTR0O7054 -—f—-——-——-—"-"—"""""""——- NENISADEPITVTPPDSQSYISVNYS———VRINETYF-T
PONABQO7473 ALMGKTFLDINKDSSCVSASGNFNISSDEPVTVTPPDSQSYISVNYS——-VRINETYF-A
MACMU16369 ALMGKTFLDVNKDSSCVSAAGNEFSNSTHEPVTVTAPGSQSSISVNYS———VTINETYS-A
CALJA02898 ALLGKTYLDVNRDSSCVSGSGNFNISIPEPVTVTPPESQSNISVNYS——-VRINETYS-A
SPETROILAL0D  —=—=————=c=c=c=c=cm=c=msososss s sss= ==
OTOGA09004 AVMGKTYLDVN-——--SCVSSAGNFNISNPVPITVSPPDSPSNISVNYS——-VRINETYF-T
TARSY06067 ALVGKTYLDINNNSACVSGSGIFNVSIHEPITMTPPVSLSYISVNYS———-VRISETYS-I
LOXAF05754 ALMGKTYLYVNKDSPCVSGSD-FNVSAPVPGSVTPENSPSAITVRYS——-VQINETYS-T
ECEHTELO303 - =—==—=—==—==—=========== LNVSIPESGPVSPPPPSSLITVHYS———-VKVNKTDS-T
PROCAQ06728 ALLGKTYLDVNKNSSCVYRKD-IKVVTPVSTSVIPTKSPSLITVHYS——-VQINKTYS-T
CHOHO05486 ALMGKTYLDVNKDAPCVYDN--—FNISTHEPGPAPPTKLPSVITVHYS——-VQINETYS-T
SORAR02966 ALLGKTYLDVNKDSSCVYDSGKEFNVSTHQPLSVTPTHATIADISVHYS——-VKINETYS-T
PTEVA01690 ALMGKTYLDINKNSFCVNGSGNFSISIHEPVSVASSSSSSYISVHYS———VKINETYP-T
HORSE17505 ALVGKTYLDINKDSPCVSDPD-FNSPTPKPTSERYTNSPSNILVHYS——-VKINRTYS-T
RABIT02686 ALMGKTYLDVSKDSSCVSGSGTFNISSHVPKSVTTPNPPSNISVNYS———-VVITKTYS-T
CAVP0O17819 ALVGKTYLDVSQDSSCASRLGNSHISSHKPTSITPLNSPLDTSVHYS——-VKISN-YS-T
DIPOR07926 PLLGKTYLDVTKDSPCTYGLGNSPLSIPVRTTVTPTYSPSLISVHYS———VKINKTYS-T

Putative N-glycosylation sites are indicated in red. Putative O-glycosylation sites (predicted by

NetOGlyc 3.1) are indicated in bold letters.

2.2.3 Absorbance spectra of rhHC

The absorbance spectrum of rhHC in complex with H,O-Cbl is presented in Figure 2.3A and
shows characteristics similar to those previously reported for native human HC (Table 2.2).
The addition of azide caused a remarkable shift in the absorption maximum of the gamma

peak, which is also characteristic of native human HC [125,126]. This change is caused by
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attachment of azide-anion to the “upper surface” of Cbl accompanied by rearrangements in

the binding site of HC [126].

The spectral features of the rhHC-H,0-Cbl complex were explored further when rhHC was
saturated with H,OCbl added in steps at concentrations below the total binding capacity of
the protein (Figure 2.3B). This allowed calculation of the molar absorbance coefficients of
H,OCbl when bound to rhHC (Table 2.2). These parameters helped to evaluate the active
protein fraction (AP) as previously shown for IF [69]. For rhHC, the value of AP was
calculated from the ratio of R = A,go / Asse according to the equation below and the values of
absorbance coefficients from Table 2.2.

_52200-R-100
R-26100-23100

All examined samples of rhHC showed an AP > 0.95 (i.e. 2 95% of the protein bound Cbl
more strongly than adsorbent of H,OCbl, see methods). The best measured values were R =
2.89 and AP = 0.99 indicating an excellent binding activity. In contrast to previously reported
purification methods [127-129], rhHC was produced and isolated directly in the unsaturated
(apo-) form without exposure to Cbl-containing adsorbents and denaturing agents. The
absence of a refolding step in the purification of rhHC was apparently beneficial for the
protein quality, resulting in a high AP-value. Nevertheless, the effect of GdnHCI treatment
was examined on a preparation with AP = 0.95. rhHC was saturated with Cbl and then
subjected to dialysis against GdnHCI [125]. No decrease in the binding activity was found
after refolding of apo-rhHC (AP = 0.95).

Table 2.2 Coefficients of molar absorbance of rhHC (free or in complex with H,OCbl, pH 7.5)

Protein species, € 280 nm Y, 356 nm D, 415 nm B, 509 nm a, 529 nm
apo-rhHC, €0 52 200° 100 20 20 20
izz-thc + H00bL o000 +26 100 5480 9930 10 030
holo-rhHC, € 75900 26 200 5500 9950 10 050
Native holo-HC, € n.d. 28 600" 5 400" 10300 " 10 400"

calculated from the composition of the mature protein, €;30= 5500-Ny, + 1490-Ny,, + 125-Nss,
Mem™ [130] ®From reference [125]; n.d. not determined.
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Figure 2.3 Absorbance spectra of rhHC-Cbl complexes. The absorbance spectrum of Cbl bound to
rhHC exhibited a normal transition pattern. A. Spectrum of rhHC (13.8 uM) in either apo-form or
saturated with H,0OCbl (excess removed) with or without sodium azide (2 mM), pH 7.5, 22°C.
B. Spectra of H,0OCbl (4.48 uM) added stepwise to rhHC (26.3 uM), dilution was corrected, pH 7.5,
22°C. The data were used for calculation of the coefficients of molar absorbance, see main text and
Table 2.2.

2.2.4 Binding of Cbl and Cbi to rhHC

The most prominent characteristic of HC is its ability to bind not only Cbl but also Cbl
analogues, for example the baseless corrinoid Cbi. We analysed the ability of Cbl and Cbi to
compete with labelled *’Co-Cbl for binding to rhHC. Comparable binding curves for rhHC and
native HC (Figure 2.4) point to the preservation of this characteristic in rhHC. It should be
mentioned that half-inhibition concentrations (ICsg) cannot be connected directly to the
dissociation constants (see below). For Cbi, this is because equilibration of the mixture of

labelled Cbl + Cbi + HC may require several days of incubation.
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Figure 2.4 Interaction of rhHC with labelled Cbl in competition with Cbl or Cbi. rhHC and native HC
showed a very similar binding behaviour towards Cbl and Cbi. rhHC and native HC were incubated
with increasing concentrations of unlabelled Cbl or Cbi (competitor) and the amount of labelled Cbl
bound to the proteins was recorded in % of the amount of labelled Cbl bound without the presence
of competitor.

2.2.5 Binding and dissociation kinetics of the fluorescent Cbl-conjugate CBC,

Cbl and Cbi

A more detailed examination of the binding kinetics was performed in a competitive assay in
which the fluorescent ligand CBC [71] alone or in the mixture with a test ligand (Cbl or Cbi)
reacted with rhHC over time. Attachment of CBC to Cbl-binding proteins causes an increase
in the quantum vyield of the fluorophore, which facilitates monitoring of the protein-CBC
interactions [71,72]. The presence of a non-fluorescent ligand X decreases the signal,
because the binding goes along two competing routes HC-CBC & HC -> HC-X (reactions
behave as irreversible processes within 0.2 s). The data for the interactions between rhHC
and either CBC alone or CBC + Cbl/Cbi mixtures are shown in Figure 2.5A. The binding and
dissociation rate constants k.s and k., as well as the equilibrium dissociation constant Kg,
were calculated for all ligands by computer fitting as explained elsewhere [72] and the
results are listed in Table 2.3. The binding rate constants (k.s) obtained in these experiments
were 2-3 fold lower than values previously reported for native HC. This difference could not

be explained by possible concentration error (+10%, examined by simulations). Deterioration
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of ligands was also ruled out because the concurrent tests with two other proteins (TC and
IF) revealed the expected values of k.s = 60-70 - 10° M*s™ for both CBC and Cbl [72] (data

not shown).
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Figure 2.5 Binding and dissociation kinetics of the fluorescent conjugate CBC and Cbi. Kinetic
measurements revealed a subtle difference between rhHC and native HC. A. Binding kinetics. rhHC
was mixed with either CBC or CBC + Cbl/Cbi (all 0.5 uM), pH 7.5, 22°C. Appearance of rhHC-CBC
complex was monitored over time according to increasing fluorescence normalised to the maximal
amplitude of the signal. The binding rate constants were calculated by computer fitting (solid lines).
B. Dissociation kinetics. rhHC was mixed with either CBC or the non-fluorescent test ligands Cbl and
Cbi (all 1 uM, pH 7.5, 22°C, 2 min incubation), whereupon either Cbl (1 uM) or CBC (1 uM) was
added. Change in the concentration of rhHC-CBC complex was monitored over time according to the
normalised fluorescent response. Dissociation of Cbhi was tested in three different preparations of
rhHC (all three curves are presented, see also Table 2). Best fits are shown by solid lines. The
dissociation rate constants were calculated from the linear slopes of the produced charts (examples
indicated by dashed lines). Alternative linear slopes are shown for rhHC-Cbl dissociation.

The dissociation kinetics were examined in chase experiments which obeyed (within the
examined time scale) one of the below schemes: HC-CBC - HC - HC:X or HC-X - HC >
HC-CBC (first step was rate limiting). The dissociation kinetics of the ligands CBC, Cbl and Cbi
were measured after formation of the corresponding complexes with rhHC, followed by
addition of external CBC (or Cbl, in the case of CBC itself) (Figure 2.5B). The dissociation rate
constants were then calculated from linear slopes (Table 2.3). In several cases a small “jump”
in the dissociation was observed at the beginning of the reaction (e.g. dissociation curves for
Cbl and Cbi, 0-1000 s interval). This fast exponential increase (0.5-3% of the total amplitude)
was ascribed to the presence of a small fraction of partially denatured protein where the
exchange of ligands was facilitated. This part of the curve was ignored and only the following

linear component was used to calculate the dissociation velocity of the ligand (v- = ks -
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[rhHC:S]). It should be understood that evaluation of rate constants below
3 - 10°s™ within the examined time scale cannot be precise, and that the records were used

for comparison of different ligands rather than for precise quantification of k_.

Table 2.3 Binding and dissociation rate constants (k.,.cec, K:/-coi, K+/-cvi) and equilibrium dissociation
constants (K,) at 20°C and pH 7.5

kis (M7's™) kols™) Ka (M)
rhHC
CBC 62/64/56"-10° ~05/2/1.10° ~20-10"
Cbl X/19/X-10° X/<3/X-10° <100-10"
Cbi 33/21/x" - 10° 14/22/21".10° 1000 - 10
Native HC a)
CBC 124 - 10° ~5-10" (=4-10™)
Cbl 90 - 10° ~5-107 (=6-10")
Cbi 73 -10° =5-10" =7-10"°

“From Reference [72]; ®Measurements on different rhHC preparations with the active protein
fractions of 0.99 / 0.95 / 0.95 (the last sample was obtained after GdnHCI refolding of rhHC). If no
measurement was conducted, the result is notated as X.

The rates of CBC and Cbl dissociation from rhHC (k_s < 3 - 10°s") were apparently similar to
each other and also to the constants reported for native HC (k_s = 5 - 10”7s™) as they were
measured more accurately over a period of 100 h [72]. However, dissociation of the
analogue Cbi from rhHC was noticeably faster (k. = 2 - 107s?). An earlier study
demonstrated nearly equal dissociation velocities for native HC and a group of corrinoids
including Cbl and Cbi (ks = 5 - 107s™) [72]. Three preparations of rhHC (one after GdnHCI
refolding) were examined and none of them showed dissociation of Cbi comparable to that
of Cbl or CBC (Figure 2.5B). Repeated data for the same preparation did not reveal much
variation (not shown). Though the overall affinity of rhHC for Cbi was formidable (Kgcpi = 1
pM), it was noticeably lower than that of native HC (Ky i = 7 fM). It seems that positioning
of Cbi in the binding site of rhHC is not identical to that found in native HC. Considering the
two other ligands (Cbl and CBC), the difference between rhHC and native HC was less

obvious and concerned mostly kis.
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2.2.6 Interaction of rhHC with the asialoglycoprotein receptor

Depending on the source of expression, different isoforms of HC exist in human blood and
extracellular fluids [121]. Notably, different half-lives are associated with these isoforms,
probably caused by fast clearance of HC-isoforms with low sialic acid content by the
asialoglycoprotein receptor (ASGP-R) [56]. We tested whether **I-labelled rhHC would be
readily taken up by HepG2 cells expressing the ASGP-R involved in HC clearance [131]. As
with native HC, rhHC was not internalised over the measured time span of 6 h (Figure 2.6B).
Only after the removal of terminal sialic acids by neuraminidase were rhHC and native HC
internalised. Removal of the terminal sialic acid residues was qualitatively determined by
SDS/PAGE (Figure 2.6A). The cellular uptake did not depend on the saturation of the protein

with Cbl (data not shown).
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Figure 2.6 Internalisation of ***|-rhHC into HepG2 cells. Comparison of rhHC and human native HC
with or without pre-treatment with neuramidase in order to remove terminal sialic acid. A.
SDS/PAGE analysis after treatment with neuraminidase. B. Internalisation of **I-labelled proteins
after 0, 1.5, 3 and 6 h incubation time. Standards are indicated with M.

2.3 Discussion

We here report the first successful expression system for recombinant HC. Unlike the
expression systems used for the production of IF and TC, mammalian cells (i.e. human

embryonic kidney cells) are able to glycosylate proteins in patterns characteristic of higher
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eukaryotes, yielding products that are expected to be highly similar to their natural human

counterparts [132].

In comparison to other sources of human HC such as saliva (15-72 nmol/L), plasma (0.25-84
nmol/L) and milk (4.5-180 nmol/L) [50], the obtained yield of recombinant protein (90
nmol/L) is comparable or substantially higher. The recombinant protein demonstrated a high
Cbl binding capacity of 95-99%, and its glycosylation pattern indicated the presence of N-
and O-glycosylations. Unlike HC present in saliva and granulocytes, rhHC was highly
sialylated. Interaction with ASGP-R only took place after removal of terminal sialic acids. We
therefore concluded that rhHC represents an isoform that is comparable to HC present in

human serum.

We demonstrated the recombinant protein’s ability to bind Cbl as well as its baseless
analogue Cbi. Furthermore, the absorbance spectrum of rhHC showed close similarity to the
spectrum of native HC. The spectral transition in rhHC and native HC verifies the hypothesis

that the organisation of the Cbl binding site in rhHC is comparable to that of native HC.

At the same time, the binding rate constants of all ligands were lower than those of native
HC while the dissociation velocity of the examined analogue Cbi was also higher than
expected. These subtle differences of rhHC compared to native HC were explained by

presence of a peptide elongation attached to Tyr410 involved in the interaction with Cbl.

The purified form of rhHC had four excess residues (...LVPR) remaining at its C-terminal end
discriminating it structurally from native HC. We hypothesise that the attachment of these
non-native residues (...LVPR) to the C-terminal residue might affect the binding of ligands to
rhHC resulting in lower affinity. This peptide is directly conjugated C-terminal to Tyr410
(located in the B-domain of HC), a residue which is potentially involved in the binding of Cbl
according to the 3D model of HC-Cbl complex deduced from the crystallographic studies of
TC and IF [70]. Such a disturbance might negatively affect the overall affinity (K,) and the
binding rate constant (k.s), because the C-terminal B-domain is suggested to be the primary
binding site of all corrinoids [69,72]. Reduction in affinity was particularly visible for the

analogue Cbi, whose binding probably requires more structural accuracy of the protein.

In conclusion, we report that rhHC has comparable biochemical and kinetic properties to
native HC and that the expression system provides us with the possibility to produce the

protein in a sufficient amount for further biochemical and structural studies.
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2.4 Materials and Methods

2.4.1 Materials

Most reagents including salts and buffer components were analytical grade and obtained
from Sigma (Sigma-Aldrich Logistics GmbH, Buchs, Switzerland), unless stated otherwise. Ni-
NTA Agarose was purchased from Qiagen (Hombrechtikon, Switzerland). Restriction
endonucleases, DNA ligase and Pfu DNA Polymerase were obtained from Fermentas
(Thermo Fischer, Lausanne Switzerland). For comparative binding studies, native human HC
present in saliva [60] or purified to homogeneity from human plasma as previously described
[129] was used. Saliva was collected as part of a previously published research project on HC
in saliva [133] and as stated in the paper all of the individuals gave informed consent. Plasma
was obtained from a patient with hepatocellular carcinoma left over from routine testing

[116].

2.4.2 Cell Culture

HEK293 cells (DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmBH,
Braunschweig, Germany) were grown in Dulbecco’s modified Eagle’s medium containing 4.5
g/L glucose, supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 pug/mL
streptomycin, 0.25 pg/mL fungizone, and 2 mM glutamine in a 5% CO, incubator at 37°C.
HepG2 cells (Institut fir angewandte Zellkultur, Dr. Toni Lindl GmbH, Munich, Germany)
were grown in minimum essential medium with Earl’s basal salts supplemented with 10%
fetal calf serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.25 pg/mL fungizone, 2 mM
glutamine, 1% non-essential amino acids, and 1 mM sodium pyruvate. All tissue culture

reagents were purchased from BioConcept (Basel, Switzerland).

2.4.3 Plasmid Construction

The cDNA for human HC (pCMV6-TCNI RC222285, Myc-DDK-tagged ORF clone of Homo
sapiens transcobalamin | (TCN1) NCBI Reference Sequence: NM_001062.2, as transfection-
ready DNA) purchased by Origene (Lab Force, Nunningen, Switzerland) was cloned into the

EcoRI/Xhol site of pcDNA4/myc-His A vector (Invitrogen AG, Basel) by standard molecular
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biological techniques. A thrombin cleavage recognition site (LeuValProArg GlySer) was
positioned at the fusion junction to release the HC protein from its tag. The primers
(Microsynth AG, Balgach, Switzerland) used were 5’-TAATACGACTCACTATAGGG-3’ and 5'-
CCGCTCGAG AGATCCACGCGGAACCAGGTATTTGCTCCAGCG AACC-3'. All selected clones were

verified by DNA sequencing (Microsynth AG, Balgach, Switzerland).

2.4.4 Expression of rhHC

Cells were transfected using Lipofectamine 2000 (Invitrogen AG, Basel) following the
manufacturer’s instructions. After 72 h, the cells were detached with phosphate-buffered
saline (PBS)/1 mM EDTA and replated onto 10 new 10 mm cell culture dishes in complete
medium supplemented with 400 pg/mL Zeocin™ selection reagent (Invitrogen AG, Basel,
Switzerland) and 20 mM HEPES, which was changed every 4-5 days. After about 3 weeks,

resistant colonies were isolated and grown as described elsewhere [134].

2.4.5 Purification of rhHC and thrombin treatment

High producer transfectomas were stimulated with 6 mM sodium butyrate in growth
medium (without Zeocin and HEPES) for 8 days. The cell culture medium was centrifuged for
30 min at 7000 g, 4°C, clarified by filtration through a 0.2 uM Express plus filter (Millipore
AG, Zug, Switzerland) and concentrated using an Amicon Filter device (MWCO 10000,
Millipore AG). After adding 300 mM NaCl and 5 mM imidazol to the obtained solution (0.2 L)
it was applied to a Ni** affinity column. Absorption of rhHC was carried out at room
temperature with gravity flow. The resin was washed with 6 volumes of PBS, 6 volumes of
PBS/1 M NaCl and 6 volumes of PBS/0.5 M NaCl/20 mM imidazole. Bound proteins were
eluted in 1 mL fractions with PBS/300 mM imidazole. Fractions were analysed by SDS/PAGE,
and the peak fractions were polished using HiLoad™ 16/60 Superdex 200 gel filtration
column and Akta™prime system (Amersham Biosciences). Gel filtration was conducted at

room temperature at a flow rate of 48 mL h™ using PBS.

The peak fractions were subsequently dialysed against thrombin cleavage buffer (20 mM
Tris-HCI pH 8, 150 mM NaCl, 2.5 mM CaCl,) and incubated for 72 h at room temperature
with thrombin (from human plasma, Sigma) (5 U/mg protein) on an orbital shaker. The

Myc/His-tag was then removed by using a Ni%* affinity column (2.5 mL) with gravity flow and
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the flow-through was collected in 1 mL fractions using PBS. The rhHC-containing fractions
were then subjected again to gel filtration as described above. The fractions with pure and
untagged rhHC were pooled and concentrated to 1-2 mL by ultrafiltration on an Amicon

filter (MWCO 30000, Millipore AG). The protein was stored frozen at -20°C.

2.4.6 Edman degradation

The Edman degradation was performed at the Functional Genomics Center Zirich,
Switzerland. 5 pl of the sample was diluted with 100 pl 0.1% trifluoroacetic acid (TFA) and
loaded on a PVDF membrane (ProSorb, Applied Biosystems). The membrane was washed
with 100 pl 0.1% TFA and dried. Edman degradation was performed on a Procise 492 cLC

(Applied Biosystems) according to the manufacturer’s instructions.

2.4.7 Deglycosylation of rhHC

rhHC was denatured for 5 min at 95° C in denaturation buffer (100mM, pH 8 Na-phosphate,
25mM EDTA, 0.5% (w/v) Triton X-100, 0.2% (w/v) SDS, 1% (v/v) B-mercaptoethanol), cooled
down and deglycosylated using the enzymes PNGase F (Roche diagnostics GmbH, Rotkreuz,
Switzerland) and Neuraminidase (Sigma-Aldrich, Switzerland) according to Morkbak et al.

[135].

2.4.8 SDS/PAGE and Western blot analysis

Proteins were separated by SDS/PAGE under reducing conditions and were transferred to
PVDF (polyvinylidene difluoride) membranes (Millipore AG, Switzerland) using a semi-dry
blotting device (Bio-Rad Laboratories AG, Reinach, Switzerland). PVDF membranes were
probed with the following primary antibodies according to the manufacturer’s protocol:
anti-myc-tag mouse mAb (9B11; Cell signalling Technology, Bioconcept, Basel, Switzerland)
or Transcobalamin | (M-16; Santa Cruz Biotechnology, Lab Force, Nunningen, Switzerland).
The PVDF membranes were incubated overnight at 4°C in TBST (20mM Tris HCl pH 7.5,
500mM NaCl, 0.05% Tween 20) containing 2% BSA. Proteins were visualised by incubating
the PVDF membrane with a horseradish peroxidase (HRP)-conjugated secondary antibody

(Cell Signalling Technology; Santa Cruz Biotechnology). Chemoluminescence was detected
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using an enhanced chemoluminescence (ECL) Western blotting substrate (Pierce, Perbio

Science Switzerland).

2.4.9 Mass spectrometric analysis

The MALDI-MS analyses were performed at the Functional Genomics Center Zirich,
Switzerland. The denatured and deglycosylated sample was first precipitated by
Trichloroethane (TCA). The dried pellet or 1 ul of the untreated sample was dissolved in 5 pl
hexafluoro-2-propanol (HFIP) diluted 1:10 in matrix (saturated sinapinic acid (CHCA) in 0.1%
trifluoroacetic acid (TFA) and 50% acetonitrile) and then spotted onto the target. In order to
remove salts, buffer and inorganic impurities, the dry crystals were washed with 0.1% TFA
solution and air dried. The samples were then analysed by MALDI-MS on a Bruker Autoflex I

mass spectrometer equipped by a 337 nm Nitrogen laser.

2.4.10 Spectral studies

Absorbance spectra were recorded on a Varian Cary 50 spectrophotometer (Varian,
Australia) at 5-15 uM concentrations of Cbl and rhHC dissolved in 0.2 M Na-phosphate
buffer, pH 7.5, 22°C.

Prior to AP measurements, rhHC was saturated with an excess of H,OCbl, free H,OCbl was
bound to the specific tetrazole adsorbent [136], whereupon the spectrum of rhHC-Cbl was
recorded and compared to the control sample (buffer + H,OCbl + adsorbent). After

subtraction of the control spectrum, the absorbance ratio and AP were calculated.

2.4.11 Binding of Cbl and Cbi to rhHC

The ability of rhHC to bind Cbl (Sigma-Aldrich, Denmark) and Cbi (Sigma-Aldrich, Denmark)
was explored using a competitive assay previously described [60]. In brief, rhHC or partly
purified native apo-HC was incubated with *’Co-Cbl (Kem-En-Tec, Taastrup, Denmark)
together with increasing amounts of Cbl or Cbi overnight. Unbound °’Co-Cbl was removed by
charcoal precipitation and bound >’Co-Cbl was measured employing a Wizard Automatic

Gamma Counter (Perkin Elmer).
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2.4.12 Refolding of rhHC

rhHC (10 uM) was saturated with an excess of CNCbl (20 uM) and subjected to dialysis
against a 50-fold volume excess of 5 M GdnHCI (30°C, 180 rpm). The solution was changed at
days 2 and 3. Incubation was stopped after day 4, whereupon rhHC was renatured by dialysis

against 0.2 M Na-phosphate buffer pH 7.5, see also ref. [125].

2.4.13 Binding studies with fluorescent Cbl-conjugate CBC

All reactions were performed in 0.2 M Na-phosphate buffer, pH 7.5, 22°C. The binding
kinetics were monitored by means of stopped flow method (DX.17 MV stopped-flow
spectro-fluorometer, Applied Biophysics, UK) using the fluorescent response from a Cbl-
conjugate CBC [71,72], excitation 525 nm, emission > 550 nm, slit 1.5 mm, voltage 390,
bandpass of 18.6 nm, light path of 1 cm. The binding reaction was started after mixing rhHC
with CBC alone or CBC + corrinoid. The final concentration of all reacting species was 0.5 uM.
The maximal amplitude of the fluorescent response in the mixture rhHC + CBC corresponded
to 0.5 uM of rhHC-CBC complex. Competition between CBC and a non-fluorescent ligand for
the binding to rhHC decreases the amplitude. The relevant rate constants of association

were calculated by computer fitting, as described elsewhere [71,72].

The dissociation reactions were monitored on fluorometer Varian Eclipse (Varian, Australia)
using the fluorescent response of CBC, excitation 525 nm (slit 5 nm), emission 550 nm (slit 5
nm), photomultiplier 600 V. In one setup the pre-formed rhHC-CBC complex (1 puM, 2 min)
was mixed with free Cbl (1 uM), and decrease in fluorescence was registered due to
rhHC-CBC &> Cbl exchange. Dissociation of the non-fluorescent ligands (Cbl or Cbi) was
measured in similar chase experiments. The test ligand was mixed with rhHC (1 + 1 uM, 2
min), whereupon 1 uM of exogenous CBC was added. The endogenous ligand dissociated
from the protein (rate limiting step), whereupon CBC immediately bound to rhHC and

increased fluorescence.

2.4.14 Internalisation studies

The proteins were labelled with 125

| using the lodogen method (Pierce). Labelled protein was
purified on a PD10 column (GE healthcare, Glattbrugg, Switzerland). HepG2 cells were

incubated in twelve-well plates in triplicates with approximately 1 pg of labelled protein for
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1 h at 4°C. The plates were then incubated for 0, 1.5, 3, 6 h at 37°C for internalisation. After
these times, the cells were washed twice with PBS/0.1% bovine serum albumin and then
incubated for 5 min with ice-cold acid wash buffer (50mM Glycine-HCIl, 100 mM NaCl, pH
2.8) to remove the cell-surface bound radioligand. Subsequently, cells were solubilised by
incubation with 1 N NaOH for 5 min. at 37°C. At each time point the radioactivity in the cell
medium (released), the acid wash (cell-surface bound) and the solubilised cells (internalised)
were determined with a Nal-y-counter (Cobra Il Packard, Canberra Packard GmbH, Frankfurt,

Germany).
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3.1 Introduction

The successful expression of large amounts of pure rhHC prompted us to attempt to solve its
crystal structure. Several initial attempts to crystallise our rhHC failed, possibly due to its
high level of glycosylation. One way to overcome this problem is to use a stable mammalian
expression system, wherein folding and initial glycosylation proceed normally, but
processing of the N-glycans is restricted in a way that allows their subsequent enzymatic
removal with either endoglycosidase H (Endo H) or endoglycosidase F1 (Endo F1). Both
enzymes hydrolyse the glycosidic bond of the di-N-acetylchitobiose core structure, leaving a
single N-acetylglucosamine (GIcNAc) residue at the glycosylation site [137,138]. This section

describes expression and purification of HC in such an expression system.

In the human body two circulating transport proteins of Cbl are found: Haptocorrin (HC) and
transcobalamin (TC). Due to a very low plasma concentration of TC (0.5-1.5 nM) [139],
isolation and purification of this protein was only achieved by using affinity chromatography
in 1972 by R. H. Allen and P. W. Majerus [140]. Their purification resulted in two distinctive
peptides with a molecular weight of 38 kDa and 25 kDa respectively. By including an
additional washing step, Van Kapel and co-workers [141] were able to purify a protein with a
molecular weight of 42 kDa, possibly by removing residual proteases in the sample.
Nevertheless, degradation of the protein was a major problem and several modifications of
purification procedures have been described [142]. Although it is possible to purify native TC
[140,142] for some experiments that do not require large amounts of protein (i.e. analytical
experiments), investigations requiring high amounts of pure TC, such as crystallisation,
required recombinant expression of TC. Having an abundant, well characterised and
standardised protein source facilitates the exploration of molecular mechanisms in vitro as
well as in vivo. Indeed, shortly after isolation of the full length cDNA of human TC [143], the
successful recombinant expression of TC in different expression systems was described

[39,120,144] resulting in the elucidation of the crystal structure of TC in 2006 [11].

Mouse transcobalamin (mTC) is much less well characterised than human TC. Early studies
identifying the sole Cbl transporter in mice serum always underlined its similarity to human
TC [145,146] including its molecular weight [147], cellular uptake of Cbl [146], and absence
of glycans [148,149]. A recent publication [149] confirmed its resemblance to TC but also

showed features of mTC similar to HC including the ability to bind to Cbi. Studies conducted
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with mTC mostly used mouse serum itself or mouse fibroblast cells producing mTC

[145,146,150] and so far no recombinant expression of mTC has been described.

Because mice are a commonly used model to investigate biochemical pathways or drug
delivery in vivo, a better characterisation of the murine Cbl transport protein would help us

to understand the mechanism of Cbl or Cbl derivative transport in rodent models.

3.2 Results

The recombinant proteins were stably expressed in HEK293 or HEK293 GnTI- cells and
obtained at yields between 2-10 mg/L cell supernatant with relatively high purity. The purity
of the recombinant proteins was verified by SDS/PAGE with subsequent Coomassie staining
and Western blotting. LC/MS analysis and N-terminal sequencing confirmed the identity and

correct maturation of the purified protein.

3.2.1 Expression and purification of rhHC in GnTI- cells (rhHC*)

The high degree of glycosylation of HC has so far posed a severe obstacle for the
determination of its native structure. We therefore expressed human recombinant HC in
HEK293 GnTI- cells according to the expression of rhHC in normal HEK293 cells [28] with a
similar yield of approximately 10 mg/L cell culture supernatant. Tag removal and the several
purification steps resulted in a final yield of approximately 6 mg (approximately 100 nmol) of
pure and untagged protein. Like rhHC, the rhHC* was purified directly in its unsaturated
(apo-) form (Figure 3.1B) and shows no signs of degradation for at least two weeks stored at
4°C.

Due to the lack of N-acetylglucosaminyltransferase | (GnTl) activity no complex N-glycans are
synthesised in the expression system. Instead, N-glycans are uniform and consist of two N-
acetylglcusomanines (GIcNAc) and five mannose (Man) residues (Figure 3.1A). Because of
this homogeneous glycosylation pattern, a much more distinct band at lower molecular
weight was visible in Coomassie-stained gels when compared to rhHC expressed in HEK293
cells (Figure 3.1B). The identity of the protein bands was confirmed by Western blotting
(Figure 3.1B).
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The expected weight of the protein backbone is 46062.1 Da, whereas mass spectrometry
analysis revealed an apparent weight of about 56-57 kDa (Figure 3.1C). Knowing the exact
glycosylation pattern of the protein, we could calculate the amount of potential sugar
residues by dividing the difference between the measured and the expected value by the
weight of one sugar tree (2 GIcNAc, 5 Man residues: 1216 Da). In this way, we were able to
identify eight glycosylation sites that could be confirmed by NetNGlyc database and peptide
mapping [123]. Deglycosylation with Endo H followed by ESI-MS analysis confirmed this
finding by showing the expected value of 47686.7 Da (protein backbone plus eight GIcNAc:
1624.6 Da) (Figure 3.1D). For a detailed peptide mapping analysis see section 3.2.4.
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Figure 3.1 Characterisation of rhHC expressed in GnTI- cells. A. Homogeneous glycosylation pattern
of GnTI- cells. B. Coomassie stained SDS/PAGE and Western blot analysis of apo- and holo-rhHC*
expressed in GnTlI- cells compared to apo- and holo-rhHC expressed in normal HEK293 cells. C. ESI-

MS analysis of rhHC expressed in GnTl-cells. D. ESI-MS analysis of the deglycosylated (EndoF1) rhHC
from GnTI- cells.
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3.2.2 Expression and purification of rhTC

Based on the successful expression of rhHC in the mammalian cell line HEK293, this
expression system was selected for the expression of rhTC. Due to alternative splicing, two
known isoforms of the TCN2 gene exist. In our studies we used the full-length cDNA
(transcript variant 1, NCBI reference sequence: NM_000355) according to the cDNA of TC
sequenced in 1991 [151]. We were able to obtain rhTC protein containing a His- and Myc-tag
in addition to a thrombin cleavage site with a molecular weight of approximately 50 kDa
(Figure 3.2B). N-terminal sequencing and LC/MS analysis confirmed the presence of two
isopeptides, one having the predicted amino acid sequence of EMCEI...(expected mass 49541
Da) and the other missing the first two residues, starting at CEIPE...(expected mass 49281
Da) (Figure 3.2C). This is a known feature of native as well as recombinant TC [120,142] and
is probably due to alternative cleavage of the signal peptide, or cleavage of the first two N-

terminal amino acids by alternative amino peptidases [152-154].

The obtained protein was much more unstable than rhHC after the first gel filtration
purification, resulting in low molecular weight fragments when analysed by Western blotting
(not shown). An overall yield of approximately 5 mg of tagged protein per litre cell
supernatant was lower compared to the yields obtained with rhHC and further cleavage with
thrombin resulted in a substantial loss of protein. However, spectral studies (see
section 3.2.5) verified that when fused to a tag, the recombinant TC showed similar
properties to the native TC. Based on this finding, it was therefore decided to use the protein

without cleavage of the tag.

3.2.3 Expression and purification of rmTC

Of the three splice variants of mouse TC we used again the full-length variant 1 (NCB1
reference sequence: NM_015749). The same expression system was used for rmTC as was
used for rhTC and rhHC, resulting in a His- and Myc tagged protein containing a thrombin
cleavage site showing the expected mass of 49690 Da (Figure 3.2B and D). Like rhTC, rmTC
was very prone to degradation. However, changing the buffer from PBS to a high salt PBS
resulted in a reduction of degradation when the protein was stored at -20°C. The vyield of
tagged protein of approximately 11 mg per L cell supernatant was comparable to the yield

obtained with rhHC.
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Figure 3.2 Characterisation of rhTC and rmTC. A. Coomassie stained SDS/PAGE and PAS staining of
the different recombinant proteins. B. Western blot analysis of rhHC, rmTC, denatured and
deglycosylated (PNGase F) rmTC and rhTC. C. ESI-MS analysis of rhTC showing the two isopeptide
forms. D. ESI-MS analysis of rmTC.

3.2.4 Glycosylation of the recombinant proteins

The sequence of HC shows nine possible sites for N-linked glycosylation (three in the a-
domain, one at the N-terminal part of the linker and five in the B-domain). However,
although presence of the consensus sequence Asn-X-Thr/Ser is mandatory for N-linked

glycosylation, not every potential site is actually glycosylated.

To determine site-specific glycosylation in HC we used a combination of specific enzymatic
fragmentation with trypsin and formic acid and deglycosylation with EndoF1. The generated
peptides were then analysed with LC/MS. With this method the potential glycosylation sites
were separated in order to investigate site occupancy and site-specific heterogeneity. Of the
nine sites showing the consensus sequence Asn-X-Thr/Ser eight of them could be identified

to be glycosylated (Table 3.1).

One major structural difference between the Cbl transport proteins is their level of

glycosylation. While IF and HC are known to be glycosylated, human TC is not. Database
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analysis of the recombinant proteins using NetOGlyc 3.1 and NetNGlyc 1.0 [123,124]
predicted no O-glycosylation sites for either rhTC or rmTC; one N-glycosylation site for rhTC;
and two N-glycosylation sites for rmTC. The predicted glycosylation site for both proteins
rhTC and rmTC at Asn33 is most probably not glycosylated as it is adjacent to a proline
residue. This is known to inhibit glycosylation by rendering the Asn residue inaccessible for
glycosylation. The second predicted position for rmTC at Asn75 was only low (0.63) above
the threshold value of 0.5. Analysis of these glycosylation sites was performed with a
homology model of mTC (see section 3.2.6). With PAS staining analysis (Figure 3.2A)
carbohydrates could be detected on rhHC*, but not on rmTC and rHTC. These findings were
in accordance with the presence (HC) or absence (TC) of glycans described for the native

transport proteins [140,144,149,155].
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Table 3.1 Site specific glycosylation analysis of rhHC expressed in HEK293 GnTI-

Cleavage . - . Theoretical Retention Glycopeptide Calculated Found
sites Modification Sequence and modification site MW time [156]  m/z Charge MW Native Mass error Deglyc Mass error
(ppm) (ppm)
102-127 No FQAEIENMEAHNGTPLTNYYQLSLD  2897.3 41.8 966.8 +3 2897.3 X 3.9 X 1
127-152 No VLALCLFNGNYSTAEVVNHFTPENK 2779.4 45.1 927.5 +3 2779.4 X 0.7 X -1.6
127-152  [GlcNAc],[Manl]s VLALCLFNGNYSTAEVVNHFTPENK ~ 3995.8 43.6 999.9  +4 3995.8 X 5.1 - -
127-152 GlcNACc VLALCLFNGNYSTAEVVNHFTPENK 2982.4 44.2 995.2 +3 2982.5 = - X 23
192-199 No NISIYTK 837.5 20.8 419.7 +2 837.5 X 9.4 X -8.5
192-199 [GIcNAc],[Man]s NISIYTK 2053.9 18.8 10279 +2 2053.9 X -3.2 = =
192-199  GIcNAc NISIYTK 1040.5 18.8 521.3 +2 1040.5 X -9 X -7.1
282-297 [GIcNAc],[Man]s SSCVSASGNFNISAD 2674.0 25.9 892.4 +3 2674.0 X 1.9 = =
282-297  GIcNAc SSCVSASGNFNISAD 1660.7 27.0 831.3 +2 1660.7 X -9 X -5.5
306-318 No SQSYISVNYSVR 1401.7 46.8 701.9 +2 1401.7 X 2.7 X 1.9
306-318  [GlcNAc],[Man]s SQSYISVNYSVR 2618.1 23.0 873.7  +3 2618.1 X 4.7 - -
306-318  GIcNAc SQSYISVNYSVR 1604.8 18.9 803.4 +2 1604.8 - - X -6.9
318-341 [[GIcNAc][Man]s]s INETYFTNVTVLNGSVFLSVMEK 6253.6 45.0 1564.4 +4 6253.5 X -8.39 - -
318-341 [[GIcNAc];[Man]s], INETYFTNVTVLNGSVFLSVMEK 5037.2 48.3 1260.3 +4 5037.1 X -6.9 = =
318-341 EEEZSC]Z[MM]S]Z INETYFTNVTVLNGSVFLSVMEK 5240.2 45.4 13111  +4 5240.2 X -6.9 - -
318-341 [GIcNACc]; INETYFTNVTVLNGSVFLSVMEK 3213.6 54.5 1072.2 +3 32135 - - X -6.3
347-357 [GIcNAc],[Man]s MNDTIFGFTMEER 2806.1 37.8 1404.0 +2 2806.1 X -15.6 -
347-357  GlcNAc MNDTIFGFTMEER 1792.8 40.1 897.4 +2 1792.7 X X -20.3
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3.2.5 Absorbance spectra of the recombinant proteins

The absorbance spectrum for rhHC*, rhTC and rmTC in complex with H,OCbl and azidoCbl
were measured and compared to those described in the literature [125,126,157]
(Figure 3.3). The spectra of rhHC* expressed in GnTI- cells showed the same characteristics
as the spectra of rhHC expressed in HEK293 cells. It also showed a remarkable shift at the y
peak when 20 mM NaNs; was added, pointing to an immediate rearrangement of the binding
site, when the azide ion replaces the upper axial ligand of Cbl [126]. This shift could be
explained by a movement of the electron density from the cobalt ion and the planar corrin
ring. Upon binding of a strong electron donating upper ligand (e.g. azide) the lower ligand
(DMB base) is weakened and pulled slightly away from the ring. The gamma peak
subsequently shifts then to a shorter wavelength, because the electrons on the cobalt ion

interact more weakly with the conjugation of the ring [20,26].
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Figure 3.3 UV spectra of recombinant proteins expressed in HEK293 and HEK293 GnTI- cells
respectively. The data were recorded at RT pH 7.4, with 1 nm steps in PBS. The depicted spectra
correspond to 5-10 uM of the protein-ligand complexes. The spectra of the free proteins 5-10 uM are
given for a comparison. A. Absorbance spectra of rhHC expressed in GnTI- cells (rhHC*), B. of rhTC
and C. of rmTC in either apo-form or saturated with H,OCbl (excess removed) with or without sodium
azide (20 mM). Spectra with azide were recorded after 5 min. Strong absorbance below 280
originates from azide.
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The absorbance spectra of rmTC in complex with H,OCbl displayed a y-peak at 362 nm and
an a-peak at 544 nm showing a higher resemblance to the spectrum of TC (y =362 nm, a =
546 nm) than of HC (y = 356 nm, a = 528 nm). No remarkable shift was seen after addition of
sodium azide to mTC as was seen in the spectra of human TC [39]. Furthermore the
calculated molar absorbance coefficients for rmTC are comparable to the coefficients of

human TC (Table 3.2).

Table 3.2 Molar absorption coefficients of rhHC, rhTC and rmTC

HC-H,0Cbl" rhHC*-H,0Cbl TC-H,0Cbl" rhTC-H,0Cbl rmTC-H,0Cbl
o-peak 10 400 10 384 9 300 13 638 12 267
(528) (536) (546) (542) (544)
y-peak 28 600 27611 30 000 33778 31033
(356) (356) (362) (362) (362)
vo-peak 26 300 26 833 ) ) )
(342) (340)

The wavelength in nm is given in brackets below the absorption coefficients (M™ cm™).
Y From reference [125].

No large shift was seen in the y peak upon addition of 20 mM NaNj; to the rmHC or to rhTC,
resulting in spectra that are comparable to the spectra reported in the literature [157]. This
indicates that the sixth ligand of Cbl is already coordinated to an endogenous histidine
residue and that a change of H,OCbl to azido-Cbl does not affect the spectrum. Structural
studies of TC and H,OCbl defined a coordination of His172/173 of human TC to the cobalt
ion [11]. According to the sequence alignment (Figure 3.4), the residue in mouse TC that
corresponds to His172/173 in human TC is expected to be Hisl175 as it is in bovine TC
(Figure 3.4) [11]. This strongly indicates that also in mTC a His-based coordination to the

cobalt ion of H,OCbl takes place (see also section 3.2.6).
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Figure 3.4 Sequence alignment of human and bovine TC with mouse TC. The sequence identity of
mouse TC/human TC is approximately 74%; and mouse TC/bovine TC approximately 67%. The Co-
coordinating histidine residue is highlighted in blue. Residues that form disulfide bridges are shown
in yellow; residues involved in H-bonds to Cbl are shown in green (accordingly to [11]). * (asterisk)

indicates positions which have a single, fully conserved residue.

: (colon) indicates conservation

between groups of strongly similar properties — scoring > 0.5 in the Gonnet PAM 250 matrix. .
(period) indicates conservation between groups of weakly similar properties — scoring < 0.5 in the
Gonnet PAM 250 matrix.
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3.2.6 Homology model of mouse transcobalamin

The sequences of mTC against human TC (hTC) and bovine TC (bTC) were aligned using
ClustalW to produce a target sequence (mTC) and a template sequence (hTC or bTC).
Sequence alignment of mTC with human TC resulted in 74% identity, whereas alignment of
mTC with bovine TC only showed 67% identity (Figure 3.4). We therefore decided to
generate two models: one based on the crystal structure of human TC (Protein data bank:
2BB5) and the other based on the structure of bovine TC (PDB: 2BB6). Using the sequence
alignments and the PDB code of the corresponding template protein, Swiss Model was able
to generate 3D models of mTC based on the homology between mTC and the template

protein [158].

Based on the findings of the UV-spectra of mTC (see section 3.2.5) we used our models to
predict a possible His175 coordination of mTC. The crystal structures of both hTC (PDB 2BB5)
and bTC (PDB 2BB6) show that His175 is coordinated to the cobalt ion of Cbl (Figure 3.5A
and B). Based on the findings from the UV-spectra of mTC we used our models to explore if
His175 in mTC is involved in the coordination of the cobalt atom in H,OCbl. The model
generated of mTC based on hTC mapped His175 onto residue His172 of hTC (Figure 3.5C)
where it is not in a position to coordinate the Co ion. This is because mTC His175 has been
aligned with His172 instead of His173 in the sequence of hTC. However, the model based on
bTC places Hisl75 in a position where it is available to coordinate the cobalt ion
(Figure 3.5D). Used in conjunction with the UV-Spectra data, we can conclude that His175 in

mTC is most probably coordinated to the cobalt-atom of H,OCbl.
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Figure 3.5 Coordination of His175 in mTC. A. Coordination of His173 in the human TC crystal
structure (2BB5). B. Coordination of His175 in the bovine TC crystal structure (2BB6). C. No
coordination of His175 was found in the human based mTC model. D. Coordination of His175 in the
bovine based mTC model.

The amino acid sequence of mTC shows two glycosylation consensus sequences Asn-X-
Thr/Ser, indicating possible glycosylation sites at Asn33 and Asn75 as predicted by NetNGlyc
1.0 [124] (see section 3.2.4). However, although LC-MS measurements and PAS staining
revealed no presence of sugar residues, we were able to explain this finding with a structural
analysis of the mouse model (Figure 3.6). In hTC, bTC and mTC, Asn33 is adjacent a proline
residue (Pro34) which is known to inhibit glycosylation. The crystal structures of hTC and bTC
reveal Asn33 to be orientated towards the protein core, while the relative rigidity of the
adjacent proline residues ensures it remains in this position. This means that Asn33 is
inaccessible for glycosylation in hTC and bTC. The models generated for mTC based on these
structures reveal the same orientation of Asn33 (Figure 3.6A), which would explain why no
glycosylation of mTC was shown by LC-MS or PAS staining. The second predicted site of
glycosylation is Asn75, which is located in a loop region of mTC. It is likely that Asn75 is
forming a salt-bridge to Asp73 across this loop region, thereby rendering the side chain

unavailable for glycosylation (Figure 3.6B). This hypothesis is strengthened by the
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observation that the equivalent residues in hTC and bTC are aspartic acid residues, which

could also form salt bridges in the same manner as Asn75 across the loop region.

Figure 3.6 Glycosylation sites analysis of mTC. A. Overlay of human TC (PDB 2BB5; hot pink); bovine
TC (PDB 2BB6; light pink). mTC model based on 2BB5 (green) and mTC model based on bovine TC
2BB6 (cyan). The predicted glycosylation site Asn33 is orientated towards the interior of the protein,
making it inaccessible for glycosylation. B. Overlay of mouse TC modelled on 2BB5 (green) and 2BB6
(cyan). The predicted glycosylation site Asn75 may form a stabilising salt-bridge with Asp73 across
the loop region, making it unavailable for glycosylation.

3.3 Discussion

The expression of rhHC in GnTI- cells resulted in a high yield of uniformly glycosylated
protein with the expected molecular weight of approximately 57 kDa when analysed by LC-
MS. PAS staining and deglycosylation studies with subsequent peptide mapping of potential
glycosylation sites confirmed the glycosylation pattern and UV measurement in addition to
competition binding studies with >’Co-Cbl to CN-Cbl and Cbi (Lildballe; Nexg not shown)
showed its resemblance to native HC. For further crystallization studies, deglycosylation of
the protein was conducted using Endo F1 or Endo H leaving a single GIcNAc residue at each
glycosylation site [138]. Cleavage with endoglycosidase rather than PNGase F was done,
because previous studies had shown that completely deglycosylated glycoproteins tend to
aggregate, whereas Endo H treated proteins behave in a manner very similar to the native

protein [159]. The successful crystallization of rhHC is reported in section 04.

Two isopeptides of hTC were obtained when the protein was expressed recombinantly in
HEK293 cells. Characterisation of the protein by LC-MS analysis for molecular weight

determination; glycosylation analysis and UV spectra measurements corroborated our
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hypothesis that our recombinant TC resembles native TC as it has been described previously

[142].

We further expressed rmTC using the same well established system as for the other human
proteins. The UV spectrum of rmTC, the calculated absorption coefficients and the absence
of glycans testified that the protein is very similar to human TC and very likely shows the
same His175 coordination with the cobalt ion of H,OCbl. This could further be confirmed by

analysis of the mTC His175 residue in an mTC homology model.

Similar to the earlier attempts to purify TC from human plasma [140,142], rhTC was prone to
degradation and only in a high salt buffer the protein could be stored and used for
prolonged time. Spectral analysis and binding studies pointed to an indistinguishable
physiological behaviour of the tagged and untagged proteins. To preserve a high amount of
protein we decided against cleavage of the purification tag. A similar behaviour was seen

with rmTC that we also used in the tagged form for further studies.

Overall it was shown that the established expression system using the pcDNA4/myc-His A
vector and HEK 293 cells can be used very efficiently for the production of glycosylated and

unglycosylated Cbl transport proteins.
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3.4 Materials and methods

3.4.1 Materials

Most reagents including salts and buffer components were analytical grade and obtained
from Sigma (Sigma-Aldrich, Buchs, Switzerland), unless stated otherwise. Ni-NTA Agarose
was purchased from Qiagen (Hombrechtikon, Switzerland). Restriction endonucleases, DNA
ligase and Pfu DNA Polymerase were obtained from Fermentas (Thermo Fischer, Lausanne

Switzerland).

3.4.2 Cell Culture

HEK293 cells (DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmBH,
Braunschweig, Germany) and HEK293 GnTI- (a kind gift of Dr. Andrea Prota, Paul Scherrer
Institute Villigen, Switzerland) cells were grown in Dulbecco’s modified Eagle’s medium
containing 4.5 g/L glucose, supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100
ug/mL streptomycin, 0.25 pg/mL fungizone, and 2 mM glutamine in a 5% CO, incubator at

37°C. All tissue culture reagents were purchased from BioConcept (Basel, Switzerland).

3.4.3 Plasmid Construction

The cDNA for human HC (pCMV6-TCNI RC222285, Myc-DDK-tagged ORF clone of Homo
sapiens transcobalamin | (TCN1) NCBI Reference Sequence: NM_001062.2, as transfection-
ready DNA), the cDNA for human TC (pcMV6-TCNII RC200682, Myc-DDK-tagged ORF clone of
Homo sapiens transcobalamin Il (TCN2), NCBI Reference Sequence: NM_000355, transcript
variant 1 as transfection-ready DNA) as well as the cDNA for mouse TC (pCMV6-TCN2
MR206851, OriGene, Myc-DDK-tagged ORF clone of Mus musculus transcobalamin 2 (Tcn2),
transcript variant 1 as transfection-ready DNA, NCBI Reference Sequence: NM_015749.2)

were purchased by Origene (Lab Force, Nunningen, Switzerland).

rhHC and rhTC were cloned into the pcDNA4/myc-His A vector as described previously
(Furger) whereas for the rmTC the cloning sites BamHI/Xhol were used. The primers

(Microsynth AG, Balgach, Switzerland) used, were:
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rhHC  5°-TAA TAC GAC TCA CTA TAG GG-3' 5-CCG CTC GAG AGA TCC ACG CGG AAC CAG GTA TTT
GCT CCA GCG AAC C-3f

rhTC ~ 5-TAATAC GAC TCA CTA TAG GG-3* 5-CCG CTC GAG AGA TCC ACG CGG AAC CAG CCA GCT
AAC CAG CCT CAG CTC GGT CGA TTG GTC GGA GTC GAG-
3l

rmTC  5°-TAA TAC GAC TCA CTA TAG GG-3* 5’-CCG CTC GAG AGA TCC ACG CGG AAC CAG CCA TCT
AAC TAG CCG CAG CTC-3’

All selected clones were verified by DNA sequencing (Microsynth AG, Balgach, Switzerland).

3.4.4 Expression of rhHC*, rhTC and rmTC

For rhTC and rmTC HEK293 cells were used whereas for the rhHC HEK293 GnTI- cells were

used. The transfection procedure was conducted as described before (see section 2.4.4).

3.4.5 Purification of rhHC*

The purification was performed as described elsewhere [28] and section 4.4.1.

3.4.6 Purification of rhTC and rmTC

Cell supernatant was harvested and concentrated as described before (see section 2.4.5).
After adding a protease inhibitor cocktail tablet (complete™, Roche); 300 mM NaCl and 5
mM imidazol to the obtained solution (0.2 L) it was applied to a Ni%* affinity column.
Absorption of recombinant protein to the affinity matrix was carried out at room
temperature with gravity flow. The resin was washed with 6 volumes of PBS, 6 volumes of
PBS/1 M NaCl and 6 volumes of PBS/0.5 M NaCl/20 mM imidazole. Bound proteins were
eluted in 1 mL fractions with PBS/300 mM imidazole. Fractions were analysed by SDS/PAGE,
and the peak fractions were polished using Superdex 200 10/300GL gel filtration column and
Akta™prime system (Amersham Biosciences). Gel filtration was conducted at room
temperature at a flow rate of 24 mL h™ using PBS or high salt PBS (PBS containing 500 mM

NaCl). The peak fractions with tagged rhTC and rmTC were stored frozen at -20°C.

3.4.7 SDS/PAGE and Western Blot analysis

Proteins were separated by SDS/PAGE and analysed with Western blotting according to
section 2.4.8. For detection of rhTC and rmTC, anti-Transcobalamin Il (E-13) (Santa Cruz

Biotechnology, Switzerland) was used according to the manufacturer’s protocol. Donkey
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anti-goat 1gG HRP: sc-2020 (Santa Cruz Biotechnology, Switzerland) was used as secondary

antibody.

3.4.8 Edman degradation

Edman degradation was performed at the Functional Genomics Center Ziirich, Switzerland

(see section 2.4.6).

3.4.9 Deglycosylation of rhHC* and rmTC

rhHC* was deglycosylated using recombinant Endo F1 expressed in E. coli (a kind gift of
Thomas Schleier, BMR Paul Scherrer Institute, Villigen) in a 1:100 ratio protein to

endoglycosidase and incubation overnight at room temperature.

rmTC was denatured for 5 min. at 95°C in denaturation buffer (100 mM, pH 8 Na-phosphate,
25 mM EDTA, 0.5% (w/v) Triton X-100, 0.2% (w/v) SDS, 1% (v/v) B-mercaptoethanol), cooled
down and deglycosylated over night at 37°C using the enzyme PNGase F (Roche,

Switzerland).

3.4.10 Mass spectroscopic analysis

LC/MS analysis was performed on a Waters LCT Premier mass spectrometer.
Chromatography of the samples was conducted using a Uptisphere BP1 column (50 um, 150
mm x 2 mm; Interchim, Montlucon, France) heated to 40°C using at a flow rate of 0.5
mL/min using a linear gradient from 20 to 80% A in 20 min plus 5% solvent C (solvent A, 0.1%
formic acid in acetonitrile, solvent B, 0.1% formic acid in water, solvent C, isopropanol). The
eluent was ionized using an electrospray source. Data were collected using MassLynx™ 4.1

and deconvolution was performed using MaxEnt 1.

3.4.11 Generation of tryptic peptides and mass spectrometry

100 pg of either the native and the deglycosylated rhHC were incubated with 50mM
ammonium bicarbonate buffer pH 8.0 containing 0.1% RapiGest SF Surfactant (Waters) and
0.96 pul 1M DTT. The mixture was then incubated at 55°C for 30 min. After cooling down to
RT, 1.92 pl 1M iodoacetamide (IAM) were added and incubated in the dark for 40 min at RT.
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Trypsin digestion was performed using 5 pg (1:20 w/w ratio) sequencing grade modified
trypsin (Promega) overnight at 37°C. Prior to LC/MS measurement the samples were diluted
1:1 (v:v) with 1% formic acid in 10% acetonitrile. An auxiliary pump was used to spray a
solution of 50 pmol/ml leucine enkephalin in 50/50 ACN/water containing 0.1% FA for mass
accuracy (lockmass channel). The system was calibrated using sodium formate infusion

(0.05M NaOH + 0.5% formic acid).

3.4.12 Spectral measurements

The spectra of the recombinant proteins with H,0- and azido-Cbls (5-10 uM) were recorded
in PBS, pH 7.4, on a Lambda’ 35 Double Beam UV Visible Spectrophotometer (Perkin Elmer).

Unbound H,0Cbl was removed by charcoal precipitation prior to UV measurements.

3.4.13 Protein alignment

Alignment of human TC (SwissProt entry P20062) and cow TC (Q9XSC9) against mouse TC
(088968) were used. The alignment was performed with Clustal Omega 1.1.0 [160] using

default settings.

3.4.14 Modelling

The comparative modelling of mTC is based on the structures of human and bovine TC
determined by X-ray crystallography (PDB accession codes 2BB5 and 2BB6 respectively) [11]
and on the multiple sequence alignment of mTC with these two forms of TC shown in
Figure 3.4. The alignment was performed with CLUSTAL Omega 1.1.0 [160] using default
settings. Using Swiss Model models were calculated for mTC using default settings [158]. The
model geometry was analysed with MOLPROBITY [156] regarding Ramachandran plot, and
with PROCHECK [161] regarding amino acid stereochemistry and protein structures were

visualized using PYMOL (DeLano Scientific).
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4.1 Introduction

Cbl is an essential cofactor for central metabolic reactions in the human body such as the
biosynthetic pathways of nucleotides; branched chain amino acids; and odd-chain fatty acids
[21,22]. Chemically, Cbl consists of a corrin ring coordinating a central cobalt ion through
four nitrogen atoms. The fifth coordination site on the lower axial part (a-side) of the
molecule is provided by a 5,6-dimethylbenzimidazole ribonucleotide moiety (DMB) while the
sixth coordination site (B-side) can be occupied by various ligands such as a cyano (CN), a

hydroxyl (OH), a methyl (Me) or a 5'deoxy-adenosyl (Ado) group (Figure 4.1A).

The transport and cellular uptake of Cbl involves three transport proteins: haptocorrin (HC);
gastric intrinsic factor (IF); and transcobalamin (TC); as well as a number of receptors
[13,14,25-27]. Since humans rely solely on the dietary uptake of Cbl, this complex transport

and uptake system guarantees efficient assimilation of Cbl.

IF is the transport protein responsible for the absorption of dietary Cbl via receptor-
mediated endocytosis, whereas TC controls the cellular uptake of Cbl. HC is present in
secretions, including saliva; milk; and tears but also in blood plasma [50]. It binds Cbl in the
upper part of the gastrointestinal tract and is responsible for the stomach passage of Cbl
[13]. Depending on the source of synthesis (gastric mucosa, glands, granulocytes etc.) [31]
different glycoforms of HC have been described [55]. HC is heavily glycosylated, with 28% of
its apparent molecular weight attributed to glycans. The physiological function of HC in
plasma still remains unclear. Its low specificity for Cbl analogues - it even binds those Cbl
analogues that lack the DMB moiety such as cobinamide (Cbi) [60] - suggests that it might
play a role as a scavenger protein in the plasma, preventing the uptake of corrin-like
compounds into cells via the TC-receptor pathway. Neither TC nor IF are able to bind such

analogues under physiological conditions and show a much higher selectivity for Cbl.

Besides the individual selectivity for natural Cbl analogues, the three transport proteins also
discriminate binding of synthetic Cbl derivatives. These substances have been used for
targeting tumours with a high demand for Cbl [66,78,80], or as vehicles for oral drug delivery

[87,89] or possible antibacterial or antiproliferative compounds [162].

Most prominently, radioactively labelled Cbl-derivatives have been applied both in animal

models [100,102-104] and in cancer patients [105,106] for tumour imaging. Interestingly,
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derivatives which selectively bind to HC but not to TC have been found to accumulate in
tumours without the high accumulation in kidneys and other vital organs, which is usually

observed with TC-binding Cbl derivatives in mice [75].

In the last six years the crystal structures of TC [11], IF [12], and cubilin(5-8)-IF-Cbl [163] have
been reported. However, high-resolution structural information on the third transport
protein HC, in order to reveal the molecular determinants of its unique binding ability for Cbl
analogues is still missing to date. Based on homology models it was predicted that the
overall architecture of HC is very similar to the structures of TC and IF and it was assumed
that HC’s low ligand specificity can be explained by three large residues: Arg357, Trp359 and
Tyr362 [70]. It is thought that these residues coordinate the binding of Cbi to HC, by
compensating for the absence of nucleotide in the Cbl binding site upon nucleotide-free Cbi
binding. These residues may also provide hydrophobic contacts with the apolar lower side of
Cbi in the same way that the DMP nucleotide forms contacts with the apolar lower side of
Cbl. In contrast to HC, TC and IF only possess one of these three bulky amino acids (Tyr and
Trp respectively), and thus cannot form hydrophobic contacts with the apolar lower side of

Cbi in the same manner as HC [70].

In the present study, we set out to determine the crystal structure of HC in order to
understand the molecular details of its unique ligand binding behaviour compared to other
reported Cbl transport proteins. To facilitate crystallisation of the heavily glycosylated
protein, we expressed recombinant human HC (rhHC) in HEK293 GnTI- cells, thereby
producing proteins with a uniform glycosylation pattern. To better understand the

interaction of HC with Cbl analogues, we further crystallised HC in complex with Cbi.

4.2 Results

4.2.1 Overall structure of HC

Crystals of HC in complex with the two ligands CNCbl and Cbi (Figure 4.1A and Figure 4.3A)
were obtained and the structures of the complexes were determined to 2.35 and 3.0 A
resolution, respectively. Despite the low sequence identity to TC (23%) and IF (30%) [70], HC

features a very similar domain architecture. It comprises two globular domains, the a-
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domain (residue 1-287) and the B-domain (residues 309-410), which are connected by a
flexible linker (Figure 4.1B).

The N-terminal domain, termed the a-domain, consists of a helical barrel formed by an inner
and an outer bundle of six parallel a-helices each. The inner a-helices are evenly numbered,
while the outer helices have odd numbers and run in the opposite direction. Conformational
differences are observed at the loops al-a2, a3-a4 and o5-06 which are distant to the
ligand interaction site. The a3-a4 loop is much shorter than in TC and is more similar to the
corresponding loop in IF. Moreover, the a4-a5 loop of HC adopts a helical conformation. The
outer shell helix a7 is shortened by a helix break at Pro149, which is followed by a long a.7-
a8 loop containing a short B-hairpin (B-1’-B-1"). At the tip of this B-hairpin the side chain of
Phel56 is located adjacent to the position of the coordinating His175 in bovine TC (bTC) [11]
at the upper axial side and could shift to adopt the coordinating function by a cation-pi
interaction (Figure 4.1C). The resulting flexibility of the a7-a8 loop likely has implications on
the binding of HC for the Cbl derivatives modified at the b-side chain (Figure 4.5). The 3/10
helix capping the bottom of the barrel is one turn shorter than observed in TC and IF. The
three disulfide bridges (Cys3-Cys242, Cys82-Cys285 and Cys132-Cys174) that cross-link the

o-domain are also conserved.

The C-terminal B-domain consists of an antiparallel B-sheet formed by the strands 1, B2,
6, B7 and B8, a B-hairpin, formed by strands 33, B4, and 35, almost perpendicular to the
sheet, and an a-helix (a13) stacked in between [11]. The tight hydrophobic packing is further
stabilised by an additional fourth disulfide bridge, which is unique to human HC and not
present in either TC or IF. This disulfide bridge (Cys365-Cys370) confers additional stability to
the B5 and B6 loop, which is similar to IF and contains a two residue insertion (Asn373,

Asn374) compared to TC.

Clear electron density for seven N-linked N-acetylglucosamine moieties was present in the
HC-CNCbl structure (Suppl. Figure 4.6B) at residues Asn193, Asn293, Asn314, Asn320,
Asn326, Asn331 and Asn346. Poor density for the eighth N-linked glycosylation was

observed at Asn137, therefore it was not modelled.

In contrast to the crystal structure of human TC, the HC linker does not participate in crystal
contacts over its full length and is largely disordered (residues 296-307). Linker residues 289-

294 form a parallel B-strand interaction to strand 2 of a symmetry related molecule
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(residues 321-325). Moreover, the N-glycan at Asn293 is in contact with the symmetry
related N-glycans at Asn326 and Asn346.
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Figure 4.1 Structure of Cbl and comparison of ligand binding properties of the different Cbl binding
proteins. A. Structural formula of CNCbl with the labels A-D for the corrin ring and a-g for the side
chains. B. Cartoon representation of HC (white) in complex with CNCbl. The CNCbl molecule is
displayed in pink stick representation. The B3-B4 hairpin is highlighted in green. The critical residues
for interaction with the lower side of Cbl are shown in stick representation. The dashed box depicts
the area shown in more detail in panel D. C. Close up view of the interaction observed at the upper
axial side of CNCbl with HC. The critical binding residues are in stick representation and labelled in
the corresponding colours. Water molecules are depicted as red spheres. D. Close up view of
interactions at the lower axial side of CNCbl observed in HC. For clarity reasons only the three
interacting hairpin residues are highlighted in green. Water molecules are shown as red spheres,
hydrogen bonds as dashed black lines.

In both complexes (HC-CNCbI, HC-Cbi), the ligands are buried at the interdomain-interface.
No major structural domain rearrangements are observed between the two structures. The

relative orientation between the a-and B-domains in HC varies compared to TC and IF: the
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central axis of the a-domain of HC relative to the 3-domain is tilted by 16 degrees compared
to TC, and is both tilted and twisted by 12 degrees compared to IF. These differences result
in a tighter packing of the HC-ligand complex. Accordingly, the overall structure
superimposes to hTC, bTC and IF with rmsds of 2.32 (281 C,-atoms), 2.31 (302 C,-atoms) and
1.77 (246 C,-atoms) A, respectively. The individual domains align to a higher extent: the a-
domains superimpose with rmsds of 1.80 (hTC, 183 C,-atoms), 2.02 (bTC, 200 C,-atoms) and
1.21 (IF, 159 C,-atoms), the B-domains with rmsds of 0.72 A (71 ¢, hTC), 0.98 A (86 C,, bTC),
and 0.75 A (82 C, IF).

4.2.2 Binding of HC to CNCbl

The CNCbl molecule is bound at the a-B-domain interface with the corrin ring plane oriented
almost parallel to the central axis of the helical barrel. The cobalt ion is coordinated by the
four nitrogen atoms of the corrin ring, the N3B atom of the DMB ring and by a CN molecule

at the sixth coordination site.

As in TC and IF, the side chains of the CNCbl corrin ring are stabilised by conserved
interactions that involve main chain amide and carbonyl of Thr119, the side chains of
Tyr122, GIn123, Asp163, Asn217, Phe219, GIn266, Tyr378, Tyr410 and the main chain amide
and carbonyl of Leu381 (Figure 4.1C and D). Furthermore, the e- and the f-propionamides of
the corrin-ring are stabilized by three additional hydrogen bonds formed by the side chains
of Asn120 and Asn373 which are neither present in TC nor in IF (Figure 4.2A, B and Suppl.
Figure 4.7).
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Figure 4.2 Critical residues for ligand specificity of human HC. A. Critical interactions at the e- and f-
side chains of CNCbl viewed from the upper-axial side. The same colour code is used as in Fig. 4.1C
and D. Hydrogen bonds are depicted as dashed black lines. B. Superposition of hTC (grey, PDB-code
2BB5) onto HC. In the absence of the Asn side-chains, three hydrogen-bonds cannot be formed to the
ligand. C. Comparison of the interactions with the lower axial side of CNCbl between HC (white) and
hTC (grey). The HC hairpin residues are highlighted in green and are labelled as in Fig. 4.1D. D.
Comparison of the interactions with the lower side of Cbl between HC (white) and IF (grey, PDB-code
2PMV). The HC hairpin residues are highlighted in green as in C.

At the lower side of Cbl that hosts the nucleotide moiety, the B-hairpin residue Arg357,
which is not conserved in TC and IF (Figure 4.2C, D and Suppl. Figure 4.7), forms a unique
hydrogen bond to the ring oxygen of the ribose moiety of CNCbl. Together with the side
chains of Trp359 and Tyr362 it further stabilises the DMB moiety by hydrophobic contacts.
The stabilisation of this site is complemented by a series of water-mediated hydrogen bonds
to the phosphoryl-moiety formed by the main-chain amides of the B-hairpin and by Glu71
and GIn123 of the a-domain (Figure 4.1D).
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4.2.3 Binding of HC to Cbi

To understand the molecular details that confer low substrate specificity to HC we

determined the crystal structure of HC in complex with Cbi (Figure 4.3A).
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Figure 4.3 Specificity determinants for Cbi binding. A. Chemical structure of Cbi. B. Stabilisation of
the e- and f-side chains of Cbi. Structure cartoon of HC in white, Cbi in yellow stick representation.
Critical hydrogen-bond interactions are highlighted in dashed lines. C. e-side chain flip at the lower
axial side of Cbi. The e-propionamide can adopt two different conformations. The “flip-in”
conformation is further stabilised by two hydrogen-bonds to Arg357 and the CN-molecule. D.
Interactions at the a5-B5-B6-site. The structures of HC (white) and IF (yellow) are in cartoon
representation and are superimposed on their B-domains. Critical residues and interactions are
represented in stick and dashed lines, respectively. Secondary structure elements are labelled in
blue.

No differences are observed at the upper axial side. The corrin ring of Cbi is stabilised by the
same interactions as described for CNCbl (Figure 4.3B and Figure 4.1C and D). Of particular
importance are the interactions observed at the e-side chain of Cbi. In addition to a different
density observed for the CN-moiety at the 5™ coordination site of Cbi, a secondary density
blob is visible in the proximity of the CN-moiety, which accounts for an alternative

conformation of the e-propionamide side chain (Figure 4.3C), filling up the space otherwise
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occupied by the DMB-group. In this alternative conformation the e-propionamide is in ideal
hydrogen-bonding distance to the guanidine group of Arg357. Both conformations are

equally occupied, so both were modelled with half occupancy each.

An additional prominent interaction, which confers additional stability to the complex
(Figure 4.3D), is observed at the interdomain contact between a5 and the 35-B6-turn of HC
involving the three residues Asn109, His113 and Asn374. This interaction can neither occur
in TC nor in IF due to a shorter B5-B6-loop (TC, Suppl. Figure 4.7) and a shorter a5 (IF two

turns, TC one turn shorter) which is tilted away from the $-domain.

4.2.4 Protein surface properties

The relative domain orientation varies among HC, hTC, bTC and IF and leads to variable tight
packing of the domains. To analyse the surface properties at the interdomain interfaces, we
calculated the electrostatic surface potential and the total buried surface areas for the

individual transport proteins (Figure 4.4).

HC hTC bTC IF

B-domain

BSA[A 665 568 618 525

Figure 4.4 Electrostatic surface potential and total buried surface area of different Cbl-transport
proteins. The electrostatic surface potential was calculated for the individual a- and B-domains and
contoured at +/- 3.5 kT. The buried surface contributions of the individual domains are listed. The
total buried surface area are for HC 1491, hTC 1166, bTC 1254 and IF 1266 A”.
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No clear trend in electrostatic contribution is visible. However, the total buried surface area
at the HC interface is larger compared to the other transporters. This would account for

more interactions and even more shape complementarity between the two domains.

4.2.5 Binding of HC to b-side chain modified derivatives

After the elucidation of the crystal structure of TC and IF [11,12] the crystal structure of HC
completes the puzzle of the three transport proteins. Having all three crystal structures at
hand allows a deeper understanding of how Cbl, and especially Cbl derivatives, interact with
their transport proteins consequentially leading to a much more rational design of Cbl

derivatives.

Cbl is, despite its structural complexity, very amenable to selective modifications at various
sites [66] and different modifications for the different sites had been described extensively
[74,82]. With the crystal structure of TC, it was shown that the 5’hydroxyl group on the
ribose was the only site where attachment of a larger ligand would not lead to disturbing
interactions with the protein [11]. Modifications on the b-, c-, d- and e-side chain were found
to result in large variation in their binding ability. While d- and c-acetamide conjugates
prohibited binding to TC, e-propionamide side chain conjugates had only little effect on

binding [70,74].
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Figure 4.5 Specificity determinants of PAMA(4)-Cbl binding. A. Surface representation of the
PAMA(4)-Cbl derivative bound to HC modelled in three different orientations. HC is in white, the
PAMA(4)-Cbl in blue, the short helix a7 including the 3/10 helix and the a7-a8 loop are highlighted in
green. The loop residues in close contact with the ligand are in stick representation. B. Surface
representation of IF with modelled PAMA(4)-ligand. The binding site is wide and shows no steric
hindrance for the binding of PAMA(4)-Cbl. C. and D. same superposition with hTC and bTC. In both
cases the binding site is occupied by one or two histidines, which likely could clash with the PAMA(4)-
ligand.

A recent study by Waibel et al. used b-side chain conjugated ¥MTc-labelled Cbl derivatives
for tumour targeting studies in mice [75]. Interestingly, by introducing different linker chain
lengths between the radiolabel and the Cbl, the b-propionamide conjugate was modified
towards its ability to bind TC. A linker chain length consisting of six methyl residues
(PAMA(6)-Cbl) bound to all three transport proteins, whereas a linker with a chain length
consisting of only four methyl residues (PAMA(4)-Cbl) abolished binding to TC.

We modelled the PAMA(4) ligand with different linker conformations into the binding site of

HC and compared it to the binding sites of hTC, bTC and IF (Figure 4.5).

While HC and IF offer a wide groove to accommodate the ligand, the active site of TC is
narrowed by the presence of the His residues. Moreover, HC can allow structural adaptation

with the flexible H7-H8 loop.
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4.3 Discussion

The data presented in this study significantly advance our understanding towards the ligand
specificity among human Cbl transport proteins by unravelling the molecular details of
substrate recognition by HC. It is well known that HC is the least specific Cbl transport
protein, binding to a diversity of Cbl derivatives and analogues [31,60]. However, the
molecular details that confer this broad ligand tolerability to HC are poorly understood. Our
data provide a rational explanation how the structure of HC permits binding of Cbl

derivatives with high affinity.

First and most important, the hydrogen bonds formed by the non-conserved residues
Asn120, Asn373 and Arg357 to both the e- and f-side chains of the corrin ring stabilise
ligands with missing or modified DMB moiety. While in TC the f-side chain is only stabilised
by one hydrogen bond (GIn138), no hydrogen bond formation to the f-side chain is found in
IF. Interestingly, and according to the sequence alignment (Suppl. Figure 4.7), Asn135 is in a
position to form the analogous hydrogen bond of mouse TC (mTC) that is known to bind Cbi.
These structural findings correspond to the Cbi binding abilities found in literature of the
following order HC >> mTC > TC > IF [72,149]. Furthermore, Arg357 stabilises the “flip-in”
conformation of Cbi in HC with a hydrogen bond, what cannot occur in the other transport

proteins.

Secondly, at the lower side of Cbl, the three bulky side chains of Arg357, Trp359 and Tyr362
provide hydrophobic and polar contacts to the benzimidazole moiety. Moreover, the

guanidine moiety of Arg357 contacts the oxygen of the ribose.

Although the three large hydrophobic residues Arg357, Trp359 and Tyr362 have already
been identified as a possible feature for binding to the nucleotide-lacking Cbi [70], the role
of Arg357 in stabilising the “flip-in” conformation of Cbi was not predicted, neither was the

stabilising hydrogen bond of Asn120 to the f-side chain.

Furthermore, the lack of a cobalt-coordinating histidine residue at the upper axial side is
compensated by the presence of Phel56 at the tip of the B-hairpin on the flexible H7-H8-
loop. This loop is much longer compared to TC and IF as a consequence of helix break by
Pro149 in H7. The resulting flexibility at the upper axial side allows for structural
rearrangements to accommodate a larger variety of ligands, comparable to a cantilever

function.
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Finally, the relative a-B-domain orientation in HC results in a more compact structure
compared to TC and IF (total buried surface areas: HC > IF ~ bTC > hTC). Based on our
analysis, it is unlikely that the stabilisation occurs through electrostatic interactions, but

rather by higher shape complementarity in HC.

Altogether, these findings extended the insight into the complexity of Cbl binding to the
transport proteins, with special regards to the low ligand specificity of HC and may therefore

be useful to a more rational design of new Cbl derivatives in the future.
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4.4 Materials and methods

4.4.1 Protein expression and purification

Recombinant human HC (rhHC) was prepared as described previously [28] (see
section 3.2.1). Briefly, rhHC was expressed in HEK293 GnTI- cells purified over a Ni-NTA
affinity column and gel filtration chromatography using a Superdex 200 column equilibrated
in 100mM HEPES pH 7.5, 20mM NaCl. Purification tags were removed with thrombin
(Sigma). For the crystallisation and peptide mapping the protein was subjected to
deglycosylation using either Endoglycosidase H or Endoglycosidase F1 (New England

Biolabs).

4.4.2 Crystallization and structure determination

For crystallization, proteins were supplied with a 1.5 molar excess of cyanocobalamin
(Sigma) or dicyanocobinamide (Sigma), respectively, and concentrated to 0.8 mM
(36 mg ml™"). Proteins were mixed in a 1:1 ratio with the precipitant and crystallised by the
sitting drop vapour diffusion technique at a temperature of 4°C. Hexagonal pink crystals
appeared in 50% PEG 400, 0.2 M MgCl, and 0.1 M sodium cacodylate pH 6.5 after 5-7 days
and had grown to full size after 15 days. Crystals were flash frozen in liquid nitrogen without

additional cryoprotecting agents.

Diffraction data were collected at beam line X06SA of the Swiss Light Source (Villigen,
Switzerland) at cryogenic temperature (100 K). Data were processed with XDS [164].
Molecular replacement search was conducted with PHASER [165] using search models based
on database entries 2PMV (human intrinsic factor) and 2BB5 (human transcobalamin).
Automated model rebuilding was performed with PHENIX [166] and manual model
rebuilding was carried out with COOT [167]. Rigid body refinement was followed by
restrained refinement together with TLS refinement in PHENIX [166]. Ligands were manually
placed in the difference maps and included in refinement. Suppl. Table 4.1 compiles
processing and refinement statistics. Model geometry was analysed with MOLPROBITY [168]

and protein structures were visualized using PYMOL (DelLano Scientific).
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Supplementary Data
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Suppl. Figure 4.6 Crystal and overall structure of glycosylated HC. A. Crystal of rhHC B. Cartoon
representation of HC. The Asn residues carrying a N-acetylglucosamine molecule are shown in stick
representation. The modelled sugar moieties are in orange. The bound CNCbl ligand is in violet.
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Suppl. Table 4.1 Data collection and refinement statistics.

Data collection®

HC-CNCbl

HC-Cbi

Space group
Cell dimensions
a, b, c(A)

Resolution (A)

P6,

149.9, 149.9, 57.5
49.0-2.35 (2.4 -2.35)

P64

150.4, 150.4, 60.3
49.2-3.0 (3.1-3.0)

Rimeas (%) 10.1 (156.1) 5.8 (176.2)
Rpim (%) 3.5 (49.4) 2.0 (66.4)
CChart” 99.8 (68.9) 100 (62.6)
<I>/<cl> 13.6 (1.9) 28.5(1.4)
Completeness (%) 100 (100) 100 (100)
Redundancy 10.2 (10.6) 10.3 (10.8)
Refinement
HC-CNCblI HC-Cbi
Resolution (A) 49.0-2.35 49.2-3.0

No. unique reflections

31012 (1565 in test set)

15820 (795 in test set)

Ruwork/Riree (%) 19.9/24.0 22.0/26.4
Average B-factors (A?)
complex 63.5 106.0
solvent 65.1 89.1
ligand 46.9 94.8
Wilson B-factor 55.1 105.7
Root mean square deviation from ideality
Bond length (A) 0.009 0.003
Bond angles (°) 1.209 0.773
Ramachandran statistics”
Favored regions (%) 96.7 94.7
Allowed regions (%) 2.5 4.5
Outliers (%) 0.8 0.8

®Highest shell statistics are in parentheses. ®As defined by MOLPROBITY [168]. “As defined by Karplus &

Diederichs [169].
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Suppl. Figure 4.7 Multiple sequence alignment of HC, hTC, bTC and IF. The secondary structure
elements corresponding to HC are on top of the sequences. Boxed residues represent critical
residues for ligand binding, which are discussed in the text. The alignment was prepared using
Espript [170].
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5.1 Introduction

In the human body, Cbl is transported by three transport proteins: haptocorrin (HC),
transcobalamin (TC) and intrinsic factor (IF) [14]. These proteins are responsible for the

absorption, transport and cellular uptake of Cbl and are therefore vital for Cbl homeostasis.

Although the three transport proteins share a similar tertiary structure [70] they display
different abilities to bind to the natural Cbl analogues and also discriminate binding of
synthetic Cbl derivatives [26,60,171]. HC is the least specific transport protein and is able to
bind not only to slightly modified Cbl derivatives, but also to Cbl analogues that are
structurally very different to Cbl, such as those that lack the nucleotide moiety like Cbi
[60,70]. Cbl binds exceptionally quickly and with femtomolar (10™ M) affinity to all three
transport proteins [69,71,72]. Accurate determination of such high affinity constants is
difficult due to technical limitations of the different methods [172]. This includes methods
such as isothermal titration calorimetry, which is the primary tool for characterising
interactions based on thermodynamic parameters. The largest dissociation constant that
could reliably be measured is approximately 10° M, because with increasing affinity, the

protein concentration has to be reduced, leading to difficulties in signal detection [173].

As a consequence, reported affinity constants for the binding of Cbl to its transport proteins
are controversial with an extraordinary dispersion ranging from Ky 10° to 10" ™M

[25,26,72,125,174,175].

In order to develop new Cbl derivatives for targeted delivery, it is of major importance to
have sufficient knowledge about the interaction with the specific protein carriers because
they account for the final distribution within the body. An easy and commonly used method
of estimating the ability of a Cbl derivative to bind to a transport protein is a competitive
binding assay. Here, a corrinoid or radioligand competes with Cbl for binding to a transport
protein over a range of Cbl concentrations, allowing the realtive affinity of the analogue
(Kanalogue/Kcbi) to be calculated [60,176]. However, the obtained K4 values should be handled
with care and deviate from the Ky values obtained with the spectrophotometric method

used by Fedosov [71,72].

Differential scanning fluorimetry (DSF) was initially developed for drug discovery as it allows
rapid screening of compound libraries for identification of ligands of target proteins [177]. It

is a fluorescence-based method that has been used to measure changes in the stability of
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proteins, for example as a result of ligand binding [178]. By binding to a protein, a ligand can
stabilise the protein’s native state, which results in a higher melting temperature (T,,). When
a protein unfolds, hydrophobic sites become exposed. DSF monitors the binding of the
fluorescent dye Sypro® Orange to hydrophobic sites that become available upon thermal

unfolding of the protein, resulting in a large increase in fluorescence [179].

In the present study, we describe the ability of new Cbl derivatives to bind to Cbl transport
proteins using DSF. In order to validate the method, we analysed the ligand-induced changes
in the thermal unfolding of the protein using human HC, human TC, human IF and mouse TC
(mTC) and the ligands cyano-Cbl (CNCbl) and cobinamide (Cbi) representing a biologically
active form of Cbl and a Cbl analogue, respectively. We compare the obtained thermal shift
values with affinity constants that were calculated in an elaborate study by Fedosov et al.
[72]. Here, a stopped-flow spectro-photometer was used in order to measure the increase or
decrease in the quantum vyield of a fluorescent Cbl derivative (CBC) upon binding and
dissociation to the Cbl transport proteins. With these measurements the binding and

dissociation kinetics of Cbl and Cbl analogues could be determined.

Furthermore, a set of newly synthesised Cbl derivatives with artificial peptidic linkers at the
“lower” face of the corrin ring were screened for their binding to the different transport

proteins.

5.2 Results

5.2.1 Determination of T,, of HC, TC, IF and mTC

Incubation of the recombinant proteins HC, IF, TC and mTC with the fluorescent dye Sypro®
Orange over a temperature gradient (25°C-95°C) resulted in sharp sigmoidal curves for all
four proteins, indicating a two state transition from the native to the unfolded state
(Figure 5.1, insets). T,, values were calculated by determination of the first derivative of the
measured fluorescence curve, where the inflection point becomes the maximum
(Figure 5.1). Thermal unfolding of IF, TC and mTC showed a second, less populated transition
at approximately 50°C (Figure 5.1). This was due to degradation of the protein and could be

abolished by using freshly prepared protein (not shown).
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The different thermal stabilities of the native transport proteins are shown in Table 5.1. HC
shows the highest T,, value (65°C) indicating it to be the most stable protein; in contrast mTC
was already thermally unfolded at 55°C. IF and TC show very similar melting temperatures
(approximately 58°C). These findings were consistent with the observations at the
purification level (see section 3.2.2 and 3.2.3) with HC being the most robust protein in
contrast to the faster degrading TC, mTC and IF [180] (see section 3.2.2 and 3.2.3). The
widths of the peaks in Figure 5.1 are directly related to the enthalpy of unfolding (AH,) of
the protein [181]. The broader peak for IF reflects a significantly lower enthalpy of unfolding

compared to the other three proteins.
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Figure 5.1 Thermal unfolding of apo-HC, TC, IF and mTC. Analysis of the melting curves of the
different Cbl transport proteins. The graphs show the first derivative of the raw data (raw data plots
in the insets) for the different proteins. The inflection point of the transition corresponds to T,.
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Table 5.1 Melting temperature (T,,) of the apo proteins

Proteins T. (°C)

HC 65.27 £ 0.04
IF 58.57 £ 0.32
TC 58.43+0.24
mTC 55.28 +0.16

1 uM of protein was incubated in the presence of 5x
Sypro® Orange with an increase of temperature
from 25-95°C. n = 2 measured in triplicates.

5.2.2 Ligand-induced stabilising effect on Cbl transport proteins

The change in the T,, of a protein upon ligand binding is dependent on both the ligand
concentration and its binding affinity [182,183]. In order to determine the concentration-
dependent stabilising effect of CNCbl and Cbi on the transport proteins, we measured the T,
of the four proteins in the presence of different concentrations of the ligands (Figure 5.2 and
Figure 5.3). In the case of large ligand-induced shifts of T,,, (HC-CNCbI, TC-CNCbl, mTC-CNCbl),
adding ligand at concentrations lower than the protein concentration resulted in the
appearance of two peaks, indicating the presence of both native and ligand-bound protein.
In smaller ligand-induced shifts of T,, (IF-CNCbl) it appears as just one shifting peak. In all

four series of experiments, T, was constant for ligand concentrations > 5 uM.
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Figure 5.2 Thermal stabilisation of Cbl transport proteins by CNCbl binding. The proteins (1 uM) were
incubated in the absence or presence of different concentrations of CNCbl (0.25-10 uM). Each
unfolding curve was measured in triplicates. The plots in the insets show AT, versus [CNCbI] and
fitting (dashed lines) to a hyperbolic saturation equation.

The presence of CNCbl resulted in a recognisable shift of T,, to higher temperature for all

recombinant proteins, indicating a stabilising effect of CNCbl on the proteins (Figure 5.2).

This is in contrast to Cbi, where only small shifts were obtained for TC and even smaller for IF

(Figure 5.3). From earlier equilibrium studies it is known that CNCbl binds to all Cbl transport

proteins in humans as well as in mice. This is in contrast to Cbi, which binds poorly to TC and

IF [72,149].
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Figure 5.3 Thermal stabilisation of Cbl transport proteins by Cbi binding. The proteins (1 uM) were
incubated in the absence or presence of different concentrations of CNCbl (0.25-10 uM). Each
unfolding curve was measured in triplicate. The plots in the insets show AT, versus [CNCbl] and
fitting (dashed lines) to a hyperbolic saturation equation.

The concentration of ligands to achieve half-maximal protein stabilisation (ACsg) and the
maximal change in T, at saturation (AT, max) Values were estimated for CNCbl and Cbi with
each transport protein from the plot AT,, versus ligand concentration (Figure 5.2 and
Figure 5.3 insets) and summarised in Table 5.2. For IF-Cbi, no reasonable ACsg value was
obtained due to very low AT,, values. Thermal stabilisation of HC-CNCbl and mTC-CNCbl
seemed to be similarily high (ATm max 23.50 + 0.04°C and 26.28 + 0.03°C respectively) in
contrast to the much smaller effect seen for TC and IF (AT max 13.94 + 0.23°C and 7.75 +
0.14°C respectively) (Table 5.2). Interestingly, a small ACso value corresponds to a high
AT, max Value, indicating that the affinity of the ligand to the protein is reflected in its AT,
value. While reported Kq4 values for CNCbl are very similar among the four transport proteins,
the AT, obtained for IF differs significantly from the other proteins. In DSF the AT, is
dependent on both the enthalpy and entropy of the binding and therefore different AT,
values can result when binding to different proteins, even if K4 values are similar. Despite a

very similar overall structure, IF is less stabilised by CNCbl binding due to the thermodynamic
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properties of the binding reaction. In an early study by Hippe [184], it was shown that
binding of CNCbl to IF is exothermically driven (AH =-22.7 kcal/mole and AS = -31 cal/degree
per mole), whereas binding to HC and TC is entropically driven (HC: AH = + 4.2 kcal/mole and
AS = 66.86 cal/degree per mole; TC: AH = -1.01 kcal/mole; AS = 49.36 cal/degree per mole),
indicating that hydrophobic interaction is less important for binding to IF in contrast to
binding to HC and TC. Entropically driven binding results in larger T, [185], therefore binding
of CNCbl to TC and HC resulted in much larger shifts of T,,, compared to CNCbl binding to IF.

As a consequence, the AT, values of Cbl ligands obtained with two different transport
proteins cannot be directly compared to estimate binding affinity. However, ligands with
similar physicochemical properties (such as the corrinoids) might still be ranked according to

the measured AT, values for a given Cbl transport protein.

Table 5.2 Parameters for thermal stabilisation of HC, TC, IF and mTC by ligand binding

Ligands
CNCbl Cbi
Proteins ACs (M) ATy, max (°C) ACs, (LM) AT max (°C)
HC 0.02 £0.00 23.50£0.04 0.35+0.03 15.86 +0.29
TC 0.16 £ 0.02 13.89 £ 0.23 1.40+0.16 3.01+£0.12
IF 0.42 £0.04 7.75£0.14 n.d. n.d.
mTC 0.01 £0.00 26.26 £ 0.03 0.03 £0.00 16.07 £ 0.10

Each value was estimated by analysing DSF data; n.d. not determined

Table 5.3 Equilibrium dissociation constants (Ky) at 20°C and pH 7.5 [72]

Kq [M]
Proteins CNCbl Cbi
HC 6-10" 6-10"
TC 4-10" 5.10°
IF 5.10" 4.10°®

5.2.3 Screening of peptidic Cbl derivatives for transport protein binding

A series of novel Cbl derivatives were screened for their ability to bind to the human
transport proteins. In these compounds, the connection between the corrin ring and the

DMB base is replaced by a peptidic linker (Suppl. Figure 5.5). The compounds are currently
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evaluated as potential inhibitors of Cbl-dependent enzymes. The peptidic linker allows
modulation of a “base on/base off” state which is important for the binding to the different

proteins [162].

For analysis of ligand binding, the protein should be saturated with ligand. From the above
measured values for CNCbl and Cbi we hypothesised that ligand concentrations > 2.5 times

above the concentration of protein should fulfil this condition.

In order to rank naturally occurring Cbl derivatives (Figure 5.4A), we determined the AT, for

all four transport proteins. In addition to the measurements above we included H,0Cbl.

All ligands bound to the different transport proteins, with Cbi showing the smallest AT, on IF
and TC. Interestingly, mTC showed a very similar ranking of the ligands to TC (H,OCbl >
CNCbl > Cbi) but with a much larger AT, comparable to those obtained for HC. The binding
of ligands to mTC is therefore suggested to be entropically driven. Interestingly, H,OCbl
induced a larger AT,, than CNCbl with TC and mTC, which could be explained by the cobalt-
ion coordination of H,OCbl by a histidine residue elucidated with the TC crystal structure
[11]. The same cobalt coordination was proposed for mTC based on a homology model (see
section 3.2.6). As already seen in Figure 5.3, Cbi shows only a small stabilising effect on TC
and IF, which is in agreement with previous studies conducted on Cbi. The stabilising effect
of Cbi on mTC confirms the binding study conducted by Hygum et al. [149] where the
apparent dissociation constants of native mTC were determined using an isotope dilution
method [60], generating a binding affinity for Cbi that was approximately 10-fold less than
its affinity for CNCbl. In contrast, TC displays a binding affinity for Cbi that is approximately
1000-fold less than its affinity towards CNCbl.

In Figure 5.4B, C and D, 13 different Cbl derivatives were tested for their ability to bind to
the three human transport proteins. These derivatives are Cbl mimics with a peptide
backbone that show tuneable coordination and electrochemical properties [67,186] (Suppl.

Figure 5.5).

All peptidic Cbl derivatives with the exception of compound 9 bound strongly to HC,
resulting in a AT, of >10°C. Compound 9 was the only compound that did not show a
stabilising effect on any of the proteins and thus does not bind to a transport protein under
the conditions used here. This is probably due to its structural rigidity, as it contains a

proline-pyridine moiety that could result in steric hindrance in the binding pocket of the
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protein. By ranking the peptidic derivatives according to the induced AT, the binding
pattern of IF and HC to these compounds are very similar. Only compound 3 deviated from
the pattern, while being the derivative whose binding induced the highest AT, in HC, it
showed a much smaller effect upon binding to IF. A completely different case is found with
TC where almost none of the derivatives (with the exception of compound 11) showed a
binding ability comparable to CNCbl or H,OCbl. These compounds are more likely to bind to

TC with a similar affinity to Cbi. Notably, compound 3 and compound 13 induced even lower

AT, than Cbi.
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Figure 5.4 Comparison of AT,, of human and mouse Cbl transport proteins with different ligands.
A. The T, values of HC, TC, IF and mTC were determined either alone (300 nM) or in the presence of
an excess (= 1 uM) of H,0Cbl, CNCbl and Cbi. The increase in T, values of the ligand-protein
complexes relative to the unbound proteins (AT,,) is presented. B-D. New synthesised Cbl derivatives
(9.5 uM) were tested for their binding to the three human transport proteins (HC, IF and TC) (1.5
pUM). H,0OCbl, CNCbl and Cbi (9.5 uM) were measured for comparison.
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5.3 Discussion

The femtomolar affinities of Cbl transport proteins for their ligands hinders the
measurement of reproducible, accurate binding constants. A simple, inexpensive and robust
method to determine the ability of different Cbl derivatives to bind to Cbl transport proteins
would facilitate the development of specific binding Cbl derivatives, allowing small libraries
of structurally related Cbl derivatives to be screened for their binding strength and their
selectivity towards the different transport proteins. Such studies can give valuable insight
into structure-binding relationships and may be used to identify lead compounds for

development of Cbl-derived inhibitors or tumour targeting agents.

The goal for the series of Cbl derivatives was to screen those containing peptidic linkers that
would allow their “base on/base off” state to be modulated. This could potentially lead to
the ability to fine-tune the reactivity of these derivatives in cofactor-catalysed reactions

[162,186].

The rather low binding ability of the tested peptide Cbl derivatives to TC implies that for
sufficient delivery to cells via the TC receptor CD320, compound 11 should be selected as a
lead compound as it had the highest binding affinity. This probably needs to be further

optimised for efficient binding to TC.

DSF not only requires small amounts of proteins and ligands, it is independent of the
availability of *’Co-Cbl, which is hardly produced anymore since the routinely performed
clinical Schilling test has been replaced. This is in contrast to the commonly used competitive
binding assay [60]. Furthermore, radioactive waste management can be avoided by use of
DSF over a radioisotope dilution assay. Another advantage of DSF is that during the
measurement the protein and the ligand are in solution and no difference in entropic

properties, such as with surface plasmon resonance measurements are assumed [187].

Although affinity constants can potentially be calculated by measuring the T, values at
various ligand concentrations in order to generate a concentration response curve [182],
knowledge of the thermodynamics of protein stability is still required. Furthermore, DSF is
an indirect method; therefore the binding constants must be estimated and cannot be

measured directly [188].
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Nevertheless, ranking the different Cbl derivatives based on their measured AT, values can
be used in order to determine the ability of a new Cbl derivative to bind to a given transport
protein, and the values can be compared to ligands with a known binding behaviour (e.g.

CNCbl or Cbi).

Finally, the four transport proteins have very similar overall folds, but clearly different
modes of ligand binding. Here, we showed that due to different thermodynamic properties
of both unfolding and ligand binding, IF differs from the other transport proteins. As a
consequence, thermal stabilisation by Cbl ligands is much smaller for IF. While the AT,
values are generally lower than for the other transport proteins, they were still high enough
to allow ranking of the peptidic Cbl derivatives. Overall, the simplicity and general
applicability of thermal shift assays make this technique attractive for identification and

ranking of non-selective and selective Cbl derivatives [189].
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5.4 Materials and Methods

5.4.1 Recombinant proteins

The recombinant proteins HC, TC and mTC were expressed and purified as described in
sections 2 and 3. Recombinant IF (Cobento, Aarhus, Denmark) was kindly provided by Prof.
Ebba Nexg (University hospital Aarhus, Denmark). Protein concentration was measured with

a NanoDrop ND1000 spectrophotometer (ThermoScientific).

5.4.2 Cbl derivatives

The peptidic Cbl derivatives were kindly provided by Dr. Kai Zhou and Dr. Felix Zelder,
University of Zirich, Switzerland [67]. Cobinamide dicyanide and cyanocobalamin were

purchased by Sigma Aldrich (Switzerland).

5.4.3 Differential scanning fluorimetry

A Rotor-Gene cycler (Rotor-Gene 5plex HRM, Qiagen) was used for protein stability
measurement by differential scanning fluorimetry (DSF). Stability measurements were
performed in phosphate buffered saline (PBS). SYPRO® Orange (Invitrogen) was used at 5x
end-concentration. Protein concentration of about 0.3-1.5 puM and excess ligand
concentration of approximately 1.5-9.5 uM were used. We programmed HRM to increase
the temperature from 25°C to 95°C, collecting the data every 0.5°C, with an equilibration
time of 2 seconds. T, values were determined using the RotorGene Q Software Version

2.0.2.4 (Qiagen).

The concentration of ligands to achieve half-maximal protein stabilisation (ACsg) was
determined by fitting the plot of changes in T, (ATy) versus ligand concentrations ([L]) to the
equation of AT, = AT max * [L]/(ACso + [L]), where AT, max is the maximal change in T, at

saturation [178].

5.4.4 Data analyses

GraphPad Prism 5 software (GraphPad Software Inc., California, USA) was used for the

calculations of AT, , ACsg and ATy, max Values.



112

Supplementary Data

H3COOC! //

H,NOC H,NOC

SR SRS
ot A

SN L o o
Q 10 Q 11 12 13

Suppl. Figure 5.5 Peptide Cbl derivatives. Structural formulae for the used peptide Cbl derivatives
with the different peptide linkers tethering the corrin macrocycle to the DMB base [67].



113

6 The Role of Cobalamin Transport Proteins in the Uptake

of Cobalamin Derivatives in Tumours

Evelyne Furger, Mai Thanh Quynh Tran, Christine De Pasquale

Mai Thanh Quynh Tran synthesised the R-PAMA(4)-Cbl derivative.
Christine De Pasquale performed the animal experiments.

Evelyne Furger planned and performed the animal experiments and conducted the in vivo and in

vitro assays.
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6.1 Introduction

Cbl is an essential cofactor for various steps in human metabolism. Because the body’s
supply of Cbl is thoroughly dependent on its dietary intake, nature bestowed us with an
efficient transport and uptake system involving three transport proteins: intrinsic factor (IF);
transcobalamin (TC) and haptocorrin (HC) and several receptors [14]. Dietary Cbl is
associated with HC in the acid environment of the stomach. In the intestine HC is digested by
pancreatic proteases and Cbl is transferred to IF [32,33]. The IF-Cbl complex is then absorbed
in the distal ileum via cubam, a receptor complex of the two proteins cubilin and amnionless
[36]. Upon release into the bloodstream via the the multiple drug resistance protein (MRP1)
[65] Cbl associates with TC or HC, the two transport proteins found in blood [25-27]. The
majority of Cbl in the circulation is bound to HC and can be taken up by the
asialoglycoprotein receptor (ASGP-R) expressed mainly on liver cells [31,56] but is
unavailable for other cells. Only a minor fraction of Cbl is bound to TC and available for

uptake by most cells of the body.

The main receptor which is responsible for cellular uptake of Cbl has been identified as
CD320 (TCbl-R), a 60 kDa heavily glycosylated protein [40]. A recent publication also
identified a soluble form of this receptor [44]. CD320 binds preferentially to the TC-Cbl
complex (with a 30-fold lower affinity for TC alone) and neither IF nor HC bind to CD320.
Upon binding, TC-Cbl is internalised and Cbl is released from TC within the lysosomes. CD320
expression is cell cycle dependent and upregulated in actively dividing cells [41,43]. Several
studies also identified receptors recognising TC-Cbl on the surface of murine cell lines [190-

192].

Another uptake mechanism of Cbl is mediated by megalin, a 600 kDa multi-ligand receptor
located on the apical membrane of kidney proximal tubule cells [46]. Studies in animals,
particularly in rodents, showed accumulation of Cbl in the lysosomes of the kidneys which

function as a Cbl storage organ in rodents [193,194].

Receptors involved in vitamin uptake are over-expressed on tumour cells. This well-known
fact has been exploited for the development of vitamin-based tumour targeting approaches
[195]. In this context Cbl has been investigated as a potential targeting agent for the delivery
of cytotoxic moieties to tumour cells. For example, Cbl conjugates delivering the cytotoxic

metals Gd3+, Pt’, or cholchicine [78,80,83,84] have been developed and studied in vitro.
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Furthermore, radiolabelled Cbl derivatives have been investigated for the in vivo imaging of
tumours [100,102-104,106]. However, biodistribution studies in mice showed high
background uptake in healthy tissue due to high hepatic and renal expression of CD320 and
megalin. A primary clinical trial at the Mayo Clinic with an **!In-DTPA derivatized Cbl resulted
in the visualisation of several tumours but nevertheless, high background uptake in some

healthy organs, such as liver, spleen and several glands could not be prevented [105].

Interestingly, a >°™Tc-labelled Cbl derivative that would not bind to TC, *™Tc-PAMA(4)-Cbl,
showed a promising accumulation in tumours with a low background activity in kidneys and
other vital organs in mice [75]. Although binding to TC was prohibited, the radioligand still
bound to HC [75], prompting speculation for an alternative, presumably TC-independent,
Cbl-uptake mechanism in tumour targeting. Although it is known that some tumours express
HC in high amounts [75,115,116] no specific uptake mechanism of Cbl-HC complexes has
been described so far. In addition to this, only the unspecific ASGP-R has been identified as
being involved in the uptake of certain glycoforms of HC. Uptake of PMTc-PAMA(4)-Cbl in
tumours was also observed in humans in a clinical phase 0 study at the University Hospital
Zurich. Cancer patients injected with PMTc-PAMA(4)-Cbl showed tumour uptake in various
cancer entities but, in contrast to the studies in mice, still exhibited high uptake in the liver

and salivary glands (unpublished data).

These divergent findings in mice and humans led to the question to which extent the mouse
is a suitable model for evaluation of novel Cbl derivatives. There are several differences
between rodents and humans that should be taken into account when studying Cbl
transport. A major difference between humans and mice is that mice lack HC. Instead, they
express a single plasma Cbl transport protein that appears to display Cbl binding properties
found in both human TC and HC [149]. It is unclear whether a Cbl derivative that does not
bind to TC, e.g. PMTc-PAMA(4)-Cbl, is actually binding to mouse transcobalamin (mTC).
Additionally, mice are often held on a Cbl-deficient diet for biodistribution experiments in
order to reduce accumulation in the kidneys. The kidneys of rodents seem to act as a storage
organ of Cbl [196] whereas in humans Cbl is mainly stored in the liver [197].

Having generated recombinant HC, TC and mTC allowed us to study the possible uptake

99m

mechanism “>" Tc-PAMA(4)-Cbl in vitro and in vivo, using human and mouse cancer cells.
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6.2 Results

A previous study (Waibel et al. [75]) showed that PMTc-PAMA(4)-Cbl (Figure 6.6A)
accumulates in subcutaneous B16F1 mouse melanoma tumours. Furthermore, in a xenograft
model with human melanoma MEL-CLS-1 (CLS-1) a high tumour uptake of approximately
13% and high circulating radioactivity in the blood was observed. A gel shift assay showed
the 99mTc—PAMA(4)—CbI to be associated with an unidentified protein with molecular mass of

120 to 140 kDa when circulating in the blood [75].

In order to test the hypothesis of de novo expression of HC by these tumours we included a
cell line known to express HC: the human non-small lung cancer cell line HCC827 (Entrez

Gene Expression Omnibus Profiles database, microarray experiment GDS2958).

6.2.1 mRNA and protein expression in CLS-1, HCC827 and B16F1 cells

Transcript levels of TCN1 (HC) in the cell lines were measured by qPCR (Figure 6.1A). As a
positive control we used TCN1-transfected HEK293 cells (see section 2.4.4 [28]). Non
transfected HEK293 cells and the mouse cell line B16F1 were included as negative controls.
Both human cancer cell lines HCC827 and CLS-1 showed expression of TCN1 mRNA, although

much less compared to the positive control (Figure 6.1).

We further tested the cell line supernatants for presence of HC and TC. To increase
sensitivity, we performed a slot blot rather than Western Blot analysis. This allowed us to
load up to 1 mL supernatant on the membrane without previous concentration steps. As
expected, no HC could be detected in B16F1 supernatant (not shown) whereas a faint band
was seen for the HCC827 and the CLS-1 cells (Figure 6.1B). However, further analysis using
an antibody against an N-terminal peptide sequence of human/mouse TC resulted in a

positive signal for HCC827 cells and even more for the B16F1 cells (Figure 6.1C).
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Figure 6.1 HC and TC expression of B16F1 and HCC827 cells. A. Total RNA was isolated from pooled
cells and after synthesising first strand cDNA mRNA levels were determined using gPCR. Data
represent the mean * SD of two experiments done in triplicates of the relative fold change compared
to the reference gene beta actin mRNA levels. As negative control B16F1 and HEK293 cells, as
positive control TCN1 transfected HEK293 cells [28] were used. B. Slot blot analysis of cell culture
supernatant of HEK-TCN1, CLS-1 (in duplicates) and HCC827 (in duplicates) employing anti HC
antibody. Recombinant human HC was used as positive control. C. Slot blot analysis of cell culture
supernatant of HCC827 (in quadruplicates) and B16F1 (in quadruplicates) employing anti TC
antibody. 500 ng of recombinant human TC (10 pmol) and HC (8 pmol) were used as controls.

6.2.2 In vivo studies of Cbl derivative **™Tc-PAMA(4)-Cbl

We determined tissue distribution and tumour uptake in mice carrying CLS-1 melanoma or
HCC827 non-small lung cancer xenografts or syngeneic B16F1 melanoma tumours 24 h post
injection of *™Tc-PAMA(4)-Cbl (Figure 6.2 and Table 6.1). We confirmed the findings of
Waibel et al. [75] for both B16F1 and CLS-1 tumours (Figure 6.2A and C). As described, the
Cbl derivative cleared from the blood very rapidly in B16F1, resulting in high tumour-to-
blood ratios at 24 h (Table 6.1). In contrast, the CLS-1 xenografted mice still showed a high
circulating radioactivity of approximately 6% ID/g even after 24 h. (Figure 6.2A). The human
HCC827 cell line revealed a very similar uptake profile to the mouse B16F1 carrying mice

(Figure 6.2B and C).



118

A B
12 5
B *°"Tc-PAMA(4)-Cbl CLs-1 B “°"Tc-PAMA(4)-Cbl HCC827
B "Tc-PAMA(4)-Cbl + Cbi 44 T *™Tc-PAMA(4)-Cbl + Cbi
Y 8- 3
2 a 37
® ®
a o 29
R 47 S
1_ .................................................................

B ™Tc-PAMA(4)-Cbl B16F1
a4 T P™Tc-PAMA(4)-Cbl + Cbi

%iD/g tissue
N
1

Figure 6.2 Organ distribution of *™Tc-PAMA(4)-Cbl in tumour bearing mice. The animals were
intravenously injected with 6-15 ng (3-9 pmol) Cbl either with or without co-injection of 500 ng (480
pmol) Cbi per mouse and biodistribution was analysed 24 h post injection. Biodistribution was
studied in xenografted nu/nu mice with (A) CLS-1 tumours, (B) HCC827 tumours and (C) BALB/c mice
for B16F1 tumours. The results are displayed as the percentage of injected dose per gram of organ (%
ID/g) + SD for the *™Tc-PAMA(4)-Cbl group (n=3) and the results are displayed as % ID/g + range for
PmTc_PAMA(4)-Cbl + Cbi group (n=2).

In a blocking experiment, we used Cbi, a Cbl analogue that binds to HC but not to TC.
Blocking with Cbi resulted in an overall reduction of uptake in all three cell lines (Figure 6.2)
whereas in the HCC827 and B16F1 bearing mice uptake in the tumour was blocked to a

higher extent by Cbi than uptake in other organs such as liver and kidneys.
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Table 6.1 Organ distribution of **™Tc-PAMA(4)-Cbl in tumour bearing mice

Percentage of injected dose per gram of organ (24 h p.i.)

Tissue CLS-1° CLs-1° +Chi  HCC827° 2;(:827*’ * B16F1° B16F1° + Cbi
Blood 574+1.42  0.68+0.26  0.08+0.03  0.02+0.01  0.04%0.01  0.02+0.00
Heart 2514075 031%0.12 0.23+0.01  0.09+0.02 0.19%£0.02  0.05+0.00
Lung 2944065 049+0.11  050+0.06  0.21+0.00 037%0.06  0.12+0.02
Spleen 2454051  0.46+0.08 0.68%0.16 020+0.01 0.41+013 0.14+0.01
Kidney 2114032 060+0.24 168%0.55 0.78+0.01 1.19+0.37  0.42%0.04
Stomach 1.52+0.37 0.40+0.02  0.82+0.12 1.22+1.06 0.75+0.39  0.33+0.09
Intestine 0.92+0.12  0.25+0.08 0.48+0.12 033+0.14 0.38+0.03  0.13+0.01
Liver 3.14£0.90  0.81+0.29 1.60+0.17  0.61%0.08 1.11+£0.13  0.36%0.01
Muscle 0.54+0.16  0.08+0.03 0.08+0.02 0.03+0.00 0.07+0.00  0.03+0.01
Bone 0.85+0.20  0.18+0.08 0.21+0.03  0.07+0.00 0.19+0.08  0.07 +£0.00
Tumour 7.92+2.4 1.37+0.75  3.78+0.17  0.83+0.13  3.60%0.67 1.07 £ 0.32
Tumour/blood ;4o 2.01 47.25 41.25 90 53.50

ratio

Biodistribution was studied 24 h after injection of the labelled Cbl derivative (3-9 pmol). The results
express the mean + SD for n = 3 animals for studies with radioligand alone, or mean + range for n=2
for co-injection with 500 ng (480 pmol) Cbi. °CD-1 nu/nu mice, PBALB/c mice.

Ex vivo autoradiography of CLS-1 and HCC827 tumours from the in vivo biodistribution

studies outlined above (Figure 6.2) showed good correlation of tumour tissue with the

99m

radioactivity (Figure 6.3). Thus, " Tc-PAMA(4)-Cbl accumulates in the regions containing

actively proliferating cells and not in the necrotic areas of the tumours.

Figure 6.3 Ex vivo autoradiography and corresponding H&E stained sections of CLS-1 and HCC827
tumours. Autoradiograms (left) and corresponding H&E-stained sections (right) of (A) CLS-1 and (B)
HCC827 tumours derived from mice 24 h after injection of ™ Tc-PAMA(4)-Cbl.
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6.2.3 In vivo biodistribution of iodinated HC

The hypothesis that ™ Tc-PAMA(4)-Cbl binds to HC expressed de novo prompted us to study
the fate of HC in mice. It is known that HC lacking terminal sialic acid is cleared by the
asialoglycoprotein receptor (ASGP-R) expressed mainly in the liver [56]. This receptor is also

expressed in mice and shows a 78% homology between mice and humans [198].

For the in vivo study, BALB/c mice and CD-1 nu/nu mice were injected intravenously with
different iodinated forms of rhHC (150 pmol) (apo/holo, sialo/asialo see also 2.2.6). After

24 h the animals were sacrificed, dissected and the tissues measured in a gamma counter

(Figure 6.4).
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Figure 6.4 Organ distribution o I-HC in healthy and tumour bearing mice. The animals were
intravenously injected with approximately 10 pg (150 pmol) (0.1-0.6 MBq) '®I-HC in either the
glycosylated or the asialo-form. A. Distribution of iodinated HC in apo/holo- and sialo/asialo-form in
BALB/c mice (n = 3). B. Biodistribution of iodinated holo-HC in CLS-1 bearing mice (n = 4), C.
Biodistribution of iodinated holo-HC in HCC827 bearing mice (n = 2), D. Biodistribution of iodinated
holo-HC in B16F1 bearing mice (n = 3). The results are displayed as the percentage of injected dose
per gram of organ (% 1D/g) + SD for A, B and D and % ID/g + range for C 24 h after injection of **’I-HC.
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In the healthy mice only a small difference could be seen between the normal glycosylated
form and the asialo form of HC (Figure 6.4A). In all organs except for the liver, the asialo
form of HC showed a slightly increased clearance (e.g. blood 0.45 + 0.15 and 0.77 + 0.11%
ID/g versus 0.15 + 0.06 and 0.18 + 0.15% ID/g). The only organ showing a higher uptake of
radioactivity was the liver (>1.8% ID/g) whereas both apo-forms of the protein seemed to
clear faster than the holo-forms (1.81 + 0.57 and 2.03 + 1.04% ID/g versus 3.46 + 1.08 and
3.16 + 0.63% ID/g). As stated before, no difference in liver uptake was seen by comparing

the normal forms to the asialoforms of the protein.

Table 6.2 Organ distribution of '**I-rhHC in BALB/c mice

Percentage of injected dose per gram of organ (24 h p.i.)

Tissue 125I-apo-HC 2I_holo HC 125I-asialo-apo-HC %)_asialo-holo-HC
Blood 0.45+0.15 0.77 £0.11 0.15+0.06 0.18 +0.15
Heart 0.16 £ 0.07 0.26 +0.07 0.07 £ 0.03 0.10 + 0.05
Lung 0.28 +0.08 0.48 +0.05 0.13+0.04 0.14 +0.08
Spleen 0.33+0.14 0.53 +0.07 0.23 +0.09 0.24 £ 0.03
Kidney 0.27+0.10 0.40+0.13 0.16 £+ 0.07 0.18 +0.12
Stomach 1.04 £0.50 0.98 +0.39 1.03+0.32 0.36 £+ 0.16
Intestine 0.31+0.15 0.36+0.09 0.25+0.13 0.13 £+ 0.06
Liver 1.81+0.57 3.46+1.08 2.03+1.04 3.16 £ 0.63
Muscle 0.05 +0.02 0.08 +0.01 0.05 +0.04 0.04 +0.02
Bone 0.22+0.18 0.19 +0.04 0.07 £ 0.02 0.12 £ 0.03

Biodistribution was studied 24 h after injection of the iodinated proteins approximately 10 ug (150
pmol). The results express the mean = SD. n = 3 animals for all groups.

The biodistribution of iodinated HC in CLS-1 and HCC827 bearing mice looked similar to the
healthy mice showing a positive uptake only in the liver and in the stomach. Interestingly,
the asialoform of HC seemed to be actively taken up by the kidneys in contrast to the
sialated form. The overall distribution in B16F1 bearing mice looked different and neither in
the stomach nor in the liver could a positive uptake of the radioprotein be detected. This

finding was unexpected and might be due to the age of the mice used for this experiment.
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Table 6.3 Organ distribution of *’I-holo-HC in tumour bearing mice

Percentage of injected dose per gram of organ (24 h p.i.)

CLs-1° Hccg27° B16F1°
Tissue »1HC Pl.asialo HC  ’I-HC Pl.asialo HC  ’I-HC %}.asialo HC
Blood 0.38+0.06 0.24 +0.05 0.51+0.14 0.43 +0.04 0.90+0.11 0.19+0.11
Heart 0.18 +0.03 0.12 +0.02 0.23+0.04 0.22+0.01 0.32+0.05 0.08 +0.02
Lung 0.30 +0.05 0.20 +0.03 0.37+0.07 0.32+0.12 0.49 +0.06 0.12 +0.03
Spleen 0.36 +0.05 0.21 +0.06 0.30 £ 0.02 0.40 + 1.49 0.33+0.08 0.17 +0.02
Kidney 0.24 +0.03 0.92+0.11 0.41+0.17 1.49 £0.01 0.33+0.04 1.47 £0.05

Stomach 3.03 +£0.69 2.67£1.35 1.71+£0.06 2.87£0.33 0.77 £0.25 0.59+£0.26
Intestine 0.31+0.05 0.29 £0.09 0.36 £0.00 0.42 £0.02 0.23+0.04 0.20 £ 0.06

Liver 2.40 £0.57 1.02+0.34 2.88+1.24 2.35+£0.19 0.71+0.39 0.86 +£0.10
Muscle 0.09 £0.04 0.05+0.01 0.10+0.01 0.11+0.01 0.13+0.07 0.03 £0.00
Bone 0.12 +0.02 0.08 +0.02 0.10+0.02 0.12 £0.01 0.13+£0.02 0.04 +£0.00
Tumour 0.25+0.03 0.15+0.06 0.26+0.01 0.32+0.01 0.38+0.07 0.12 £0.07

Biodistribution was studied 24 h after injection of the labelled HC form. The results express the mean
+ SD or mean * range when n=2, with n=4 for CLS-1, n=2 for HCC827 and n = 3 animals for B16F1
mice. °CD-1 nu/nu mice, "BALB/c mice.

6.2.4 Biodistribution of ‘*I-antibody against human HC

Although the level of HC expression in the two human cell lines CLS-1 and HCC827 differed in
the amount of expressed mRNA (Figure 6.1A), we wanted to explore whether we could
detect HC expressed by these cells in tumour bearing mice using an anti-HC (Hyb335)
antibody. This is a monoclonal antibody specific for deglycosylated HC and has been used for
the measurement of total corrinoids in human serum [114,199]. Interestingly, the
monoclonal antibody showed an equally efficient precipitation of native HC, neuraminidase
treated HC and deglycosylated HC [199]. The antibody was iodinated and injected in CLS-1
and HCC827 bearing mice and after 24 h tissue distribution of the antibody was determined
(Figure 6.5 and Table 6.4). With the exception of high uptake in the stomach of CLS-1 bearing
mice, the distribution pattern of both groups of mice looked very similar. Both groups

showed a quick blood clearance and no accumulation in the tumours.
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Figure 6.5 Organ distribution of “~I-Hyb335 anti HC antibody in tumour bearing CD-1 nu/nu mice.
The animals were intravenously injected with approximately 10 pg (83 pmol) (0.8 MBq) '*I-HC.
A. Biodistribution of iodinated anti-HC antibody in CLS-1 bearing CD-1 nu/nu mice (n = 3).
B. Biodistribution of iodinated anti-HC antibody in HCC827 bearing CD-1 nu/nu mice (n = 3). The
results are displayed as the percentage of injected dose per gram of organ (% ID/g) + SD.

Table 6.4 Organ distribution of 125I-Hyb335 anti HC antibody in xenografted CD-1 nu/nu mice

Percentage of injected dose per gram of organ (24 h p.i.)

Tissue CLS-1 HCC827

Blood 4.25+0.76 3.55+0.10
Heart 1.53+0.24 1.48 £0.33
Lung 2.08 +0.39 1.70+0.48
Spleen 1.11+0.31 0.85 +0.04
Kidney 1.31+£0.16 1.03 £0.06
Stomach 3.30£0.96 1.30+0.22
Intestine 1.01+0.32 0.57£0.04
Liver 1.20+£0.23 1.10+£0.12
Muscle 0.43+0.07 0.40 £ 0.02
Bone 0.47 £0.07 0.43 +£0.04
Tumour 1.93+0.28 2.06 +0.51

Biodistribution was studied 24 h after injection of 10 pg (approximately 80 pmol) (0.8 MBq ) of the
iodinated proteins. The results express the mean + SD. n = 3 animals for all groups.
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6.2.5 Interaction of radioactive Cbl derivatives with the Cbl transport

proteins in vitro

In humans two Cbl transport proteins are found in the circulation — HC and TC [14]. In mice
the situation differs in that they possess only one circulating Cbl transport protein known as
mouse transcobalamin (mTC) [149]. Although structurally more similar to TC (sequence
identity of about 73% to human TC and only 28% to human HC) its ability to bind to different

Cbl derivatives shows more resemblance to HC [149].

In order to study the transport protein-dependent uptake in vitro we first determined the
ability of the three transport proteins to bind to PMTc-PAMA(4)-Cbl and compared it to their
binding to a Cbl derivative which retains binding to TC. While in Waibel et al. [75] this was
done by gel shift assay we decided to perform differential scanning fluorimetry (DSF) (see
section 5). This allowed us to determine the different stabilising effect of the ligands toward

the transport proteins based on thermal unfolding.

*™c-PAMA(4)-Chl *™Tc-R-PAMA(4)-Cbl

Figure 6.6 Cbl derivatives and their binding ability to the transport proteins. A. and B. Structural
formula of the ™Tc-labelled PAMA(4)-Cbl derivative and the *™Tc-labelled R-PAMA-Cbl derivative.
C. Thermal stabilisation of human Cbl transport proteins by binding to different ligands. The T,
values of HC, TC and mTC were determined either alone (300 -400 nM) or in the presence of an
excess (10-20 uM) of CNCbl, Cbi, cold PAMA(4)-Cbl and cold R-PAMA(4) derivative. Here the T,
values of the ligand-protein complexes relative to the unbound proteins (AT,,) are presented.

The two used Cbl derivatives carry a monoanionic PAMA ligand ([pyridine-2-ylmethyl-
amino]-acetic acid] [200] and could be quantitatively labelled with [**™Tc(OH,)s(CO)s]"
[201,202]. The *™Tc-PAMA(4)-Cbl (Figure 6.6A) used in the study by Waibel et al. [75] carries
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the PAMA ligand at the b-acid side chain, whereas the other Cbl derivative (*°"™Tc-R-
PAMA(4)-Cbl) was conjugated to the 5’-OH side chain of the ribose (Figure 6.6B). This site
does not interfere with the binding to the different transport proteins [73]. For DSF the
different proteins were incubated with an excess of ligands, after which the fluorescent dye
Sypro® Orange was added and the mixture was gradually heated up. During the proteins
denaturation, hydrophobic sites become available to bind to the dye, resulting in a
fluorescence signal depicting a curve that allowed the calculation of the melting points (7).
An increase in T, (AT,) indicates a stabilising effect of the ligand shown in a protein’s
increased resistance to thermal unfolding. By comparing the measured values to the values
obtained with CNCbl and Cbi we could assume the affinity of a protein towards different
ligands by comparing the AT, values, representing the T,, values of the ligand protein

complex relative to the unbound protein (Figure 6.6C).

Table 6.5 AT, values of HC, TC and mTC with different ligands

AT,, (°C)
CNCbl Cbi PAMA(4)-Cbl R-PAMA(4)-Cbl
HC 22.06 +0.34 14.61 +0.09 14.77 + 0.47 21.86+0.26
TC 10.33 +0.92 1.55 +0.39 1.87 £0.75 12.16 +0.21
mTC 22.44+0.90 13.16 + 0.68 8.17 +0.42 23.01+0.14

AT., was determined as the melting points T,, of the ligand-protein complexes relative to the
unbound proteins. The results express the mean + SD for n > 4.

Both Cbl derivatives bound to HC, showing smiliar AT,, values for PAMA(4)-Cbl as for Cbi and
similar values of R-PAMA(4)-Cbl compared to CNCbl, strongly indicating a good binding
ability of both ligands. TC bound strongly to R-PAMA(4)-Cbl. In contrast, PAMA(4)-Cbl
showed a shift comparable to that of Cbi and therefore indicating a much lower affinity to TC
of this latter derivative. This was in agreement with the gel shift assay done by Waibel et al.
[75]. R-PAMA(4)-Cbl exhibited strong binding to mTC, similar to that seen for CNCbl-binding
to mTC, whereas AT, for PAMA(4)-Cbl was smaller than for Cbi. Cbi binds to mTC, although
with reduced affinity [149]. From this data, we cannot say whether PAMA(4)-Cbl would bind
to mTC under physiological conditions. However, we can conclude that is has significantly

lower affinity for PAMA(4)-Cbl than for R-PAMA(4)-Cbl.
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6.2.6 In vitro uptake studies with the Cbl derivatives

To study the possible tumour uptake mechanism of Cbl in vitro we performed internalisation
studies using the different cell lines outlined in section 6.2.1 and the *™Tc-labelled Cbl
derivatives described in section 6.2.5. First, time dependent uptake of **"Tc-PAMA(4)-Cbl
was tested by incubating the ligand for 1.5, 3, 6 and 24 h followed by determination of
internalised radiolabelled PAMA(4)-Cbl in the lysed cells (Figure 6.7). The uptake by the

human cell lines (CLS-1 and HCC827) was very low, in contrast to uptake by the B16F1 cells.
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Figure 6.7 Time dependent uptake of *"Tc-PAMA(4)-Cbl in CLS-1, HCC827 and B16F1 cells. Cells were
incubated with approximately 7-14 pM 0.04 MBq **"Tc-labelled PAMA(4)-Cbl after incubation for 24
h at 37°C, uptake of radiolabelled ligand in the lysed cells was determined as % measured cpm of the
lysed cells relative to 0.3 mg cell protein £ SD with n = 2.

Regarding the very similar results found for CLS-1 and HCC827 cells throughout the in vivo
studies and also in this preliminary internalisation study, in which the only difference seems
to be the slow blood clearance of CLS-1 bearing mice, the following experiments were
conducted using only the human cell line HCC827 and the mouse cell B16F1. The two cell
lines were incubated with the radioligands and after 24 h the uptake of radioactivity in the
lysed cells was determined (Figure 6.8). Furthermore, a transport protein-facilitated uptake
was investigated by adding 0.1 ug of the recombinant transport proteins HC (1.5 nM), TC (2
nM) or mTC (2 nM). To avoid interference of Cbl or transport proteins in the media, cells
were cultivated in Cbl-free medium and depleted of fetal calf serum for the duration of the

assay.
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Figure 6.8 Internalisation of *™Tc-PAMA(4)-Cbl and **™Tc-R-PAMA(4)-Cbl. The Cbl derivatives were
incubated for 24 h at 37°C alone or in the presence of 1.5-2 nM recombinant proteins. A.
Internalisation of 7-14 pM 0.04 MBq *"Tc-PAMA(4)-Cbl in HCC827 and B16F1 cells without and with
(C) co-incubation of 240 nM Cbi; B. Internalisation of 7-14 pM 0.04 MBq *"Tc-R-PAMA(4)-Cbl in
HCC827 and B16F1 cells without and with (D) co-incubation of 240 nM Cbi. The results express %
measured cpm of the lysed cells relative to 0.3 mg cell protein £ SD. All experiments were measured
in triplicates and n > 1. w/o indicates incubation with the radioligand alone.
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Table 6.6 in vitro uptake of **"Tc-PAMA(4)-Cbl and **"Tc-R-PAMA(4)-Cbl in HCC827 and B16F1 cells

% internalised cpm/0.3 mg protein

HCC827 B16F1
Ligands w/o HC TC mTC w/o HC TC mTC
®MIc-PAMA(4)-Cbl  0.31 0.32 1.32 1.53 2.00 0.40 1.93 2.18
+0.14 +0.15 +0.55 +0.19 +0.58 +0.25 +0.50 0.14
+ Cbi 0.14 0.22 0.13 0.22 0.10 0.16 0.09 0.19
+0.02 +0.09 +0.05 +0.00 +0.01 +0.02 +0.01 +0.08
99mTc-R-PAMA(4)-Cb| 30.00 0.28 100.96 36.50 10.63 0.25 8.52 3.81
+8.97 +0.12 +31.85 +2.20 +4.59 +0.04 +2.66 +0.53
+ Chi 2.20 0.64 53.05 18.37 0.65 0.31 2.54 1.14
+0.15 +0.06 +1.94 +1.99 +0.04 +0.02 0.52 0.19

Internalisation of 7-14 pM 0.04 MBq *"Tc-PAMA(4)-Cbl and *°™Tc-R-PAMA(4)-Cbl after 24 h
incubation at 37°C alone or in the presence of 1.5-2 nM recombinant proteins. The results express %
measured cpm of the lysed cells relative to 0.3 mg cell protein = SD. All experiments were measured
in triplicates and n > 1.

Adding HC resulted in an overall reduction of the internalisation of both derivatives,
indicating that there is no HC mediated uptake mechanism in both cell lines. Instead, HC
efficiently captures the Cbl-derivatives in the medium and prevents their uptake (Figure 6.8A
and B). Although adding TC and mTC also resulted in an increased uptake of *™Tc-PAMA(4)-
Cbl in the human cells, its absolute uptake value was relatively low (around 1.5%)

(Figure 6.8A).

As expected, the highest uptake of approximatley 100% was seen for the **™Tc-R-PAMA(4)-
Cbl derivative together with TC (Figure 6.8B). In contrast, the mouse cells showed a
transport protein independent uptake that was not affected by adding TC or mTC
(Figure 6.8B). The same uptake was seen for the 9MTc-R-PAMA(4)-Cbl derivative in human

cells without any additional protein (Figure 6.8B).

Co-incubation with Cbi resulted in an overall inhibition of *™Tc-PAMA(4)-Cbl uptake
(Figure 6.8C) while only the transport protein-independent uptake mechanism for PMTC-R-
PAMA(4)-Cbl could be blocked in HCC827 cells (Figure 6.8D) . The mouse cell line B16F1
showed an overall reduction of internalisation in @ manner similar to that seen for uptake of

PMTc-PAMA(4)-Cbl.
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6.3 Discussion

Our studies confirm the findings by Waibel et al. that certain tumours take up 99m

c-
PAMA(4)-Cbl in vivo in a manner that can be blocked by an excess of Cbi. Ex vivo
autoradiography suggests uptake of this radioligand in actively proliferating tumour cells and
not necrotic areas. However, our data does not support the hypothesis that the uptake is
HC-dependent for several reasons. First, there was no evident difference between tumour
uptake of *™Tc-PAMA(4)-Cbl in a HC-producing (HCC827) and a non-producing tumour
(B16F1) in vivo. Second, we could neither observe uptake of recombinant HC by cells in

culture or tumours, nor did an anti-HC antibody specifically accumulate in tumour tissue in

vivo. Instead, addition of HC blocked the uptake of the Cbl derivatives in vitro.

It is known that by binding to TC or mTC, a Cbl derivative is easily taken up via endocytosis
facilitated by CD320. In contrast to the in vivo experiments, no significant uptake of the
99mTc—PAI\/IA(4)—CbI derivative could be seen in either of the two cell lines in vitro
(Figure 6.8A). Even addition of mTC did not result in an increased uptake of the radiotracer,

99m

indicating that “"'Tc-PAMA(4)-Cbl is not binding to mTC. However, exact binding affinity

constants are missing for mTC in order to confirm this finding.

Although the overall uptake of **™Tc-PAMA(4)-Cbl was low for both cell lines (HCC827 and
B16F1), incubation with an excess of Cbi either with or without addition of recombinant
transport proteins resulted in an overall reduction in the uptake of radioactivity uptake. This
is in agreement with the in vivo studies (see section 6.2.2) where it was shown that co-
injection with Cbi resulted in an overall reduction in uptake in mouse tissues (Figure 6.2).
Because TC-mediated uptake cannot be blocked by Cbi, the seen blocking in our experiments
indicates a specific, saturable TC-independent uptake mechanism of the Cbl-derivative, and

precludes non-specific uptake by pinocytosis, for example.

The ability of **™Tc-R-PAMA(4)-Cbl to bind to TC and mTC was useful to study the transport
protein mediated uptake of tumour cells. Interestingly, only the human cells showed a
protein mediated uptake in the presence of TC or mTC, confirmed by the blocking with Chi.
Although it is known that Cbi binds to mTC [149] albeit with reduced affintiy, the high affinity
of **™Tc-R-PAMA(4)-Cbl to mTC seems to actively prevent binding to Cbi (Figure 6.8D). To our
surprise, even the ligand itself was taken up, but in contrast to the protein mediated uptake,

its entry into cells could be blocked by the presence of Cbi (Figure 6.8D).
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The situation in the mouse cell line with 99mTc—R—PAI\/IA(4)—CbI differed from the human cell
line in that its uptake seems to be completely independent of transport proteins, resulting in
overall uptake blockage with Cbi (Figure 6.8D). Further studies need to be conducted in

order to elucidate if the uptake of *™Tc-R-PAMA(4)-Cbl can be blocked by Cbi in vivo.

A different uptake mechanism for Cbl may play a role in its tumour uptake as seen in vivo as
well as in vitro. The existence of such an alternative uptake mechanism for free Cbl would
also be in agreement with the recent finding that CD320 knockout mice show a normal level
of serum, liver and kidney Cbl [203] and that patients with congenital TC deficiency improve
when receiving therapeutic doses of free Cbl [204]. Furthermore, early studies by Berliner et
al. and Hall et al. showed uptake of free Cbl in human cells in vitro, although the amount of
free Cbl internalised was only a fraction of that taken up when Cbl was bound to TC [204-
206]. A recent study by Lidlballe et al. [207] also showed unexpectedly high tissue uptake of
Cbl and Cbi in mice, far exceeding the capacity of a TC-mediated transport. To what extent
such an uptake mechanism for free Cbl is physiological important remains to be clarified.

Several additional experiments should be conducted in order to determine the uptake

f 99m

mechanism o Tc-R-PAMA(4)-Cbl in vitro and in vivo. In order to clarify whether there is

any degradation of the two labelled Cbl derivatives, in vitro and in vivo stability experiments

9mre would be

of the derivatives should be performed. However, fast clearance of free
expected, indicating that the labelled Cbl derivatives used in our experiments were stable.
The same should be considered regarding the in vivo experiments with iodinated HC.

125

Metabolism studies, as well as plasma stability testing for the ““I-labelled HC are not

available at present, and so it is unknown whether the whole **°

I-HC protein is taken up, or
just labelled parts of it. The high uptake of radioactivity in the stomach strongly indicates the
presence of free radioiodine [100] due to deiodination of labelled HC in hepatocyte
microsomes [208] and uptake of the free radioiodine by the Na*/I" symporters in the gastric
mucosa [209]. Nevertheless, the in vivo biodistribution of rhHC in BALB/c mice and tumour

bearing CD-1 nu/nu mice primarily showed uptake of the radioactivity in the liver of the mice

and no increased uptake of radiolabelled HC in the tumours.

The results described in this section are just the beginning of a possible explanation for the
high tumour uptake in addition to a low liver uptake seen in mice injected with T
PAMA(4)-Cbl. It is worth reiterating that mice possess a different Cbl transport system and

translation of the effects seen in mice do not reflect the ones found in humans.
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In general, tumour uptake of radiolabelled Cbl derivatives was seen for both 99mTc—PAI\/IA(4)—
Cbl (unpublished data) and the '*!In-DTPA-Cbl, a Cbl derivative which binds to all three
transport proteins [105]. By ruling out HC as a potential mediator of specific tumour uptake,
our study strongly proposes the possible involvement of an alternative Cbl uptake

mechanism found in tumours, which is independent of the known transport proteins.
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6.4 Materials and Methods

6.4.1 TCN1 gene expression

A TCN1 gene expression enquiry was performed using the National Center for Biotechnology
Information (NCBI) website (NCB | website: http://www.ncbi.nlm.nih.gov/guide accessed
2011). The GEO Profiles database was searched using the term TCN1
(http://www.ncbi.nlm.nih.gov/geoprofiles/45055761).

6.4.2 Recombinant proteins

The recombinant proteins HC, TC and mTC were expressed and purified as described in

sections 2.4.4,2.4.5, 3.4.4 and 3.4.6.

6.4.3 Cell cultures

For the in vitro and in vivo experiments the following cell lines were cultivated: mouse
melanoma cells B16F1 and human non-small lung cancer carcinoma cells, HCC827, were
grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose,
supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.25
ug/mL funigzone, and 2 mM glutamine in a 5% CO, incubator at 37°C. All tissue culture

reagents were purchased from BioConcept (Basel, Switzerland).

6.4.4 Slot blot analysis

After the cells reached 80-100% confluency, they were washed twice with PBS and serum
free growth medium was added to the flask. The cells were incubated for 24 h at 37°C, 5%
CO,, and the supernatants were centrifuged to remove cell debris. 1 ml of the supernatant
was used for blotting using a Bio-Dot SF apparatus (Bio-Rad Laboratories, Switzerland).
Incubation with anti-Transcobalamin | (M-16) or Transcobalamin Il (E-13) (Santa Cruz
Biotechnology, Switzerland) was performed according to the manufacturer’s protocol
overnight at 4°C in TBST (20 mM Tris HCl pH 7.5, 500 mM NaCl, 0.05% Tween 20) containing
2% BSA. The secondary antibody was donkey anti-goat IgG-HRP: sc-2020 (Santa Cruz

Biotechnology, Switzerland).
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6.4.5 Animals

All animal experiments were approved by the Animal Ethics Committee of the Kanton
Aargau (Nr. 75546 and 75528). Four to five-week-old female BALB/c mice or CD-1 nu/nu
mice were purchased from Charles River Laboratories. In order to reduce interference of
high Cbl levels in mice, the animals were fed with al Cbl-deficient rodent diet (Harlan)

starting five weeks before the experiments.

6.4.6 Labelling procedures

1 ml Na [*™Tc0,] eluted from a *Mo/*°™Tc generator (Mallinckrodt-Covidien, Netherlands)
using 0.9% saline was added to a mixture of 4.5 mg sodium bornocarbonate, 2.9 mg borax, 9
mg potassium sodium tartrate tetrahydrate and 7-8 mg sodium carbonate. This solution was
heated to 150°C for 40 s in a microwave device (System Initiator, Biotage). After cooling
down to RT, the pH of the tricarbonyl solution was adjusted to 6-7 with 350 ul neutralisation
buffer (62 mL HCI 25% and 15.6 g sodium dihydrogen phosphate ad 900 mL). 10-30 ug Cbl-b-
(butyl)-PAMA-OEt or Cbl-5'0OH-(butyl)-PAMA-OEt was chelated to the precursor by adding
100 pl MES buffer (1:1 MES sodium and MES hydrate) and adding [*>™Tc(OH,)5(CO)s]* up to 1
mL. The reaction mixture was kept at 75°C for 1 to 2 h. HPLC analysis with y-detection was

99m

perormed to verify full conversion of the *”"'Tc species.

In order to achieve high specific activity, the radioactive labelled Cbl derivative was
separated from unlabelled cobalamin on an analytic HPLC system using a XTerra RP8
column. Buffers used were, A: acetate buffer/ethanol 10%, and B: 70% ethanol. The
separation was performed with a linear gradient 86% A/14% B to 50% A/50% B for 20 min at
a flow rate of 0.9mL/min. The absorbance was monitored at 360 nm. Due to HPLC
purification, the specific activities of the radiotracers can be considered identical with that of

PMT¢ in the generator eluate, 24 h post elution (approx. 1.93 - 10* MBg/nmol).

6.4.7 In vivo biodistribution of >>"Tc-PAMA(4)-Cbl

Mice were inoculated subcutaneous with the tumour cell suspension (5 - 10° cells) into the
subcutis of the axilla. Biodistribution studies with 99mTc—PAMA(4)—CbI were performed 12-14
days after tumour cell inoculation. The radiotracer was administered via a lateral tail vein

and after 24 h the animals were sacrificed and dissected. The selected tissues were
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removed, weighed and counted for radioactivity to determine distribution of radioactivity
within the animals. The results were listed as percentage of injected dose per gram (% 1D/g)

tissue, using a reference sample.

6.4.8 Ex vivo autoradiography

Frozen tumours derived from biodistribution animals were cut into sections of 10 um
(Microm Cryo-Star HM 560 M, Germany) and mounted on glass slides (Superfrost plus slides,
Menzelgldaser, Germany). Tumour sections were exposed to Super Resolution phosphor
imaging screens (Packard Instruments Co., Meriden, CT, USA) in X-ray cassettes. After 10-15
min, screens were imaged by a Cyclone phosphor imager and analysed using the OptiQuant

03.00 image processing system.

Tumour sections were subsequently stained with H&E using standard protocols and the

staining pattern was compared to the corresponding autoradiogram.
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6.4.9 In vivo biodistribution of ““’I labelled proteins

Prior to the labelling procedure the proteins were deglycosylated by incubating them

overnight at 37°C with 0.1 U/mg Neuraminidase from Clostridium perfringens (Sigma).

The proteins and the antibody anti-HC (Hyb335) antibody (kindly provided by Prof. Ebba
Nexg, Aarhus), were labelled with **°I using the lodogen method (Pierce) and purified on a
PD10 column (GE healthcare, Switzerland). Mice were injected intravenously (tail vein) with
10 pg (150 pmol)/0.1-0.4 MBq of the *?’I-rhHC proteins or 10pg (83 pmol)/0.8 MBq in 100 pL
PBS. After 24 h the animals were sacrificed, dissected and measured in a gamma counter

(Cobra Il Packard, Canberra Packard GmbH, Frankfurt, Germany).

6.4.10 In vitro cell uptake of **™Tc-labelled Cbl derivatives

24 hours prior to the experiment HCC827 and B16F1 cells were seeded in 12-well plates in
triplicates to form confluent monolayers overnight. Before adding the labelled Cbl
derivatives cells were washed twice with PBS (pH 7.4). 500 ul binding medium (normal
culture medium but without FCS, + HEPES 20 mM) was pipetted into each well and 500 pl of
the ™ Tc-labelled Cbl derivatives (7-14 pMol 0.04 MBq) with or without 100 ng (1.5 nM HC,
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2 nM TC, 2 nM mTC) of the recombinant proteins were added. After 24 hours incubation at
37°C, 5% CO,, the cells were washed twice with PBS/0.1% bovine serum albumin and then
incubated for 5 min. with ice-cold acid wash buffer (50 mM Glycine-HCI, 100 mM NacCl, pH
2.8). Subsequently, cells were solubilised by incubation with 1 N NaOH for 5 min. The
radioactivity in the cell medium, the acid wash (cell-surface bound) and the solubilised cells
(internalised) were determined with a Nal-y-counter (Cobra Il Packard, Canberra Packard

GmbH).

6.4.11 Analysis of gene transcription level - RNA extraction, cDNA synthesis

and gPCR

Total RNA was isolated from cultured cells using the RNeasy Mini kit (Qiagen). Before total
RNA was isolated the cells were washed with PBS, detached with PBS/EDTA 1mM and
harvested in 1mL PBS. Centrifugation of the cells was done by spinning at 1000 rpm and 4°C
for 5 min. The cells were lysed by adding 600 uL of Buffer RLT supplied by the kit and total
RNA was extracted according to the manufacturer. About 2 pg of total RNA was used for first
strand cDNA synthesis using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Scientifc). 1 ul of the cDNA synthesis was then directly used for gRT-PCR with QuantiTect®
SYBR® Green PCR Kit (Qiagen). Primer #2 (Primer bank ID: 133987572b2): Forward 5’-
ATTCCAAGCCAACTATGCGAG-3’, Reverse 5-CAGAGGTTTTAGGCGGATGTAG-3’. Primer #3
(Primer bank ID: 133987572b3): Forward 5’-CATCCGCCTAAAACCTCTGTT-3’, Reverse 5’-
CGCTGGTTCCCCTGTTATAGTT-3’ and as internal control the beta actin primers: Forward 5’-
CATGTACGTTGCTATCCAGGC-3‘, Reverse 5'-CTCCTTAATGTCACGCACGAT-3’ (Microsynth)
were used for PCR amplification and fluorescence detection on an 7900 HT Fast Real-Time
PCR System (Applied Biosystems) under the following conditions: 95°C, for 10 min, followed
by 40 cycles of 94°C, 15 s, 53°C, 30 s, 72°C, 30 s. The fold change was calculated by the

AACt

comparative CT method (2" ") of relative quantitation.

6.4.12 Differential scanning fluorimetry

A Rotor-Gene cycler (Rotor-Gene 5plex HRM, QIAGEN) was used for protein stability
measurement by differential scanning fluorimetry. Stability measurements were performed

in phosphate buffered saline (PBS). SYPRO® Orange (Invitrogen) was used at 5x
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endconcentration. Protein concentrations of approximately 300-400 nM and excess ligand
concentration of about 10-20 uM were used. HRM was programmed to increase the
temperature from 25°C to 95°C, collecting the data every 0.5°C, with an equilibration time of

2 seconds (see also section 5).
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7 Conclusion and Outlook

HC’s role in Cbl transport in blood as well as structural explanations for the low ligand
specificity has been obscure since the discovery of the protein. The findings that HC may play
a potential role in the transport and uptake of radiolabelled Cbl derivatives to tumour cells

even stressed the lack of information about this protein.

To gain a broader insight into the complex mechanism of Cbl transport and uptake, it was
crucial to have milligrams of highly pure HC available, in order to study ligand binding and
transport pathways more accurately. Therefore, succeeding in the development of an

expression system for rhHC can be regarded as a milestone in Cbl research.

Expression of rhHC in HEK293 cells resulted in approximately 6 mg/L highly pure protein that
allowed us to crystallise rhHC in complex with CNCbIl and Cbi. Two major differences could
be identified: First, the non-conserved amino acid residues Asn120, Asn373 and Arg357 to
both the e- and the f-side chains of the corrin ring seem to be responsible for the ligand
specificity, by stabilizing ligands with missing or modified DMB moieties. Secondly, Arg357
stabilises the “flip-in”-conformation of Cbi’s e-side chain and therefore accounts for its
binding ability to HC. All these observations extended our knowledge about Cbl and Cbl
analogue binding and the ligand specificity among the human Cbl transport proteins and is

therefore very useful to a much more rational design of new Cbl derivatives.

Having all three human transport proteins available and in order to test the binding ability of
newly synthesised Cbl derivatives, we evaluated DSF as a potential technique. Despite the
very high affinity constants of approximately 10> M of the three transport proteins to Cbls,
DSF offers a simple, inexpensive and robust method to rank the different Cbl derivatives
based on their AT,, values. This allows determination of a ligand’s ability to bind to a given
transport protein by comparing the values obtained with the values of ligands with a known

binding behaviour (e.g. CNCbl or Cbi).

The promising tumour uptake of HC-specific Cbl derivative, > Tc-PAMA(4)-Cbl, in mice
(Waibel et al. 2008) and also in humans (unpublished data) lead to many unanswered
guestions concerning HC's role in tumour uptake of Cbl-derivatives. Although our in vivo
biodistribution and ex vivo autoradiography data strongly indicated a specific uptake of the

radiolabeled Cbl derivative, our data do not support the hypothesis that the uptake is HC-
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dependent, because HC-producing (HCC827) as well as HC-nonproducing (B16F1) cells

9MTc_PAMA(4)-Cbl. Furthermore, no specific uptake of

showed uptake of the HC-specific
recombinant HC or accumulation of an anti-HC antibody in tumour tissue could be observed
in vivo. In vitro experiments with human and mouse cell lines even indicated a blocking of
uptake in the presence of recombinant HC. Overall the in vitro experiments strongly point
toward an alternative uptake mechanism, as it has been described in literature before [203-

206]. Further in vitro and in vivo studies should be conducted for a valid explanation for the

high tumour uptake seen in mice.
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