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Abstract 

 

One of the main phenotypic changes associated with malignant transformation of tumor 

cells is the over-sialylation of cell surface glycoproteins and glycolipids. This post- 

translational modification takes place in the lumen of the Golgi apparatus where CMP-

sialic acid, the activated form of sialic acid, is translocated from the cell cytosol by a 

member of the Nucleotide Sugar Transporter proteins family, the CMP-sialic acid transport 

protein (CST). 

Due to its terminal position and its negative charge at physiological pH, sialic acids play a 

crucial role in the physiopathology of the cancer cell. In particular, cell surface over-

sialylation plays a crucial role in all the steps involved in metastasis formation, ranging 

from detachment of cells from the primary lesion and survival in the blood or lymphatic 

streams, to extravasation and implantation in a different body district to generate a 

secondary lesion (metastasis). Several reports detail how cell surface over-sialylation and 

metastatic potential of cancer cells can be reduced without exerting cytotoxic effects, by 

targeting CST activity, making the transporter an ideal candidate for drug design. Here we 

describe the over-expression of murine CST (mCST) in E. coli, L. lactis and the 

methylotropic yeast P. pastoris. In particular, the over-expression of the mCST in P. 

pastoris has allowed to set up a purification protocol that retrieves amounts of the 

transporter protein amenable for structural studies, following detergent solubilisation and 

affinity chromatography purification.  

In parallel, isolated Golgi enriched Fractions (GeF) from induced yeast cells have been 

used to investigate structure-function relationship of the mCST by employing Saturation 

Transfer Difference Nuclear Magnetic Resonance (STD NMR) spectroscopy as alternative 

and complementary investigational methodology to the more traditional substrate 

translocation assay. Moreover, by combining STD NMR with amino acids chemical 

modification, it has been possible to start to identify amino acids confering substrate 

specificity to the transport protein. Furthermore, after purification of the mCST, two-

dimensional crystallization of the mCST has been choosen to elucidate the organization of 

the transport protein within a lipid bilayer and to obtain three-dimensional structural 

information that could be exploited for the development of new potent anti-metastatic 

drugs.              



 xxiii 

Abbreviations 

 

A, Ala     Alanine 

ALG     Arginine linked glycosylation 

2D     Two-dimensional 

3D     Three-dimensional 

Å     Angstrom 

AA     Acetic anhydride     

Ade     Adenine 

AFM     Atomic force microscopy 

AMP     Adenoside 5'-monophosphate 

Amp     Ampicillin 

AOX/aox    Alchool oxygenase 

Arg     Arginine 

Asn     Aspargine 

Asp     Aspartate 

ATP     Adenosine-5'-triphosphate 

B. taurus    Bos taurus 

BC      Basic amino acids cluster 

BglII     Bacillus globigii (type 2) 

BMGY    Buffered glycerol-complex medium 

BMMY    Buffered methanol-complex medium 

C. griseus    Cricetulus griseus 

C. perfringens    Clostridium perfringens 

C8E5       Pentaethylene glycol monooctyl ether  

CDG      Congenital Disorder of Glycosylation 

cDNA     Complementary DNA 

CDP     Cytidine 5'-diphosphate 

CH     Chloramphenicol 

CHO     Chinese hamster ovary 

CIP     Calf intestine phosphatase 

cmc     Critical micellar concentration 

CMP     Cytidine 5'-monophosphate 



 xxiv 

CMP-[
14

C]-Neu5Ac   Cytidine 5'-monophosphate N-acetylneuraminic  

     acid-[neuraminic acid 6-
14

C] 

CMP-[
14

C]-Neu5Ac   Cytidine 5'-monophosphate N-acetylneuraminic  

     acid-[neuraminic acid-4,5,6,7,8,9-
14

C] 

CMP-5-FTIUNeu5Ac   CMP-5'-N fluoresceinylaminoacetylneuraminic acid 

CMP-KDN    Cytidine 5'-monophosphate deaminoneuraminic acid 

CMP-Neu5Ac    Cytidine 5'-monophosphate N-acetylneuraminic acid 

CMP-Neu5Gc    Cytidine 5'-monophosphate N-glycolylneuraminic  

     acid 

CSS     Cytidine 5'-monophosphate N-acetylneuraminic acid 

     synthetase 

CST      Cytidine 5'-monophosphate N-acetylneuraminic acid 

     transporter 

CTP     Cytidine 5'-triphosphate 

Cys     Cysteine 

Cyt     Cytidine 

DDM     n-Dodecyl β-D-maltoside  

DEPC     Diethylpyrocarbonate 

DGS     Di-glycine substitutions 

DM     n-Decyl β-D-maltoside 

Dm     Drosophila melanogaster    

DMPC:     1,2-Dimyristoyl-sn-glycero-3-phosphocholine 

DMSO     Dimethyl sulfoxide  

DNA     Deoxyribonucleic acid 

DNAse    deoxyribonuclease 

dNTP     Deoxynucleotide triphosphate 

DOPC:      1,2-Dioleoyl-sn-glycero-3-phosphocholine 

dpm     Disintegrations per minute 

DTE     Dithioerythritol 

DTT     Dithiothreitol 

E. coli     Escherichia coli 

EcoRI     Escherichia coli RY13 (type 1) 

EDTA     Ethylendiamine tetracetate 

ELAM-1    Endothelial leuokocyte activated molecule-1 



 xxv 

ER     Endoplasmic reticulum 

ERGIC    Endoplasmic reticulum Golgi intermediate   

     compartment 

FF     Freeze fracture 

FLAG     Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys 

Fuc     Fucose 

Fwd     Forward 

G, Gly     Glycine 

Gal     Galactose 

GalNAc    N-Acetylgalactosamine 

GAM     Goat anti-mouse 

GDP     Guanosine 5′-diphosphate 

GeF     Golgi enriched Fractions 

GeF-I     Golgi enriched Fractions from methanol-induced P.  

     pastoris cells expressing the mCST 

GeF-UI    Golgi enriched Fractions from methanol-  

     un-induced P. pastoris cells  

GeF-wt    Golgi enriched Fractions from the P. pastoris  

     parental strain KM71H 

GFP     Green fluorescent protein 

GL      Glycolipids  

Glc     Glucose 

GlcA     Glucuronic acid 

GlcNAc    N-Acetylglucosamine 

Gln     Glutamine 

Glu     Glutammic acid 

GNE     UDP-GlcNAc 2-epimerase/ManNAc kinase 

GP      Glycoproteins 

GST     Glutathione sulfo transferase 

GT     Glycosyltransferase 

Gua     Guanine 

H. sapiens    Homo sapiens 

HA     Haemagglutinin 



 xxvi 

HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

His     Histidine 

HRP     Horse radish peroxidase 

Ile     Isoleucine 

IMAC     Immobilized Metal Ion Affinity Chromatography 

IOA     Iodoacetamide 

IPTG     Isopropylthio- -D-galactoside 

K. lactis    Kluveromyces lactis 

kDa     Kilodalton 

KDEL     Lys-Asp-Glu-Leu 

KI-8110 5-fluoro-2',3'-isopropylidene-5'-O-(4-N-acetyl-2,4-dideoxy-3,6,7,8-tetra-O-

  acetyl-1-methoxycarbonylglycerogalactooctapyranosyl)uridine 

Km     Michaelis-Menten constant 

L     Large 

L. donovani    Leishmania donovani 

L. lactis    Lactococcus lactis 

LB     Lysogeny broth (also referred to as Luria Bertani) 

LCP     Lipid cubic phase 

Leu     Leucine 

LPR     Lipid to protein ratio/ligand to protein ratio 

Lys     Lysine 

M. musculus    Mus musculus 

mAb     Monoclonal antibody 

Man     Mannose 

ManNAc     N-Acetylmannosamine 

MBP     Maltose Binding Protein 

MES     2-(N-morpholino)ethanesulfonic acid 

Met      Methionine 

MscA     Mechano-sensitive channel A 

NAI     N-Acetylimidazole 

NBS     N-Bromosuccinamide 

NCAM    Neural cell adhesion molecule 

NcoI     Nocardia corallina (type 1) 



 xxvii 

Neu5Ac    N-Acetylneuraminc acid 

Neu5Gc    N-Glycolylneuraminic acid 

NICE     Nisin induced controlled expression 

Nis/nis     Nisin 

NLS     Nuclear localisation signals 

NM     n-Nonyl β-D-maltoside 

NMP     Nucleotide monophosphate 

NMR     Nuclear Magnetic Resonance 

NotI     Nocardia otitidis-caviarum (type 1) 

NusA     N utilization substance A 

OD     Optical density 

OG      Octyl β-D-glucopyranoside  

OmpA     Outer membrane protein A 

OTG      Octyl β-D-1-thioglucopyranoside 

P     Phosphate 

P. pastoris    Pichia pastoris 

PA     1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphate 

PAGE     Polyacrylamide gel electrophoresis 

Paox     Alchool oxygenase gene promoter 

PAPS     Adenosine 3'-phosphate 5'-phosphosulfate 

PBS     Phosphate buffered saline 

PC      1,2-Diacyl-sn-glycero-3-phosphocholine/   

     phosphatidylcholine      

PCR     Polymerase chain reaction  

pelb     pectate lyase b 

PEP      Phosphoenolpyruvate  

Pfu     Pyrococcus furiosus 

PGO     Phenylglyoxal 

Phe     Phenylalanine 

PMN     Polymorphonuclear cells 

PMSF     Phenylmethanesulfonylfluoride  

PS      1,2-Diacyl-sn-glycero-3-phospho-L-serine 

PstI     Providencia stuartii 164 (type 1) 

PVDF     Polyvinylidene fluoride 



 xxviii 

RGD     Arg–Gly–Asp 

Rib      Ribose 

RINT     Intermediate detergent concentration 

RSAT     Saturating detergent concentration    

RSOL     Solubilizing detergent concentration 

Rvs     Reverse 

S     Serine 

S     Small 

S. cerevisiae    Saccaromyces cerevisiae 

SDS     Sodium dodecyl sulfate  

Ser     Serine 

SGM17    M17 media supplemented with glycine, sucrose and 

     glucose 

SGMA-CH    SGM17 media supplemented with Agar and   

     chloramphenicol  

Sia     Sialic acid 

sLe
a
      sialyl-Lewis

a
 antigen 

sLe
x
      sialyl-Lewis

x
 antigen 

SLP     Surface layer proteins 

SNR     Signal to noise ratio 

ST      Sialyltransferase 

ST3Gal -Galactoside -2,3-sialyltransferase  

ST6GalNAc -N-Acetylgalactosaminide -2,6-sialyltransferase  

ST6Gal -Galactoside -2,6-sialyltransferase   

ST8Sia -N-Acetylneuraminide 2,8-sialyltransferase 

STD     Saturation transfer difference 

STDD     Saturation transfer double difference 

STE     Sucrose tris EDTA buffer 

T     Threonine 

T. cruzi    Trypanosoma cruzi 

TB     Terrific broth 

TBE     Tris borate EDTA buffer 

TBP      Tributylphosphine 



 xxix 

TBS     Tris buffered saline 

TBST     Tris buffered saline Tween-20 

TGS      Tetra-glycine substitutions 

Thr     Threonine 

Tm     Melting temperature 

TM     Trans-membrane (domain) 

TNG     Trans-Golgi network 

Tris     2-amino-2(hydroxymethil)-1,3-propanediol 

Trp     Thryptophan 

TRX     Thioredoxin 

TX-100     4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol  

Tyr     Tyrosine 

U     Unit 

UDP     Uridine 5'-diphosphate 

UGT      UDP-Gal transporter 

UM     n-Undecyl β-D-maltoside 

UMP     Uridine 5'-monophosphate 

Ura     Uracyl 

VLP     Virus-like particle 

VS     Very small 

XbaI     Xanthomonas badrii (type 1) 

XhoI     Xanthomonas holcicola (type 1) 

Xyl     Xylose 

YNB     Yeast nitrogen base 

YPD     Yeast peptone dextrose 

 

 

 

 

 

 

 

 

 



 xxx 

 

 

 

 

 

 

 

This Page Intentionally Left Blank 

 

 

 

 

 

 

 

 

 

 

 

 



 

 1 

Chapter 1 

 

Introduction 

 

 

1.1.  Post translational modifications of proteins in eukaryotes 

During and/or after their synthesis, proteins undergo a series of enzymatic and/or chemical 

modifications that altogether are referred to as post-translational modifications (PTMs) (1). 

Some of these modifications are reversible and are known to regulate the activity of the 

harbouring proteins. They include acetylation (2), methylation (3) and phosphorylation (4,5); 

however, modifications such as the covalent attachment of prosthetic groups (6) or fatty acids 

(7) are irreversible and are required for full protein activity; other modifications such as 

ubiquitination are transient and regulate protein turn-over (8).  

Among PTMs, the covalent attachment of glycan moieties to proteins, that is glycosylation, has 

been known since the first half of the 19th century, when the mixed protein-glycan nature of 

substances isolated from mucus -today known as mucins- were first identified (9). 

Glycosylation differs from the above mentioned PTMs in the size, the complexity of the added 

groups, heterogeneity and also the magnitude of the cellular machinery devoted to its 

synthesis and modulation (10,11). The function of protein glycosylation has been extensively 

investigated and has shown to play a crucial role in every aspect of biology. These range from 

protein folding (12,13) to immune response (14), from fertilization and embryonic 

development (15,16) to host pathogen interactions (17), via cell-cell and cell-extra cellular 

matrix (ECM) protein interactions in both physiological  and pathological conditions (18).  

The role played by protein glycosylation both at the cellular and organism level is so important 

that approximately 50% of the proteins expressed in mammals are in fact glycosylated (19). 

Furthermore the inhibition of the first step of glycosylation is lethal during mouse embryonic 

development. Mouse embryos carrying the homozygote deletion of the GlcNAc-1-

phosphotransferase gene results in embryonic lethality within 4 to 5 days from implantation 

(20). 
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The glycosylation of proteins predominantly occurs, but not exclusively, through the enzymatic 

addition of sugars to specific amino acids (21). Enzymatic glycosylation is a well characterized 

process that takes place in both prokaryotes (22) and eukaryotes (21,23). As result of the 

glycosylation process, the glycan moieties, covalently added to a protein, can represent 

between 20 and 90% of its total molecular weight. Secreted, lysosomal and trans-membrane 

proteins are directed to the endoplasmic reticulum (24)  where they undergo glycosylation (25-

27), and are finally exported via lipid membrane-coated vesicles to subsequent organelles 

(28,29). 

 

1.1.1.  The Endoplasmic Reticulum 

The Endoplasmic Reticulum, often referred to as ER, is the entry point for both the protein 

targeting/sorting and glycosylation pathways. Based on its morphology, it is generally 

subdivided into three distinct domains, the rough ER, with ribosomes covering the cytosolic 

side of the membranes continuous with the nuclear envelope, the smooth ER, which is 

ribosome free, and the nuclear envelope, which presents ribosomes only on the cytosolic 

membrane. The three domains are continuous with each other and occupy most of the 

cytoplasm, forming an intricate network of fenestrated cisternae and anatomising tubules (30).  

 

1.1.2.  The Golgi apparatus 

The Golgi apparatus, usually referred to as ‘the Golgi’ was first observed at the end of the 19th 

century and it takes its name from the physiologist Camillo Golgi, who first described it in 1898 

(31). After his first description of what he called “apparato reticolare interno” (inner reticular 

apparatus) the existence, the nature and the role of the Golgi apparatus have been at the 

centre of harsh debate. In fact, it was believed that the Golgi was an artefact of the so called 

“reazione nera” (black reaction) that Golgi used to stain the Purkinje cells where he first 

observed it.  

Almost 50 years had to pass before the existence of the Golgi apparatus as a distinct organelle 

was confirmed by means of electron microscopy showing a stack of curved cup/basket like and 

overlapping cisternae near the cell nucleus, just near about where Golgi observed them  (32). 

However, in spite of the structural data obtained by electron microscopy that accumulated in 

the following years, little information regarding the function(s) of this organelle was available. 
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Its abundance in secretory cells led to the hypothesis of its involvement in the secretion 

process itself: however only in the 1960s the role of the Golgi apparatus started to be 

understood. In the early years of that decade, it was shown that the Golgi was able to intake 

sulfate leading to the speculation later confirmed about its role in sulfation and proteoglycan 

synthesis (33). 

It was discovered that the structural polarisation often observed by electron microscopy 

reflects a deeper biochemical and functional specialisation of the different cisternae. Thanks to 

a multidisciplinary approach involving Golgi vesicles fractionation (34,35), electron microscopy 

autoradiography and cytochemistry, it was possible to show how the Golgi was able to uptake 

glucose (Glc) and galactose (Gal). Using this approach it was also possible to show the 

involvement of the Golgi apparatus in the vectorial transport of secreted proteins by means of 

vesicular transport (36). 

The differential staining of the Golgi’s cisternae, after heavy metal impregnation, reinforced 

the idea of a multi-compartment organelle, although the meaning of this structural and 

biochemical polarisation was unknown (37). It was only with the understanding of protein N-

glycosylation that the structural and biochemical polarisation of the Golgi apparatus became 

clear, making it finally possible to correlate all the structural and biochemical data obtained in 

the previous years. 

It became clear that several steps involved in N-glycosylation take place in a specific order into 

different cisternae. Enzymes involved in the early stages are located in the so called cis-Golgi, 

near the endoplasmic reticulum and represent the entry point of the proteins into the Golgi, 

while the enzymes involved in the late stage of the glycosylation process are localised in the so 

called medial- and  trans-Golgi, the latter representing the exit point (38,39). In more recent 

years, two new compartments have been ascribed to the Golgi apparatus. On the cis side the 

Endoplasmic Reticulum Golgi Intermediate Compartment (ERGIC) a transition element that has 

mixed features between the ER and the cis-Golgi (40) and the Trans Golgi Network (TNG) on 

the trans side, from where proteins are finally sorted to their destinations (41,42). 

 

 

1.2.  Glycosylation reactions: enzymes and substrates 
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All enzymatic glycosylation reactions are catalysed by glycosyltransferases, (GTs)  (E.C. 2.4), a 

broad range of enzymes responsible for the synthesis of both simple and complex 

carbohydrate that are classified according to the monosaccharide they transfer, the linkage 

they form and the structure they recognize (43,44). GTs act through the sequential addition of 

monosaccharides from activated donors in a stereo- and regio- specific manner (45), according 

to the following general reaction equation (I): 

 

glycosyl-nucleotide + acceptor  → glycosyl-acceptor + nucleotide (I) 

 

Such activated donors substrates can be both nucleoside diphosphate or monophosphates 

sugars (NSs) (46,47) as well as lipid phosphate sugars (48). The chemical nature of the acceptor 

substrate can also be quite diverse and it is not always another carbohydrate: nucleic acids 

(49,50), lipids (51,52), or a protein epitope (53,54) can be used as acceptors. Moreover, 

although the glycosidic linkage usually involved hydroxyl groups in the acceptor substrate, it 

can also involve nitrogen, sulphur and carbon (44). As previously discussed in Section 1.1.2, the 

location of GTs within the secretory pathway roughly corresponds to the order in which they 

act, although their distribution is not only cell-specific, but also depends on physiological and 

pathological conditions.  
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Figure 1.1: Glycosyltransferases catalyse glycosyl group transfer with either inversion or retention of the 

anomeric stereochemistry with respect to the donor sugar. Reproduced without permission from (45). 

 

The mechanism by which GTs position and maintain themselves within the secretory pathway 

is still poorly understood. They appear to locate to regions where the pH of the environment 

and the characteristics of stiffness and thickness of the membrane in which they are 

embedded is appropriate for the structure of their trans-membrane domain (55). Functionally,  

the formation of the glycosidic linkage catalysed by GTs can take place either by reverting or 

retaining the configuration of the anomeric hydroxyl group of the donor sugar, this 

representing one of the parameters employed for the classification of this family of enzymes 

(Figure 1.1)(45).  

The glycosylation pathways in both the ER and the Golgi apparatus together with the 

structures of the most common N- and O-linked glycan moieties will be presented in the 

following Sections. 

 

1.2.1.  N-linked glycosylation of proteins in the Endoplasmic Reticulum (ER) 

Protein glycosylation can be classified by the type of atom to which the glycan chain is 

attached (21). In particular, in the case of N-linked glycosylation, glycan moieties are added to 

the N 2 atom of a suitable aspargine (Asn) lateral chain. The acceptor Asn residue is always 

s2566871
Text Box
       Image has been removed
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included in the consensus sequence Asn-Xxx-Ser/Thr/Cys where Xxx can be any amino acid 

with the exception of Pro, and with a low preference for acidic amino acid (Asp and Glu) and 

Leu (56-58). The presence of the Asn-Xxx-Ser/Thr/Cys consensus sequence alone is required 

but not sufficient to predict the presence of N-glycosylation (59) as the sequence surrounding, 

i.e. distance from the C-terminus of the protein, the presence of hydrophobic amino acids 

sequences, and the proximity of other glycan moieties reduce the glycosylation efficiency (60).  

 

1.2.1.1.  Structure of N-linked glycans 

The N-linked glycosylation of secretory and membrane proteins is a sequential multi-step 

process starting on the cytosolic side of the ER. Four different stages can be identified: 1) 

synthesis of a glycan precursor; 2) transfer of the precursor to the nascent polypeptide chain; 

3) initial processing in the lumen of the endoplasmic reticulum and 4) final processing of the 

glycan moiety in the Golgi apparatus.  

The synthesis of the glycan precursor starts with the transfer of two N-acetylglucosamine-

phosphate (GlcNAc-P) and five mannose (Man) residues to an isoprenoid lipid acceptor 

molecule, the dolichol pyrophosphate (61,62). Each one of these reactions is catalysed by a 

specific glycosyltransferase. Based on the Arginine Linked Glycosylation classification they are 

ALG7, ALG13, ALG1, ALG2 and ALG11 (63-66) and lead to the formation of a Man5GlcNac2-

Pyrophosphoryl-dolichol core which at this stage, is flipped into the ER lumen (27). Once in the 

ER lumen, Man5GlcNAc2 is initially elongated by the addition of four Man residues and three 

Glc residues, resulting in the oligosaccharide precursor Glc3Man9GlcNAc2. This is transferred 

en-bloc to the nascent polypeptide and because the modification takes place while the protein 

is being synthesised it is referred to as a co-translational modification, while the dolichol lipid 

is returned to the cytosolic side of the ER (27) (Figure 1.2). 

Once transferred to the nascent polypeptide, the N-linked glycan undergoes a series of further 

modifications. First, the three terminal glucose residues are removed by the sequential activity 

of glucosidase I (39) to yield Glc1Man9GlcNAc2. Glycoproteins carrying this glycan epitope bind 

to either calnexin or calreticulin. Following complexation with the protein disulfide isomerase 

ERp57 it catalyses the formation and isomerisation of disulfide bonds (67). At this stage, the 

last glucose residue is removed by glucosidase II (69,70) the glycoprotein leaves the ER and it is 

transferred to the Golgi apparatus. Alternatively, if the glycoprotein is unfolded enough to be 

recognized by the UDP-Glc:Glycoprotein glucosyltransferase (68-70), the Man9GlcNAc2 moiety 
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is re-glycosylated and it re-binds to the calreticulin/calnexin system, repeating this cycle until 

the protein is either properly folded or degraded. The removal of the some of the Man 

residues can also start in the ER, a step performed by ER mannosidases (71). 

 



        

Figure 1.2: OligoSaccaride Transferase Complex (OST) catalyses the co-translational transfer of the oligosaccharide precursor Glc3Man9GlcNAc2 from 
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      dolichol pyrophosphate to an Asn side chain of a nascent polypeptide on the lumenal side of the ER
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1.2.2.   N-linked glycosylation in the Golgi 

Following the initial trimming steps, the glycoproteins carrying the Man8GlcNAc2 moiety are 

transferred to the Golgi apparatus where they undergo further processing and remodelling of 

their glycan moieties. As result of the sequential activities of specific glycosyl- and sialyl-

transferases, three main types of N-linked glycans are formed.  

They are: 1) high-mannose oligosaccharides; 2) complex oligosaccharides and 3) hybrid 

oligosaccharides (Figure 1.3). 

 

Figure 1.3: Typology of mature N-linked oligosaccharide found on glycoproteins 

 

High mannose oligosaccharides also referred to as oligomannose oligosaccharides invariably 

contain between five and nine Man residues. Complex oligosaccharides are often branched, 

resulting in a high-level of complexity, while hybrid oligosaccharides possess structural 

features of both oligomannose and complex oligosaccharides. 

 

1.2.3.  O-linked glycosylation  

In O-linked glycosylation, the glycan moieties are linked to the oxygen atom of the hydroxyl 

groups at the terminal ends of Ser, Thr, Tyr, hydroxyproline or hydroxylysine. While the initial 
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steps of N-linked glycosylation are co-translational, the O-linked glycosylation takes place after 

protein folding and oligomerization, both in the ER and in the Golgi apparatus (72).  

 

1.2.4.  Structure of O-linked glycans: mucin-type glycosylation 

The first reaction of O-linked glycosylation is the addition of a single monosaccharide to the 

hydroxyamino acids of the polypeptidic chain, generally Ser or Thr. Among O-linked 

glycosylation types, the O-linked glycosylation of mucin type starts with the addition of N-

acetylgalactosamine (GalNAc) to either a Ser or a Thr residue (Tn antigen, GalNAcαSer/Thr), a 

reaction that in mammals is controlled by a family of at least 15 UDP-GalNAc:polypeptide 

alpha-N-acetylgalactosaminyltransferases (ppGalNAc-Ts) (73). Although they all catalyse the 

same reaction, these enzymes differ in tissue distribution, kinetic properties and acceptor 

substrate specificity: these properties might partially explain the changes in mucin O-linked 

glycosylation observed during malignant cell progression (73). In spite of their tremendous 

variability (hundreds of different mucin structures have been described) the O-glycan 

structures can be classified according to the composition of core region. So far, eight core 

regions have been identified: their structures are summarised in Table 1.1 (74). 

 

TABLE 1.1: Core structures of the known mucines type O-linked glycosylation 

O-Glycan Structure 

Tn antigen  GalNAcαSer/Thr 

Sialyl-Tn antigen Siaα2-6GalNAcαSer/Thr 

Core 1 or T antigen Galβ1-3GalNAcαSer/Thr 

Core 2 GlcNAcβ1-6(Galβ1-3)GalNAcαSer/Thr 

Core 3 GlcNAcβ1-3GalNAcαSer/Thr 

Core 4 GlcNAcβ1-6(GlcNAcβ1-3)GalNAcαSer/Thr 

Core 5 GalNAcα1-3GalNAcαSer/Thr 

Core 6 GlcNAcβ1-6GalNAcαSer/Thr 
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Core 7 GalNAcα1-6GalNAcαSer/Thr 

Core 8 Galα1-3GalNAcαSer/Thr 

 

Other forms of O-glycosylation involving sugars different from GalNAc in the initial 

glycosylation reactions are the Fuc-O-Ser and Glc-O-Ser in EGF domains (75), Man -O-Ser (76) 

and the protein tyrosine O-glycosylation system found in the bacterial Surface Layer Proteins 

(SLPs) (77). O-linked GlcNAc is a reversible type of O-glycosylation, involving the addition of 

one single residue of GlcNAc to either Ser or Thr. This type of glycosylation takes place in the 

nucleolus and the cell cytosol where it acts in regulatory processes like a molecular switch (78).  

The addition of sialic acids (Sia) to both N- and O-linked glycan moieties represents the last 

modification step that glycoproteins undergo withing the Golgi apparatus before being either 

secreted in the outer media or associated with the cell membrane. Due to their terminal 

positions on the glycan moieties and their chemical properties Sia confer unique properties to 

both the protein and cell membranes in both physiological and pathological conditions. 

Furthermore, such is the importance of the sialylation of glycoproteins and glycolipids, that the 

inactivation of the enzymes that catalyses the the first two steps of the Sia biosynthetic 

pathway leads to the lethality of mouse embryos (79). 

The Sia family, their physio-patological roles and the enzymes involved in their biosynthetic 

pathways will be presented in the following Sections. 

 

 

1.3.  Sialylation of glycoprotein 

With the generic expression of Sia we identify a wide family of naturally occurring related 

compounds sharing a common nine-carbon backbone, a carboxylic acid group and a lateral 

glycerol chain (Figure 1.4). 
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Figure 1.4: Structure of the three most common naturally occurring sialic acids 

Since the first description of molecules that today we know belong to the Sia family (80), and as 

a result of the development of new separation and analytical methods, more than 50 different 

Sia have been isolated from a wide variety of biological sources (81). 

Sia are present in all animals, from starfish to humans (82), and although it has long been 

accepted not to exist in plants (83), sialyltransferase-like enzymes from Oryza sativa have 

recently been described (84). The variability in the structure of Sia is made possible by the 

presence of substitutions almost in all of the hydroxyl groups. The most common substitutions 

lead to Neu5Ac (C5, N-acetylation), Neu5Gc (C5, N-glycolyl), or KDN (C5, deamination). The 

hydroxyl groups linked to C4, C7, C8 and C9 can also be substituted, as summarised in Table 

1.2. An unsaturated bond between C2 and C3 is also possible (85,86). These substitution 

reactions are catalysed by enzymes, most of which have been well characterized, while others, 

likely to exist, are not yet characterised (85). 

  

TABLE 1.2:  List of the most common substitutions found in naturally occurring sialic acids 

Position Substitution 

C2 H,  Gal, GalNAc, GlcNAc or Sia 

C4 H or O-acetyl 

C5 Amino, N-acetyl, N-glycolyl or Hydroxyl 

C7 H or O-acetyl 

C8 H, O-acetyl, O-methyl, O-sulfate, or Sia 

C9 OH, O-acetyl, O-lactyl, O-phosphate, O-sulphate or Sia 

 

1.3.1.  Biological role of sialic acids 

As discussed in Section 1.2.4, Sia are usually found on the terminal positions of both N- and O-

linked glycans moieties decorating both membrane bound and secreted glycoprotein and 

glycolipids. Due to their hydrophilicity and their negative net charge, they play a variety of 

roles in both physiological and pathological conditions (87). For example, because of their 
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hydrophilicity mucins that are heavily glycosylated and sialylated form a highly hydrated gel 

with lubricating and protective properties (88). Their negative charge provides electrostatic 

repulsion between red blood cells and other circulating cell types, and it mediates neural 

plasticity (89,90) and glomerular filtration (91,92). It also modulates the half life of both 

natural proteins (93) and biotherapeutic glycoproteins like hormones, cytokines or antibodies 

(81,94). In particular, such is the importance to produce humanised sialylated glycoproteins for 

therapeutical purpose that in recent years incredible effort has been employed to produce a 

heterologous expression system that is able to produce human-like glycosylation and 

sialylation on over-expressed proteins (95). Again, because of their terminal location on the 

glycan moieties of glycoproteins and glycolipids together with their wide distribution 

throughout the body, Sia are the binding targets for a number of pathogenic organisms. 

Among them are viruses such as influenza (96) and rotavirus (97), bacteria such as Helicobater 

spp. (98,99) and bacterial toxins such as cholera and tetanus toxins (100-102). Terminal Sia can 

also play an important role as molecular mimicry, in which parasites like T. cruzi for example 

decorate their cell surface with Sia moieties that are transferred from the host cell’s glycans, 

allowing it to evade the immune system surveillance (103).  A diagrammatic representation of 

some of the variety of roles played by Sia in both physiological and pathological conditions is 

shown in Figure 1.5. 
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Figure 1.5: Sia, participate in numerous recognition events such as (from left to right) cell-cell 

communication in multicellular organisms and host-pathogen interactions. Reproduced without 

permission from Lehman et al. (104). 

 

 

1.3.2.  Enzymes and proteins invovled in cell surface sialylation 

1.3.2.1.  CMP-Neu5Ac synthetase (CSS) 

N-acetylneuraminic acid (Neu5Ac) is the most abundant Sia in vertebrates. Its synthesis begins 

with the formation of N-acetylmannosamine (ManNAc) from UDP-N- acetylglucosamine 

(UDP-GlcNAc) (105). The bacterial and mammalian biosynthetic pathways of Neu5Ac are 

shown in Figure 1.6.  

While in bacteria ManNAc can be utilized in the condensation reaction with 

phosphoenolpyruvate (PEP) to generate Neu5Ac, in mammals the ManNAc is first 

phosphorylated to give ManNAc 6-phosphate (ManNAc-6P), in a reaction catalysed by a 

unique bifunctional enzyme, the hydrolyzing UDP-GlcNAc 2-epimerase/ManNAc kinase (GNE) 

(106,107).  Following ManNAc condensation to PEP to give NeuNAc-9P, dephosphorylation of 

the product occurs to generate NeuNAc (108). Finally, the activated form of Sia, CMP-Sia, is 

generated with the use of cytosine triphosphate (CTP) in a reaction catalysed by the CMP-

Neu5Ac synthetase (CSS) according to the following reaction equation (II): 

 

 CTP + Neu5Ac → CMP-Neu5Ac + PPi    (II) 

 

The murine CSS (mCSS) was the first of the CSSs to be cloned. This was achieved using a 

complementation approach, starting with the Chinese hamster ovary (CHO) cell double mutant 

LEC29.Lec32 (109,110). A successful cDNA able to revert the asialo phenotype of this mutant 

cell line defective in the CSS activity, coded for a polypeptide with an apparent molecular 

weight of 48 kDa. The CSSs from different organisms have now been biochemically 

characterized, and the crystal structure of the mCSS has also been recently obtained (111,112). 

Most have the ability to activate diverse naturally occurring Sia (Neu5Ac, Neu5Gc and KDN) 

into the CMP-conjugated counterpart (CMP-Neu5Ac, CMP-Neu5Gc and CMP-KDN).  With 

the exception of the cytoplasmic CSSs from D. melanogaster (DmCSS) that is localised in the 

Golgi apparatus (113), all known vertebrate CSSs are synthesised in the cell cytosol and are 

then transferred to the cell nucleus (99,106). The nuclear import mechanism was initially 

investigated by alignment of the known CSS sequences, allowing the identification and 
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characterization of highly conserved clusters of basic amino acids (BCs) as nuclear localisation 

signals (NLSs) 
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Figure 1.6: Synthesis of Neu5Ac and CMP-Neu5Ac in bacteria and mammals. Reproduced without permission (108). 
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Although several hypotheses have been made to explain the nuclear localization of the CSS, no 

definite data is yet available. The nuclear environment is not required for the enzyme activity, 

since cytosolic mutants are also catalytically active (112). 

The requirement to compartmentalize CMP-Neu5Ac synthesis in the nucleus to avoid inhibition 

of the GNE or to escape the conversion to CMP-Neu5Gc have also been postulated (106,107). 

Vionet et al. were able to demonstrate that CSS binds to the DNA moieties of agar-DNA (114). 

However nucleotide-based affinity resins are routinely used for the purification of nucleotide 

binding enzymes, and therefore the binding of CSS to DNA-agar does not allow one to 

speculate on its involvement in modulating gene functions/activity. Nevertheless, the recent 

observations that Neu5Ac can regulate gene expression might offer a new insight in to the 

understanding of the nuclear activation of Neu5Ac to CMP-Neu5Ac (115-117).  

 

1.3.2.2.   Sialyltransferases (ST) 

Sialyltransferases (ST) are a subfamily of glycosyltransferases involved in the sialylation of 

glycoproteins and glycolipids (E.C. 2.4.1) (118,119). These enzymes are able to transfer 

Neu5Ac, Neu5Gc or KDN from CMP-activated sugars to acceptor glycoproteins and glycolipids 

in a regio and steric selective manner (118), according to the following general reaction 

equation (III):  

 

  CMP-Sia + acceptor  → acceptor-Sia+ CMP              (III) 

 

ST can be divided into four main families, depending on the glycosidic linkage formed and the 

nature of the acceptor monosaccharide. They are: -galactoside -2,3-sialyltransferase 

(ST3Gal), -galactoside -2,6-sialyltransferase  (ST6Gal), -N-acetylgalactosaminide -2,6-

sialyltransferase (ST6GalNAc) and -N-acetylneuraminide 2,8-sialyltransferase (ST8Sia) 

(118,120). A list of 19 cloned mammalian STs, indicating their substrate and their products, is 

reported in Table 1.3. 

Topologically, ST are a type 2 trans-membrane protein, with a short cytosolic N-terminal and a 

single trans-membrane domain 16 to 20 amino acids long, docking the Golgi lumen oriented C-

terminal catalytic domain to the Golgi membrane. Although this trans-membrane domain does 

not seem to have a regulatory effect on the catalytic activity of ST, it is responsible for 

determining the subcellular localization of ST and their stability (121). 
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TABLE 1.3: List of mammalian ST and structures formed 

Sialyltransferase Substrate
†
 Structure formed 

ST3Gal I O-GP/GL Neu5Ac 2-3Gal 1-3GalNAc, GD1a, GM1b, GT1b 

ST3Gal II O-GP/GL Neu5Ac 2-3Gal 1-3GalNAc, GD1a, GM1b, GT1b 

ST3Gal III GP Neu5Ac 2-3Gal 1-3/4GlcNAc 

ST3Gal IV GP/GL Neu5Ac 2-3Gal 1-4GlcNAc,Neu5Ac 2-3Gal 1-3GalNAc 

ST3Gal VI GL Neu5Ac 2-3Gal 1-4Glc -Cer, GM3, GM4 (?) 

ST6Gal I N-GP Neu5Ac 2-6Gal 1-4GlcNAc 

ST6Gal II N-GP Neu5Ac 2-6Gal(NAc) 1-4GlcNAc 

ST6GalNAc I O-GP (Neu5Ac 2-3)0-1(Gal 1-3)0-1GalNAc(Neu5Ac 2-6)-Ser                

ST6GalNAc II O-GP (Neu5Ac 2-3)0-1Gal 1-3GalNAc(Neu5Ac 2-6)-Ser                

ST6GalNAc III O-GP/GL Neu5Ac 2-3Gal 1-3GalNAc(Neu5Ac 2-6)-Ser , GD1a    

ST6GalNAc IV O-GP/GL Neu5Ac 2-3Gal 1-3GalNAc(Neu5Ac 2-6)-Ser and GD1a    

ST6GalNAc V GP/GL Neu5Ac 2-3Gal 1-4GlcNAc(Neu5Ac 2-6)-Ser and GD1a    

ST6GalNAc VI GL GD1a   GT1a, GQ1ba and di-sialyl Lewis
a
 

ST8Sia I GL (Neu5Ac 2-8)1-2Neu5Ac 2-3Gal 1-4Glc-Cer, GD3 and GT3 

ST8Sia II GP (Neu5Ac 2-8)nNeu5Ac 2-3Gal 1-4GlcNAc-Cer, 

ST8Sia III GL/GP Neu5Ac 2-8Neu5Ac 2-3Gal 1,Neu5Ac 2-8Neu5Ac 2-6GalNAc 

ST8Sia IV GP (Neu5Ac 2-8)nNeu5Ac 2-3Gal 1-4GlcNAc 

ST8Sia V GL GD1c ,GT1a, ,GQ1b  and GT3 

ST8Sia VI O-GP Neu5Ac 2-8Neu5Ac 2-3Gal 1-3GalNAc 

†
GL: Glycolipids, GP: Glycoproteins, O-: O-linked glycoproteins, N-: N-linked glycoproteins 
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The trans-membrane domain is separated  from the C-terminal domain, situated in the Golgi 

lumen by a string of 20 to 200 amino acids (118). Sequence analysis pointed out that there is 

little identity among the amino acid sequences of the cloned ST with the exception of three 

consensus sequences common to all (that from N- to the C-termini) are called Large (L), Small 

(S) and Very Small (VS) sialylmotifs. By means of site-directed mutagenesis, it has been 

possible to assess that the L motif is involved in CMP-Neu5Ac binding (122) while the S motif  is 

involved in both CMP-Neu5Ac and acceptor substrate binding. These sequences present one 

cysteine residue each that are involved in disulfide linkage formation  (123,124).  The VS motif 

is the closest to the C terminus and its function is unknown, even if it is thought to be involved 

in catalytic activity (125) (Figure 1.7). 

 

Figure 1.7: Schematic representation of the principal sialylmotifes. Sialylmotifs L, S, III and VS are 

invariably found in all the 125 known vertebrate STs sequences. The distribution of the secondary 

sialylmotifs a, b, c and d among the ST families is also represented. Motif “a” is present in all families 

and it is situated seven amino acid down stream from the end of sialylmotif “L”. Motif “b” lies between 

sialylmotifs L and S, about 20 amino acids downstream from sialylmotif L, and varies highly in length 

among sialyltransferase families. Motif “d” is located downstream of sialylmotif III in the ST6Gal family 

and motif “e” is found downstream of sialylmotif VS in the ST8Sia5 and ST6GalNAc families. TMD: Trans-

membrane Domain. Reproduced without permission from Harduin-Lepers, Glycobiology Insight, 2010, 

modified (118). 

 

More recently, the alignment of some 47 mammalian cloned sialyltransferases sequences, 

allowed the identification of short amino acid sequences conserved among ST in a family 

specific manner (126). Very likely they represent a second level of amino acids residue 

conservation and they might be relevant for linkage specificity and for monosaccharide 

recognition (126) (Figure 1.7). By using site directed mutagenesis Rao et al. demonstrated that 

Glu196 of the porcine ST3Gal I that lies in family motif “a” and Lys213 and Asp216 in family 
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motif “b” interact with the hydroxyl group 4 of the Gal residue found in the acceptor substrate 

Galβ1,3GalNAc (127). 

 

In the previous Sections, the major components of both the NeuAc and CMP-Neu5Ac synthetic 

and methabolic pathways have been introduced. However, for CMP-Neu5Ac to be used by ST, 

it must be translocated from the cell cytosol into the lumen of the Golgi apparatus (128). Due 

to its chemical and physical properties, the Neu5Ac-activated donor substrate utilized by ST is 

unable to freely diffuse across the Golgi membrane, therefore it has to be translocated from 

the cell cytosol within the Golgi lumen. This function is performed by a specialised Golgi-

resident nucleotide sugar transporter (NST), the CMP-Neu5Ac transporter (CST), as shown in 

Figure 1.8.  

The NST family and in particular the CST will be introduced in the following Sections, with 

emphasis on their biochemical, structural and functional characterization. 

 

 

 

 

 

 

. 
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Figure 1.8: Representation of the CMP-Neu5Ac biosynthetic and metabolic pathways. (1) After its synthesis in the cell cytosol as described in Section 1.3.2.1, 

Neu5Ac diffuses within the cell nucleus (2) where it is converted into its CMP activated counterpart, CMP-Neu5Ac, in a reaction catalysed by the CMP-

Neu5Ac synthetase (CSS). At this stage CMP-Neu5Ac diffuses back into the cell cytosol and (3) it is translocated into the lumen of the Golgi apparatus by the 

CMP-Neu5Ac transporter (CST). Once in the lumen of the Golgi apparatus CMP-Neu5Ac is utilised by sialyltransferases (ST) as a Neu5Ac activated donor 

substrate to decorate both glycoproteins and glycolipids (GP/GL), and generating CMP as a by-product. CMP is then translocated back into the cell cytosol by 

the CST. 
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1.4. The Nucleotide Sugar Transport proteins family, (NST)  

The glycosylation of proteins and peptides takes place in the ER and in the Golgi apparatus. 

However, the GTs and STs of the Golgi apparatus exclusively employ as activated sugar donors 

Nucleotide Sugars (NS). Because of their chemical and physical properties these are unable to 

freely diffuse across the Golgi membrane but they are translocated from the cell cytosol into 

the lumen exclusively by means of NSTs. 

Over the last 30 years, putative NST of different origins have been identified and extensively 

biochemically characterized in vitro, predominantly using substrate translocation assays 

performed in the presence of radioactive nucleotide sugars. Furthermore by selectively 

radiolabelling either the sugar or the nucleotide moiety of the nucleotide sugar, it has been 

possible to identify some features common to all the known NSTs. There properties (129-137) 

are: 

 1) The entire nucleotide sugar is translocated; 

 2) The translocation is saturable and it is temperature, concentration and time 

 dependent with apparent Km in the order of 1-10 M and it is able to concentrate 

 the NS within the lumen of the ER or Golgi; 

 3) The translocations are insensitive to the presence of ATP and ionophores and  are 

energized by the coupled translocation of the corresponding nucleoside  monophosphate in 

the opposite direction;   

 4) The translocation is competitively inhibited by the corresponding nucleoside 

 mono- and diphosphate, but not by the free sugar; 

 5) Some NS are translocated only in the Golgi apparatus, while others are 

 translocated also into the ER. 

These properties were also confirmed after reconstitution of NSTs (either native or 

recombinant) into phosphatidylcholine (PC) liposomes. Furthermore the reconstitution process 

provided unequivocal evidence that putative NST are responsible for NS translocation rather 

than being an accessory factor. Among the first native NSTs to be characterized, following 

reconstitution into PC liposomes, are the CMP-Neu5Ac  and adenosine 3'-phosphate 5'-

phosphosulfate (PAPS) transporters (138), followed by guanosine 5′ -diphosphate-fucose 

(GDP-Fuc) and uridine 5'-diphosphate-N-acetylgalactosamine (UDP-GalNAc) transporters (139-
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141). Although it has long been commonly accepted that NSTs have an absolute substrate 

specificity, several reports indicating that NSTs are capable of multiple substrate translocations 

have emerged in recent years. In Caenorhabditis elegans, SQV-7 is capable of competitive 

uridine 5'-diphosphate-glucuronic acid (UDP-GlcA), UDP-GalNAc and UDP-Gal translocation 

(142), while the product of gene ZK896.9  is capable of competitive uridine 5'-diphosphate-

glucose (UDP-Glc), uridine 5'-diphosphate-galactose (UDP-Gal), uridine 5'-diphosphate-N-

acetylglucosamine (UDP-GlcNAc) and UDP-GalNAc translocation (143). Similarly, the human 

and Drosophila UDP-Gal transporters are capable of both UDP-Gal and UDP-GalNAc 

translocation (144), while another human NST SLC35B4 is capable of both uridine 5'-

diphosphate-xylose (UDP-Xyl) and UDP-GlcNAc translocation (145). These overlapping 

substrate specificities can partially be explained by the evolutionary origin of these 

transporters from a common precursor/ancestor (129). Alternatively, NST redundancy can be 

seen as an evolutionary back-up mechanism ensuring a continuous supply of nucleotide sugars 

whenever one of the NSTs activities is impaired or abolished as result of mutation (146). 

Moreover, the ability of the NST CO3H5.2 to translocate both UDP-GalNAc and UDP-GlcNAc 

simultaneously and independently of each other has recently been reported, adding an extra 

level of complexity in understanding this class of transport protein (147).   

Significant progress in understanding the biology of NSTs was made possible by the 

observation that many eukaryotic NSTs could also be expressed in species different from their 

own. The ability to express a mammalian cDNA library in a mutant K. lactis deficient in cell 

surface exposed GalNAc was instrumental in the cloning of the first mammalian NST, the UDP-

GalNAc transporter, identified as the cDNA that was able to revert the mutant phenotype and 

restore expression of cell surface exposed GalNAc. This approach allowed cloning of several 

NSTs from different sources such as S. cerevisiae (148,149), mammals (150-152) and protozoa 

(153,154) permitting the elucidation of structure-function relationship within this family of 

transporters to begin. 

Amino acid sequence alignment of NSTs and topology prediction software revealed that they 

are a family of highly conserved type III trans-membrane proteins with 8 to 10 trans-

membrane domains, with both the N- and C-termini facing the cell cytosol (129,131,132). 

However, amino acid homology alone is not enough to predict substrate specificity. A typical 

example is represented by the UDP-Gal transporter (UGT) and the CST in that although 46% 

identical in their primary structures they are only able to transport their respective NS (UDP-

Gal and CMP-Neu5Ac). Furthermore the identification of a leucine zipper led to  the hypothesis 

that NSTs are organized as homodimers (155). This hypothesis found initial support following 
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purification of the UDP-GalNAc, ATP and GDP-Man transporters after glycerol gradient 

ultracentrifugation (139-141). The L. donovani GDP-Man transporter, however appears to be 

organized as a hexamer in solution (156), although the lack of functional data does not allow 

the confirmation of the functional unit in physiological conditions.  

 

 

1.5.  The Golgi apparatus CMP-Neu5Ac transporter (CST) 

1.5.1.  Preliminary characterization of the CST 

The sialylation of glycoproteins and glycolipids takes place in the medial- and trans- Golgi 

apparatus where CMP-Neu5Ac is translocated from the cell cytosol into the Golgi lumen (137).  

This translocation reaction is performed by a specific Golgi resident NST, the CST that co-

localises with STs in both the medial- and  trans-Golgi apparatus (157). Early evidence 

suggesting that CMP-Neu5Ac is translocated from the cell cytosol into the lumen of the Golgi 

apparatus were obtained by incubating mouse liver slices in the presence of both [
3
H]-Neu5Ac 

and CMP-[
14

C]-Neu5Ac. Following isolation of the microsomal fraction, a 5-8 fold increase in 

CMP-[
3
H]-Neu5Ac concentration was detectable, clearly indicating the de novo synthesis and 

accumulation of this NS (158,159). Furthermore, the accumulation of CMP-[
3
H]-Neu5Ac 

within the microsomal lumen was temperature, time and concentration dependent, and was 

strictly dependent on the structural integrity of the microsome vesicles, as adding Triton X-100 

to the reaction led to no accumulation of CMP-[
3
H]-Neu5Ac (158,159). These results were later 

confirmed when right-side-out Golgi vesicles isolated from mouse liver were employed (160). 

 Moreover, the preliminary incubation of the Golgi vesicles with pronase also inhibited CMP-

Neu5Ac accumulation, suggesting the presence of  a transporter able to facilitate the 

translocation and accumulation of CMP-Neu5Ac within their lumen (160).  Such CMP-Neu5Ac 

translocation assays employing purified Golgi vesicles were used to elucidate both substrate 

specificity and the interaction of the CMP-Neu5Ac with the CST (161). Using competition 

experiments in which Golgi vesicles were incubated with both CMP-Neu5Ac and either CMP or 

Neu5Ac, it was possible to demonstrate that the nucleotide moiety of CMP-Neu5Ac inhibited 

CMP-Neu5Ac translocation, while Neu5Ac alone did not (161).  

Following reconstitution of the CMP-Neu5Ac transport system in PC liposome pre-loaded with 

CMP, CMP-Neu5Ac translocation had both affinity and inhibition properties similar to that 

previously observed (138,162). Preloading the PC liposomes with CMP significantly stimulated 

CMP-Neu5Ac uptake (4 to 6 fold) (164,165), in a phenomenon known as trans-stimulation. The 

ability of the CST to translocate CMP-Neu5Ac with or without the antiport of CMP, 

characterizes the transport system as 'leaky'. This property can be explained based on the kinetic 
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property of the CST, in which substrate translocation takes place by means of conformational 

changes that alternatively expose ligand binding site towards either the cytosolic or luminal 

sides of the Golgi membrane. When CMP-Neu5Ac is present in the cell cytosol, its 

translocation rate is limited by a slow step after import of a CMP-Neu5Ac molecule that 

“resets” the transporter into a state capable of importing another CMP-Sia molecule, ie the 

ligand binding site has to be returned to the cytosol. However, when the lumen of the membrane 

contains CMP that is also transported, this "reset" step takes place much faster and as a 

consequence the rate of CMP-Neu5Ac import increases (162,163). By doing so, the rate at 

which CMP-Neu5Ac is utilized within the Golgi lumen is tuned with the rate at which STs 

utilize it, being the exchange between CMP-Neu5Ac and CMP equimolar. Furthermore the 

leaky mechanism allows for CMP-Neu5Ac translocation to take place without requiring an 

intraluminal source of CMP as would be the case if the CST was a perfect antiporter. In fact, if 

this was the case the translocation could only happen in the presence of an asymmetric 

distribution of CMP (luminal) and CMP-Neu5Ac (cytosolic) across the Golgi membrane. 

 

1.5.2.  Ligand based investigation of mCST:CMP-Neu5Ac interactions at the  

 molecular level 

CMP-Neu5Ac translocation assays performed either with Golgi vesicles or after reconstitution 

of the transport protein into PC liposomes, have been extensively used to investigate ligand 

substrate requirements for CMP-Neu5Ac:CST interactions (162,164).  

As previously discussed, the nucleotide moiety of the ligand appears to play a crucial role in 

substrate binding, as deduced by the ability of CMP to inhibit CMP-Neu5Ac translocation. An 

initial investigation aiming to elucidate CMP-Neu5Ac:CST interactions, suggested that the 

major structural requirement for CMP-Neu5Ac binding is the type of nucleotide/side base 

present. Pyrimidine-based nucleotides CMP, CDP, and CTP as well as UMP and UDP are able to 

significantly inhibit transport, while purine nucleotides are less effective (161), while the 

pyrimidine-based glycosyl nucleotides UDP-Gal and UDP-GlcNAc were only as effective at 

inhibiting transport as AMP (161,163). The observation that KI-8110, an -sialosylnucleoside, 

was able to significantly inhibit CMP-Neu5Ac transport (165) also suggests that the recognition 

of CMP-Neu5Ac by the transport protein is not influenced by the type of linkage between N-

acetylneuraminic acid and the nucleotide even though the naturally occurring CMP-activated 

Sias translocated by the CST (CMP-Neu5Ac, CMP-Neu5Gc and CMP-KDN) have a -glycosidic 

linkage. More recently, Tiralongo et al. were able to investigate the requirements for 

CST:ligand interactions by means of a high-throughput method in a more systematic manner 

(164). Generally, it was found that pyrimidine-based glycosyl nucleosides were able to inhibit 
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transport to a greater extent than purine-based glycosyl nucleosides, although adenosine-

based glycosyl nucleoside and AMP were also able to inhibit CMP-Neu5Ac translocation. 

Furthermore the -anomer of both uracyl- and inosine-based glycosyl nucleoside appeared to 

have a greater inhibitory effect on rat liver Golgi CMP-Neu5Ac transport protein than the 

corresponding -anomers. The type of sugars present on the nucleoside appears to have little 

or no effect on the inhibition of CMP-Neu5Ac transport. These results further support the 

suggestion that the glycosyl moiety is not an important recognition feature for the binding of 

inhibitors to CST as the nucleoside (160,161). Furthermore, these results support the notion 

that the transporter protein is “promiscuous” and accepts a range of glycosyl nucleotides, 

while changes in the ribose moiety of CMP do not appear to influence its inhibitory activity. 

The importance of the pyrimidine base in mediating CST:CMP-Neu5Ac binding was further 

investigated by Chiaramonte et al., who assessed the importance of a wide range of 

substitutions at the nucleotide level by examining their inhibitory activity on CMP-Neu5Ac 

translocation in Golgi fractions (163). This was achieved by substituting different positions on 

both the cytidine and the ribose moieties with groups that would alter either the steric 

hindrance or the hydrogen bonding properties of the substituted position (Figure 1.9). The 

addition of a small group at C5, such as chlorine, methyl, and ethyl groups of the cytidine, 

resulted in either little effect or slightly enhanced binding; replacing the C4 amino group with 

hydrogen significantly decreased inhibition indicating that the exocyclic amino group interacts 

with the CST. Likewise, replacing the C4 amino group with a hydroxyl resulted in compounds 

that bound much more weakly to the transporter. Converting N3 to a methylene had no 

appreciable affect on the binding of the NMP. Although the transporter tolerated the 

replacement of N3 with groups of similar size such as CH, it does not tolerate increasing the 

size of the exocyclic group at N3, suggesting that the enzyme makes a close contact at this 

point. Together, these data indicate that while the CST makes important contacts with the 

exocyclic groups at C2 and C4, it will tolerate modification at C5 and N3.  
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Figure 1.9: Representation of the modification introduced both at the pyrimidine and ribose moieties by 

Chiaramonte et al. (163). The importance of such modification in mediating CST:NMP interaction were 

evaluated by means of substrate translocation assay.  

 

In the case of the ribose moiety, the structural integrity of the ribose ring appears to be of 

paramount importance for substrate binding, as acyclothymidine derivatives are essentially 

unable to inhibit CMP-Neu5Ac translocation. Replacing the 3'-hydroxy group with either 

hydrogen, fluorine, azide, or urea minimally affected inhibition, indicating that the transporter 

does not make a critical contact with the 3'-hydroxyl group and will accommodate 

substitutions of very different sizes and chemical properties. Likewise, the transporter does 

not interact significantly with the 2'-ribo hydroxyl group, since replacing this group with 

hydrogen had little effect on inhibition. In contrast, the 2'-ara hydrogen makes an important 

contact, as replacing this hydrogen with either a methyl, a hydroxyl group, or a fluorine results 

in compounds that bind very poorly to the transporter. 

 

 

1.5.3.  Protein-based structural investigation of the mCST 

The mouse CST was cloned in 1996  by means of complementation cloning (151,166). The 

isolated cDNA encoding mouse CST, when expressed in the mutant 6B2 CHO cells (belonging to 

the Lec2 complementation group) was able to rescue their asialo phenotype (167,168). 

Enriched Golgi fractions extracted from Lec2 cells in fact show a 98% reduction in their ability 
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to transport CMP-Neu5Ac. This deficiency is specific for CMP-Neu5Ac and it does not affect 

either the transport of other nucleotide sugars or other reactions involved in Neu5Ac 

activation or CMP-Neu5Ac utilization (169).  

The isolated cDNA coded for a highly hydrophobic polypeptide of an apparent molecular 

weight 36.5 kDa, possessing two putative N-linked glycosylation consensus sequences (which 

appear not to be glycosylated) and a leucine zipper motif. Upon over-expression in COS cells, 

the putative CST was correctly targeted to the Golgi apparatus (151). Furthermore, the analysis 

of the amino acid sequence by means of the secondary structure predicting algorithm 

PredictProtein (170) revealed the presence of eight to ten putative trans-membrane (TM) 

domains (153).  

Because the Golgi membrane is generally thinner than the cellular membrane and because 

different prediction software might produce different outcomes, to verify the number of 

predicted TM domain, Eckhardt et al. prepared a number of mCST mutants in which HA tags 

were introduced both within the putative TM domains and the connecting loops, both on the 

cytosolic and the Golgi lumenal sides. The functional analysis of the generated mutants 

demonstrated that insertions of the HA tag in or very close to membrane-spanning regions 

inactivate the transport process; furthermore the authors were able to unambiguously identify 

eight of the predicted ten TM domains (171). 

Given that some NSTs contain a leucine zipper motif that could be involved in dimerization 

(155,172) the involvement of the leucine zipper in the dimerization of the mCST was also 

investigated.  HA tags were engineered to disrupt interaction between the second and the 

third, and between the third and fourth, of the leucine residues thought to form the leucine 

zipper. All of the mCST variants were expressed, were correctly targeted to the Golgi apparatus 

and most importantly they were functional (171). 

This result clearly showed that a leucine zipper is not involved in the dimerization of the mCST, 

and that if the oligomerization takes place then it does so by an alternative, yet unknown, 

mechanism. During the preparation of this work, a range of NSTs, including the human CST 

(hCST) was purified to homogeneity after over-expression in S. cerevisiae, detergent 

solubilisation and subsequent purification. In the experimental conditions employed the hCST 

appears to be a monomer in solution (173). However this does not allow the identification of 

the oligomeric state of the transporter when embedded in the Golgi membrane under 

physiological conditions. Further elucidation of the structure-function relationship in the mCST 

were obtained by the analysis of five independent CST mutants causing the Lec2 phenotype in 

CHO cells. As previously described, these mutants cells are unable to transport CMP-Neu5Ac 
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into the Golgi lumen. Although they can be identified because of the lack of cell surface 

expressed Sia, the molecular basis of the mutations resulting in this phenotype were unknown 

(167).  

Out of the four mutants analyzed, three of them could be due to amino acid deletions of 

different length. One of them however, mutation 9D3, was due to a single point mutation that 

caused a Gly189Glu amino acid change. At the mRNA level, expression and intracellular 

localization of this mutant was the same as the wild type, clearly indicating that a single amino 

acid substitution alone was able to abolish the activity of the CST. The role, and the effect of 

this mutation was further investigated by creating Gly189 mutants in which this Gly residue 

was substituted with either alanine  (Gly189Ala), glutamine (Gly189Gln) or isoleucine 

(Gly189Ile). Interestingly, the mutation of Gly189Ala was able to complement the Lec2 asialo 

phenotype, while the exchange of this Gly with both Gln and Ile was not. These data, together 

with the lack of complementation observed when Gly was replace by Ile suggest that the size 

of the amino acid in this position, rather than its charge is responsible for inactivating the CST 

ability to either bind and/or translocate CMP-Neu5Ac (167). 

Based on the topology model suggested by Eckhardt et al., Gly189 is situated within TM7, a TM 

domain whose importance in CMP-Neu5Ac translocation has been ascertained. As previously 

discussed, the CST and UGT transporter share a high degree of homology however, they have 

absolute substrate specificity. In order to understand which regions of the CST were important 

for CMP-Neu5Ac translocation, Aoki et al. prepared a series of chimeric UGT-CST transporters, 

and were able to identify minimal structural requirements able to confer CMP-Neu5Ac 

transport ability to the UGT (174,175). In particular, TM2 (amino acids 46-64), TM3 (amino 

acids (90-120) and TM7 (amino acids 195-237) from the CST where sufficient to transform the 

UGT into a transporter protein with CMP-Neu5Ac translocation activity (174,175). Chimeric 

UGT transporters prepared with either TM2/TM7 or TM3/TM7 from the CST were competent 

for CMP-Neu5Ac translocation, indicating that when TM7 is present, either TM2 or TM3 can be 

substituted by the UGT counterpart. However, a chimera containing only TM7 from the CST 

was competent for CMP-Neu5Ac translocation, clearly indicating that this TM domain is 

necessary and sufficient to confer CMP-Neu5Ac translocation capability to the chimeric UGT 

(174,175). 

In more recent years, several independent groups commenced structure-function relationship 

investigation of the CST essentially by using variants of the expression/complementation 

cloning and epitope map strategies previously described in Section 1.4 (176-178).   
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The observation that a singe mutation in Gly189Glu was able to inactivate the CST led to the 

identification of 10 Gly residues that are concentrated in the TM5-TM10 of the transporter 

(167) (Table 1.4). These residues not only are highly conserved among CSTs but also among 

UGTs. This data, together with their apparent regular pair wise  distribution pattern, suggested 

that these Gly residues might form an aqueous pore through which CMP-Neu5Ac and UDP-Gal 

translocate the Golgi membrane (177). To verify this hypothesis, Lim et al. prepared eight 

double mutants in which each pair of Gly residues with hydrophobic amino acids having lateral 

chains with slightly different steric hindrance, Ala and Ile (177)(Table 1.4). 

 

TABLE 1.4: Position and effect of the site directed mutation of conserved Gly residues in CSTs 

GlyGly pairs TM Position GlyGly →AlaAla GlyGly→IleIle 

154-155 5 buried within lipid bilayer + -- 

177-179 6 toward Golgi lumen + -- 

189-192 6 towards Cytosol - -- 

256-257 8 buried within lipid bilayer - --- 

(+): denotes conserved CST activity, (-): denotes reduced CST activity. 

The general observation that there is a correlation between the increased steric hindrance of 

the substituted amino acids and the reduction in CST activity led to the suggestion that indeed 

these Gly pairs form a channel required for substrate translocation (177). Nevertheless, 

despite the elegant experimental approach employed, this conclusion is in striking 

contradiction with the experimental evidence that the CST is a simple solute carrier, and that 

as previously discussed, the translocation mechanism is based on the transporter ability to 

alternatively expose its CMP/CMP-Neu5Ac binding site to either the cytosolic or luminal side of 

the Golgi membrane (162).  

Although not supported by experimental evidence, because of their small lateral chain size, 

these Gly residues could simply occupy a position involved in the mCST conformational 

changes associated with substrate translocation, allowing for example the TM domains to slide 

in respect to one another. Furthermore, these Gly residues might simply be involved in 

stabilising the secondary or tertiary structure of the transporter. Gly residues, and in particular 
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those ones with a regular distribution pattern such as in ‘glycine zippers’, are in fact well 

known to be highly conserved in trans-membrane proteins where they drive both the right-

handed packing of adjacent helices and homo-oligomerization (179). Although most of the -

helices contain the Gly zipper consensus pattern (G,A,S)XXXGXXXG or GXXXGXXX(G,S,T) (179) 

(which do not appear to be present in the mCST sequence), the combination of unusual 

patterns (such as in the case of MscA (179)) with alternative -helix secondary structure (3-10 

helices or -helices, for example) can not exclude a role of the five Gly pairs observed in the 

mCST that is associated with a 3D structure stabilization effect.  

With an aim to identify amino acid residues important from a structure-function relationship 

point of view, Chan et al. initiated an investigation on the effect of introducing Green 

Fluorescent Protein (GFP) within the loop connecting the CST TM domains on both the 

cytosolic and Golgi luminal sides of the CST, creating a total of 13 GFP-tagged CST variants 

(178). On the cytosolic side, the interruption of the loop connecting TM8 to TM9 abolished CST 

activity (corresponding to the GFP-CST4 construct). Similarly, on the Golgi luminal side, an 

interruption of the loops connecting TM3 to TM4 and TM7 to TM8 (corresponding to the GFP-

CST constructs 8 and 10, respectively) also abolished the transporter ability of CMP-Neu5Ac 

translocation (178).  
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Figure 1.10: Diagrammatic representation of the combined GFP-tagging and site-directed mutagenesis 

approach used by Chan et al. (178) to identify amino acids important for the CST activity in the GFP-

tagged construct CST-GFP8. The introduction of GFP within this loop connecting TM domain 3 and TM 

domain 4 on the luminal side of the Golgi membrane eliminated CST activity. The loop amino acids 

important for CST activity were identified by means of subsequent site-directed mutagenesis rounds, 

creating tetra- and di-glycine mutants. 

 

 

Subsequently, three further rounds of site-directed mutagenesis allowed to dissect a structure-

function relationship of the transporter. First, six tetra-Gly substitutions (TGS) were created: in 

each of these substitutions four consecutive amino acids in the loops were substituted with 

Gly, with the result that five out of the six TGS produced inactivation of the CST activity. 

Subsequently, two and finally one amino acid at a time were mutated allowing the 

identification of amino acids important for CST activity (Figure 1.10).  

The results obtained by the above-discussed experimental approaches are summarised in 

Figure 1.11.
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Figure 1.11: Diagram representing the TM domains and amino acids identified as important for CST activity by independent studies. 1) TM1-TM10: Trans-membrane domain 

identified by Eckhardt et al. (171) by means of HA-epitope tagging. The position of HA epitopes used to deduced this model are indicated by arrows and arrowheads. Filled 

arrows and arrowheads indicate HA tags that inactivated CST, whereas open arrowheads mark the position of HA tags that did not inactivate the CST; 2) Dashed amino 

acids: TM domains identified by Aoki et al. (174) after creating UGT-CST chimeras. When TM2, TM3 and TM7 from CST are engineered into UGT, this is capable of CMP-

Neu5Ac translocation; 3) In blue: Gly residues indentified by Lim et al. (177) as involved in the formation of a putative aqueous channel required for CMP-Neu5Ac 

s2566871
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translocation;  4) In red: Amino acids required for CST activity identified by Chan et al. (178) by means of GFP-tagging. Reproduced without permission from Eckhardt et al. 

(171), modified. 
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1.5.4.  Physiological importance of the the Golgi apparatus CST 

Early evidence suggesting the physiological relevance of the mCST came from the Lec2 mutants. 

As per experiments previously discussed, these mutant cells show a reduction of cell surface 

sialylation of up to 70-90% (168) and it is now known that this phenotype is due to the deletion 

from Gly192 to Phe251 (167) in the CST resulting in a dramatic 98% reduction of CMP-Neu5Ac 

translocation.  

More recently, a mutation in the CST of a patient that did not express sialyl-Lex (sLex) led to the 

identification of the first Congenital Disorder of Glycosylation (CDG) affecting this transporter 

(148). CDGs comprise all the genetic defects that result in incomplete or altered synthesis of 

glycan moieties on both protein and lipids (180). They can be divided into two main groups. Type I 

CGD involve genetic defects affecting the assembly, and transfer of the oligosaccharide 

precursorof N-linked glycans. Type II CDG comprises genetic defects that affect the maturation of 

the glycan moieties. Besides the lack of sLex antigen on polymorphonuclear leukocytes (PMN), no 

other abnormalities in chemotaxis or generation of reactive oxygen species were detected. The 

expression of 2-integrin adhesion molecules and of L-selectin was normal. The genes involved in 

the coagulation cascade (Wiskott-Aldrich syndrome protein gene, von Willebrand factor VIII, 

glycoprotein (Gp) Ib binding domain, GpV and GpIX) were normal. The 1,3-fucosyltransferases 

(FUT4, FUT7) and the 2,3-sialyltransferases (ST3Gal-IV, ST3Gal-VI) involved in the synthesis of 

sLex and the corresponding enzyme activities were also normal. Eventually it was discovered that 

the origin of the lack of sLex could be ascribed to a mutation in one of the alleles coding for the 

CST  (148), allowing the classification of the symptoms observed in the patient as a novel 

Congenital Disorder of Glycosylation (CDG), CDG Type IIf (180).  More recently, the selective 

inactivation of the CST in HeLa cells by means of gene silencing (alone or in combination with 

GDP-Fucose transporter) demonstrated that the inability to sialylate glycan moieties induces a 

generalized ER stress response that reduces mRNA translation, with accumulation of immature 

proteins in the ER (181) . 
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1.6.  Altered cell surface sialylation and metastasis 

One of the most common features of cancer cells is to possess an altered cell surface 

glycosylation pattern (184-187). Even if it seems highly improbable that changes in the cell surface 

glycosylation pattern alone are capable to initiate the transformation of a cell from ‘normal’ into 

‘cancer’, it is now well known that such phenotypic alteration plays a crucial role in both invasion 

and metastasis (184,188,189). 

Modifications of the cell surface carbohydrate structures associated with both proteins and lipids 

affects both adhesion properties and cell–cell signaling and modulates the response elicited by 

the organism’s immune system (190-195). Furthermore the observation that up to 99.9% of 

cancer cells are unable to survive in circulation, while those that do survive have a higher 

metastatic potential, clearly indicates that potentially metastatic cells have a phenotype ensuring 

them a selective advantage (182).   

The most common alterations observed in the glycosylation pattern of cancer cells target both N- 

and the O-linked glycans and range from the lack of expression of certain glycan structures to the 

expression of novel glycans, via the accumulation of truncated or immature glycans and the over-

expression of others (183).  An altered cell surface glycosylation is involved in many aspects of the 

invasion and metastatic stages, with the altered N-linked glycans responsible for regulation of 

growth receptor activity, cell-cell adhesion and motility while the altered O-linked glycans are 

responsible for sequestering growth factor and modulation of immune system activity (184). 

The role of cell surface expressed Sia in cancer biology, in particular, has been investigated since 

the early 60s. Gasic and Gasic (199) in fact hypothesised that the adhesiveness between 

circulating neoplastic cells and vascular endothelium is a phenomenon depending on the “sticky 

properties” of both surfaces, which make contact during the process of metastases formation. 

The removal of sialomucins from the cell surface by injection of neuraminidase in a mouse model 

before inoculating coated tumor cells to homologous hosts, led to a significant decrease in 

metastasis (185) . 

Following these early observations, it became clear that a common feature of the aberrant glycan 

moieties associated with cancer is to possess an increased level of cell surface sialylation 

detectable by the increased binding of wheat germ agglutinin (200-202). Some years later 

Yogeeswaran et al. demonstrated the existence of a direct correlation between the cell surface 

Sia of cancer cells and their metastatic potential (186). Karpatkin et al., also correlated the 

metastatic potential of ten difference cancer cell lines to their increased cell surface sialylation 
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and the consequent increased ability to aggregate platelets either prior to or after their arrest in 

the microvasculature (187).  

Metastasis formation is a multi-step process in which it is possible to identify two major stages: 

during the first ‘invasive’ stage, cancer cells loose both contact inhibition growth and intercellular 

adhesion enabling them to penetrate into the surrounding stroma and migrate into it (188) 

(Figure 1.12) 

 

Figure 1.12:  Diagrammatic representation of the role of hypersialylation of cellular surface in impairing 

Neural Cell Adeshion Molecule-(NCAM)-mediated cell-cell contact and contact proliferation inhibition. Left: 

normal cells; right: NCAM hypersialylation induces electrostatic repulsion between cells, removing cell-

contact proliferation inhibition mechanism and impairing homotypic aggregation. 

 

 

For example, the presence of a highly sialylated cell surface impairs homotypic aggregation thus 

decreasing cell contact-dependent events, such as proliferation inhibtion mediated by caderins. 

Furthermore, it allows cells to lose contacts with the primary lesion starting a series of events that 

can give origin to a metastatic lesion, such as summarised in Figure 1.12. 

During the haematogenous stage, the ability of cancer cells to bind platelets is also mediated by 

sLea/x cell surface molecules that binds a class of carbohydrate-binding proteins called selectins. In 



 

 39 

humans there are three different types of selectins, named L, P and E. L selectin are mainly 

expressed on the surface of lymphocytes, P selectins on platelets and E selectins on activated 

endothelium. The ability of cancer cells of binding platelets in the blood stream has been related 

to metastatic potential for more than twenty years (189).  

Their involvement in the metastatic process has been proven by using anti-platelet agents that 

have shown the capacity to reduce or impair the spread of some tumours in vivo, suggesting their 

role in aiding the survival of cancer cells into the blood stream by preventing their clearance and 

helping both extravasation and metastasis formation once lodged into a capillary (190). The 

importance of platelets in the early stages of the metastatic process has been confirmed by 

means of experiments conducted to study lung metastasis formation of colon carcinoma cells in 

P-selectin deficient mice. In these animals the seeding of carcinoma cells in different organs is 

reduced up to 80% compared to a control animal expressing P-selectin (191). Also, inhibition of 

the linkage between selectins by means of anti-selectin antibodies and or analogues of their 

ligand has shown to inhibit the metastatic process (192). 

Even though it was originally thought to primarily act as an inert physical barrier, endothelial cells 

play active roles in many physiological processes such as embryogenesis, coagulation and anti-

coagulation, and acute inflammation (193). Indeed, there is data suggesting a real ‘cross-talk’ 

between cancer cells and endothelium, involving cytokines, growth factors and reactive oxygen 

species produced either by the cancer cells or the endothelium. 

As result, after the first interaction between cancer cells and endothelium mediated by E-selectin 

such as ELAM-1 (194-196) both the cell types produce and express on their surface integrins and 

matrix metalloproteinases that together promote a more stable attachment of the cancer cell on 

the endothelium and extravasation in the surrounding stroma (197). As it is the case for the sialyl-

T and sialyl-Tn antigens, the sLea/x antigens are over-expressed in many types of carcinoma, such 

as lung, colon, pancreas and the gastric where they are associated with both metastatic potential 

and a poor survival outcome. Because of their importance in the metastatic process, sLea/x have 

been identified as therapeutic targets and markers useful in diagnosis and prognosis (184). Among 

the therapeutic development approaches tested, the utilization of a competitive disaccharide 

(198) and the reduction of the 1/3-4 fucosyltransferase acitivity by means of gene silencing have 

been investigated (199). 

1.7.  Inhibition of cell surface sialylation 
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In the previous Sections, the altered cell surface sialylation associated with cancer and metastatic 

potential have been presented. Furthermore the major mechanisms by which an increased cell 

surface sialylation offer a selective advantage to cancer cells in the metastatic cascade have been 

described. In parallel with the early observation that an increased sialylation is a common 

phenotypic alteration in cancer cells, the hypothesis that cancer metastatic potential could be 

modulated, reverted or at least reduced by inhibiting cell-surface siaylation evolved.  

Both the Neu5Ac and CMP-Neu5Ac synthetic pathways (as shown in Figure 1.8), offer a wide 

choice of potential targets that could eventually lead to a reduction of cell surface sialylation. 

These include the synthesis of Neu5Ac (Figure 1.8 (1)), its activation to CMP-Neu5Ac by means of 

the nuclear CMP-Neu5Ac synthetase (CSS) (Figure 1.8 (2)), its translocation into the lumen of the 

Golgi apparatus by the CST or its utilization by STs. (Figure 1.8 (3)).  

Among them, a considerable effort has been made in order to inhibit both STs and the CST: a 

selection of the related body of work will be presented in the following Sections, with particular 

emphasis on the inhibition of the CST. 

 

1.7.1.  Inhibition of cell surface sialylation by targeting ST 

As previously described in Section 1.3.2.2, ST are a subfamily of glycosyltransferases responsible 

for decorating secreted and cell surface-associated glycoproteins and glycoplipids in the Golgi 

apparatus, using CMP-Neu5Ac as Neu5Ac donor substrate (118,120). The ST mediated transfer 

reaction takes place by means of an SN1-like mechanism, through the formation of the donor 

substrate CMP-Neu5Ac oxocarbenium intermediate state, resulting in the inversion of the 

configuration of the anomeric centre (Figure 1.1, Page 4) and the release of CMP as by-product. 

Such reaction mechanism has recently found experimental confirmation with the publication of 

the first 3D structure of a mammalian ST, the porcine ST3Gal-1 (127). Transition states have long 

been taken advantage of as templates for drug development (200,201). This approach has also 

been used to create potential ST6Gal-1 competitive inhibitors, some of which are able to inhibit 

ST activity at concentrations as low as 59 nM in vitro. Nevertheless, the chemical and physical 

properties of these early compounds drastically limit their applicability in vivo, as they are highly 

hydrophobic (202). The poor biological viability of these early ST state analogues inhibitors has 

recently been by-passed by the introduction a bile salt lithocholic acid analogue that inhibits both 

ST6Gal-1 and ST3Gal-I at concentrations of 0.88 M and 1.5 M, respectively, and that when 
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employed in an animal model, was able to reduce pulmonary metastasis of carcinomic basal cells 

by 40% (203).  

 

1.7.2.  Inhibition of cell surface sialylation by targeting the CST 

As previously described in Section 1.5.1, the CST is a Golgi-resident NST responsible for the 

translocation of CMP-Neu5Ac from the cell cytosol into the lumen of the Golgi apparatus of 

eukaryotic cells. It is a type III, 10 TM domains protein, with both the N- and C-termini facing the 

cytosolic side (171). Over the last 30 years the CST has been extensively biochemically 

characterized and it is today known be a simple mobile carrier able to translocate CMP-Neu5Ac 

into the Golgi lumen in exchange with CMP by alternating its ligand binding site between the 

cytosolic and the luminal side of the Golgi membrane (162). Although there are not as per today 

3D structure model of the CST, an extensive body of work has started to elucidate CST:CMP-

Neu5Ac interactions both at the ligand and protein level, with the information today available 

being presented in Sections 1.5.2. and 1.5.3., respectively, and summarised in Figure 1.9 and 1.11, 

respectively. 

The first evidence suggesting the possibility to modulate cell-surface sialylation by targeting the 

activity of the CST came in the middle 1980s, when Kijima-Suda et al. were able to demonstrate 

that a CMP-Neu5Ac analogue KI-8110 (Figure 1.13) was able to reduce the cell surface exposed 

Sia of metastatic colon adenocarcinoma. In particular the reduction of the cell surface expressed 

sialic acid resulted in the inhibition of pulmonary metastasis of murine colon adenocarcinoma 26 

sublines of both high (NL-17) and low (NL-44) metastatic  potential in a mouse model (204,205), a 

result later confirmed also by the reduced ability of colorectal cancer cells treated with KI-8110 to 

form liver metastasis (206).  

The reduction of the cell surface sialylation was able to reduce platelet aggregation and inhibit 

cell growth stimulated by platelet derived growth factor (207); furthermore, desialylated 

cancer cells appeared to more readily bind to Kuppfer cells in the liver and to be cleared, resulting 

in a reduced metastatic potential (208). 

The comparison of the structures of KI-8110 and the natural occuring CMP-Neu5Ac (Figure 1.4, 

Section 1.3), allows an evaluation of the similarities between these compounds. Where CMP-

Neu5Ac has a cytidine, KM-8110 has a 5-fluorouridine, the oxydryl groups of the Neu5Ac moiety 

of the ligands are all acetylated and both the 2' and 3' of the ribose are protected with a 

isopropilidinic group. Altogether, these modifications confer a more hydrophobic character to the 
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ligand, besides an higher sterical hindrance. Furthermore, as previously described in Section 1.5.2 

(Page 23), while Neu5Ac and CMP are linked through a -glycosidic linkage, the anomeric centre 

of KI-8110 has an -O-linkage. Preliminary studies regarding the mechanism by which KI-8110 

could inhibit the cell surface sialylation led to the identification of STs as the cellular target for this 

a-sialoside (207). However in 1993 Harvey and Thomas were able to demonstrate that KI-8110 is a 

competitive inhibitor of the CST and therefore it was the inhibition of the translocation of CMP-

Neu5Ac into the Golgi  (Ki 0.56 mM) that caused the reduction of the cell surface sialylation rather 

than inhibition of the ST catalyzed transfer of Neu5Ac to glycan moieties of protein and lipids 

(165). This result, later confirmed by Tiralongo et al. (164), clearly identified the CST as a target for 

new anti-metastasis drugs. 

 

 

 

Figure 1.13: Structure of the CMP-Neu5Ac analogue KI-8110 synthethysed by Kijima-Suda et al. (205) and 

used to inhibit cell surface sialylation of a highly metastatic colon adenocarcinoma cell line. 
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1.8. Definition of investigation 

In the previous Sections, the roles of sialic acids (Sia) in both physiological and pahtological 

conditions were presented. Furthermore the families of proteins and enzymes involved in 

glycoprotein sialylation were introduced, with particular emphasis on the murine CMP-Neu5Ac 

transport protein (mCST), a member of the Nucleotide Sugar Transporter (NST) family responsible 

for the translocation of CMP activated Sias (Neu5Ac, Neu5Gc and KDN)  into the lumen of the 

Golgi apparatus.  

The correlation between increased cell surface sialylation and metastatic potential of cancer cells 

was also described, together with preliminary data that suggest it is possible to reduce the 

metastatic potential in vivo by reducing the cell surface exposed Sia through inhibition of the 

activity of the CST. Therefore CST represents an ideal target for the design of potent inhibitors of 

the metastatic pathway, a process that will be greatly enhanced by gaining structure-function 

information about this NST. To this point, the aims of this research project are: 

 

1) To identify novel strategies for expressing the mCST, in order to be able to  produce 

amounts of CST amenable for both structural and functional studies; 

 

2) To identify alternative investigational approaches to further characterize 

 mCST:CMP-Neu5Ac interactions at the molecular level and to start the  identification of 

amino acids responsible for substrate specificity; 

  

3) To identify detergent-mediated solubilization conditions able to preserve the  activity 

of the mCST and to identify the structure-functional unit of the CST; 

 

4) To crystallize the mCST by reconstituting detergent solubilised and purifed mCST 

 in a lipid bilayer to investigate to organization of the CST in physiological like 

 conditions and obtain three-dimensional structural information by means of cryo-
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 electron microscopy that could be exploited for the synthesis of novel anti-

 metastatis drugs. 
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Chapter 2 

 

The expression of the murine CMP-Neu5Ac transporter (mCST) in 

Escherichia coli:  Targeting the Sec dependent translocation 

machinery using prokaryotic leader peptides 

 

 

 

2.1.  Introduction 

2.1.1.  Expression of eukaryotic membrane proteins in Escherichia coli 

Membrane proteins represent approximately 30% of the total prokaryotic and eukaryotic 

proteome. However, of all the protein structures elucidated, integral membrane proteins 

represent only approximately 0.3%, with an even smaller percentage if only the structures of 

eukaryotic membrane proteins are considered (209,210). Despite the vast array of expression 
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systems currently available, and the miniaturization of crystallization platforms that require 

significantly less quantities of protein than was previously the case, the main bottleneck in 

eukaryotic membrane protein crystallization remains the quantitative expression and purification 

of functional protein (209,210).  

The successful expression of eukaryotic membrane proteins depends largely on the identification 

of the correct combination of expression construct with expression strain, and the tuning of the 

expression conditions (211). The problems encountered when the expression of eukaryotic 

proteins in prokaryotic systems is attempted often begin immediately after the transformation of 

the plasmid into the expression strain of choice. In some instances it is impossible to obtain 

transformed cells; alternatively, the transformed cells are not viable upon plating on agar 

supplemented with IPTG, indicating respectively either plasmid or protein toxicity (212). The 

nature of this toxicity at the molecular level is unclear but it seems to depend on both the gene of 

interest and the expression vector used, with a lack of viability upon transformation with empty 

vector also being observed (213). More commonly, the over-expression of eukaryotic proteins in 

E. coli, and in particular of eukaryotic membrane proteins, leads to their sequestering as inclusion 

bodies (214 and references therein). Over the past few years several reports have completely 

reversed the perception of inclusion bodies being static and insoluble aggregates of unfolded and 

biologically inactive proteins (215), to highly dynamic structures having the physiological role of 

transient storage of partially folded proteins (216).  

When high, non-physiological protein expression rates are induced (such as during plasmid driven 

protein over-expression), partially folded proteins escape the saturated cellular housekeeping 

protein quality control and/or membrane translocation machineries and they are transiently 

accumulated as inclusion bodies. Once protein over-expression stops, protein temporarily stored 

as inclusion bodies are mobilized and re-directed to the quality control pathways, where they will 

either be folded or degraded (217). While they represent a source of highly enriched over-

expressed recombinant protein, recovering proteins from inclusion bodies is labour intensive. 

Extraction of inclusion bodies, solubilisation with chaotropic agents like urea or guanidine 

hydrochloride, protein purification and subsequent refolding are obligatory steps prior to any 

further investigations (235-238).  

The identification of culture and expression conditions to successfully express difficult proteins in 

E. coli, including eukaryotic trans-membrane proteins, is a trial-and-error iterative approach in 

which the effect of different variables are tested -alone or in combination- until the optimal 

conditions are identified. The culture and expression variables most commonly investigated vary 
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from the optimization of expression construct, for example by removing proteolytic digestion-

sensitive sites by site directed mutagenesis (239-241), to the co-expression of rare tRNAs poorly 

expressed in E. coli, a typical example of which is represented by the rare Arg codons AGA or AGG 

(218-222). Alternatively, rare codon bias can be overcome by employing genes that have been 

codon optimized for E. coli (223,224).  Furthermore, the stability of  a eukaryotic membrane 

protein mRNA can be increased by fusing its coding sequence with solubility enhancers/stabilizers 

such as Glutathione S-Transferase (GST) from Shistosoma japonica (225), E. coli’s Maltose Binding 

Protein (MBP) (226), N utilization substance A (NusA) (227), or Thioredoxin (TRX) (228). These tags 

are generally engineered in such a way to contain a cleavage site to allow their removal when 

required (229) and at least in the case of GST, MBP and TRX they offer the advantage to facilitate 

protein purification by means of affinity chromatography (225,226,228,230). The saturation of the 

cellular Sec dependent translocation machinery can be minimised by reducing the temperature at 

which protein over-expression is conducted as low as 15 ºC (231) eventually in combination with  

the co-expression of chaperone proteins (232-234).  

Altogether, these variables suggest the need to identify and tailor expression conditions in a 

protein-dependent manner; an ‘all purpose’ expression strategy capable of expressing membrane 

proteins regardless of their origin and topology remains to be identified. Nevertheless, E. coli still 

remains the starting point for the heterologous expression of recombinant proteins. In fact, E. 

coli, which is considered a ‘safe’ micro-organism (NIH Guidelines for Research Involving 

Recombinant DNA Molecules, 2002), is easy to use and cost effective, with standardized genetic 

manipulation techniques well established (235).  

 

2.1.2.  The expression of the mCST in Escherichia coli: a novel expression strategy 

The mCST was the first NST to be expressed in E. coli as a C-terminally HA tagged construct, where 

it was possible to retrieve a functional transporter from the inclusion bodies fraction (162). Upon 

inclusion bodies purification, solubilisation, refolding and reconstitution of the mCST into artificial 

phosphatidylcholine liposomes, recovery of CST substrate translocation activity could be 

measured by its ability to translocate CMP-Neu5Ac, with CMP able to competitively inhibit 

substrate translocation (162). The reconstituted transport system was specific for CMP-Neu5Ac 

with translocation being dependent on the integrity of the proteoliposomes membrane, 

incubation time, protein concentration and temperature (162). Moreover, if the proteoliposomes 

where pre-loaded with CMP before being used for reconstitution, the CMP-Neu5Ac transport 

system exhibited the same trans-acceleration phenomenon previously observed in Golgi vesicles 
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preloaded with CMP (236) further supporting the nature of the CST as a solute carrier able of 

translocating two substrates by means of an antiport mechanism (162). 

Since the early steps of protein secretion and membrane integration overlap (237,238), to 

minimise formation of inclusion bodies and as alternative to a time consuming expression 

conditions scouting as outlined in Section 2.1.1, a secretional expression strategy was 

investigated. For this purpose we prepared a number of alternative mCST constructs in which the 

mCST coding sequence was fused with signal peptides of secreted or TM E. coli proteins, thus 

permitting the translocation of the polypeptidic chain at least across the inner membrane 

(239,240). This expression strategy aimed to target the mCST to E. coli Sec dependent 

translocation machinery and minimise the formation of inclusion bodies, permitting refolding 

within a membrane environment that could allow the production of properly folded and 

therefore functionally active protein suitable for both structural and functional studies.  

Because the nature of the leader peptide has been previously shown to affect overall 

recombinant protein expression levels (265,266), three different commercially available 

expression vectors containing leader peptides or fusion tags were considered: pFLAG-ATS (OmpA 

leader peptide), pET22-b(+) (pelb leader peptide) and pMAL-2E (Maltose Binding Protein).  

The preparation of the OmpA-FLAG-mCST, MBP-mCST and pelb-mCST-His6 secretional expression 

construct will be discussed in Section 2.2.2, while their characterization will be presented in 

Section 2.3. 
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2.2.  Materials and methods  

 

2.2.1. Vectors, E.coli strains, media and reagents. 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) or MP Biomedical (Solon, 

OH, USA) unless otherwise specified, and were of the highest possible purity or Molecular Biology 

Grade.  

 

Milli-Q water (18.2 MΏ) produced with a Milli-Q Synthesis Apparatus, Millipore (Bedford, CA, 

USA) was used at all times. 

 

All the restriction enzymes were purchased from New England Biolabs (Ipswich, MA, USA).  The 

anti-His6, anti-GST and anti-MBP mAbs were purchased from Cell Signaling Technology (Danvers, 

MA, USA). Cloned Pfu DNA polymerase was purchased from Stratagene (La Jolla, CA, USA). 

 

The expression vectors used in this investigation are summarized in Table 2.1. 

 

TABLE 2.1: Expression vectors tested for the expression of the mCST in E. coli 

Vector name 

Tag Position 

Leader peptide 

or Tag 

Tag 

cleavage site 

Supplier 

pFLAG-ATS FLAG N-terminal OmpA n.a. Sigma Aldrich 

pET22-b(+) His6 C-terminal pelb n.a. Novagen
(#)

 

pMAL-2E MBP N-terminal MBP Enterokinase 
New England 

Biolabs 

(*) All expression vectors carry the Ampr selection marker; n.a.: not applicable; (#) Novagen 

(Madison, CA, USA). 
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Yeast extract, Tryptone and Bacteriological Agar No. 1 were purchased from Oxoid (Basingstoke, 

Hampshire, UK). LB media was prepared by adding 10 g Tryptone, 5 g Yeast extract and 10 g NaCl 

to 1 L of MilliQ Water and autoclaved at 121º for 20 min. If LB Agar plates had to be prepared, 10 

g of Bacteriological Agar N. 1 were added before autoclaving. Once the agar slurry was cooled to 

room temperature, the appropriate antibiotic was added as stated in Table 2.2.   

Chemically competent E. coli DH5  cells were used for all the genetic manipulations and they 

were purchased from Invitrogen (Carlsbad, CA, USA). E. coli BL21(DE3) and BL21(DE3)pLysS cells 

were purchased from Novagen while E. coli ER2508 were purchased from New England Biolabs. 

Electrocompetent E. coli BL21(DE3), BL21(DE3)pLysS and ER2508 cells were prepared according to 

Eppendorf Multiporator (protocol 4308 915.512-04/2002) and transformation was performed 

accordingly.  

 

TABLE 2.2: E. coli strains used in this study 

Strain Genotype Application 

DH5  

F
–
 Φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 

hsdR17 (rK
-
, mK

+
) phoA supE44 thi-1 gyrA96 relA1 tonA) 

Cloning 

BL21(DE3) F
–
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) Expression 

BL21(DE3)pLysS* F
-
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3) pLysS(cm

R
) Expression 

ER2508 

F
-
 ara-14 leuB6 fhuA2 Δ(argF-lac)U169 lacY1 lon::miniTn10(Tet

R
) 

glnV44 galK2 rpsL20(Str
R
) xyl-5 mtl-5 Δ(malB) zjc::Tn5(Kan

R
) Δ(mcrC-mrr)HB101 

Expression 

 (*) The strain BL21(DE3)pLysS carries a plasmid coding for the T7 lysozyme and the selective 

marker chloramphenicol. Untransformed BL21(DE3)pLysS cells were grown in the presence of 34 

g/mL of chloramphenicol. After transformation, BL21(DE3)pLysS cells were grown in the 

presence of both chloramphenicol and ampicillin (34 g/mL and 100 g/mL, respectively).  

 

 

2.2.2.  Construction of expression plasmids 
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The coding sequence of the mCST was amplified by PCR using 50 ng of plasmid pTrcME8HA as 

template (162), 8 pmol each of the relevant forward and reverse primers (Table 2.4), 2 mM dNTPs 

in the presence of 2.5 U cloned Pfu DNA polymerase, in a total volume of 100 L. The 

amplification conditions used are summarised in the following table (Table 2.3). 

 

 

 

 

TABLE 2.3: PCR amplification conditions 

Segment Number of cycles Temperature Duration 

1 1 95 ºC (initial denaturation) 2 min 

2 30 95 ºC (denaturation) 

55 ºC (annealing) 

72 ºC (elongation) 

45 sec 

30 sec 

2 min 

3 1 72 ºC (final elongation) 10 min 

 

Following amplification, the PCR products were analysed using 1% agarose gel electrophoresis to 

verify purity and size of the amplified product.  

After purification using Qiagen’s QIAquick gel extraction (Qiagen, Hambourg, Germany), both the 

PCR product and the corresponding expression vectors (Table 2.1) were digested overnight at 37 

ºC with the relevant restriction enzymes, at a ratio of 1 U/ g of DNA. The digested vectors were 

subsequently dephosphorylated with 0.1 U CIP at 37 ºC for 1 h. 

 

TABLE 2.4: Gene-specific primers used for PCR amplification of the mCST coding sequence 

Primer Orientation Sequence of primers used to amplify mCST* 
Vector 

Name 

Restriction 

Enzyme 



 

AM22 Fwd CCGCTCGAGATGGCTCCGGCGAGAGAAAATG pFLAG-ATS XhoI 

AM24 Rvs GGAAGATCTCACACCAATGATTCTCTCTTTTG  BglII 

AM19 Fwd 

 

CCGGAATTCATGGCTCCGGCGAGAGAAAATG 

 

pMAL-2E EcoRI 

AM20 Rvs AACTGCAGCCCACACCAATGATTCTCTCTTTTG  PstI 

AM13 Fwd CATGCCATGGCTCCGGCGAGAGAAAATG pET22-b(+) NcoI 

AM14 Rvs GGCCTCGAGCCCACACCAATGATTCTCTCTTTTG  XhoI 

(*)
 The restriction sites introduced by the primers are indicated in bold 

 

Ligation reactions were prepared in a total volume of 10 L containing ng of digested and 

dephosphorylated vector and a 3-fold molar excess of insert versus vector. The ligations were 

performed using a LigaFast Rapid DNA Ligation System (Promega, Madison, WI, USA) using 3 U of 

T7 DNA ligase per reaction. After incubation at 25 ºC for 30 min, the ligation reactions were 

directly transformed into chemically competent E. coli DH5  according the manufacturer’s 

instructions. Selection of transformed cells was performed by plating the transformation mixture 

on agar plates supplemented with 100 g/mL ampicillin. Integrity of the expression plasmids was 

verified by DNA sequencing using the sequencing primers shown in Table 2.5.  

 

s2566871
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Sequencing reactions were performed by the Australian Genome Research Facility (AGRF), 

University of Queensland (St. Lucia, Qld, Australia) on 700 ng plasmid DNA, using 3.2 pmol or 

either the forward (Fwd) or reverse (Rvs) sequencing primer (Table 2.5). 

 

 

2.2.3.  Protein expression 

The expression plasmids generated as outlined in Section 2.2.2, were transformed into the 

corresponding E. coli expression strains (see Table 2.2) by a standard electroporation method 

using a Multiporator as specified by the manufacturer (Eppendorf AG, Hamburg, Germany). The 

list of expression stains generated is reported in Table 2.6. Transformed cells were selected on LB 

agar plates supplemented with ampicillin and after overnight incubation at 37 ºC single colonies 

were used to inoculate 5 mL LB media supplemented with 100 g/mL ampicillin, and further 

incubated at 37 ºC, 220 rpm. After overnight incubation the cultures were diluted 1:100 in LB 

media supplemented with 100 g/mL ampicillin until an OD600 of 0.6-0.7 was reached. Following 

the removal of an aliquot of cells (un-induced cells), protein expression was induced by the 

addition of IPTG to a final concentration of 0.1 mM (induced cells). 

Three hours post induction cells were harvested (4000 x g, 15 min, 4 ºC) and suspended in PBS 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM NaH2PO4, pH 7.4,) supplemented with 

Complete-EDTA Free Protease Inhibitors Cocktail (Roche Applied Sciences) and 1 mM EDTA. Un-

induced and induced E. coli cells were lysed by 4 sonication cycles (30% output, 30 sec pulse, 30 

sec pause) using a Vibra Cell Amplitude Sonicator Probe (Sonics & Materials, Newtown, CT, USA). 

 

TABLE 2.6: Expression constructs generated in this study 

Expression 

vector 

Fusion protein 

generated 
(*)

 
Promoter 

Selection 

marker
(#)

 
Expression strain mAb 

pFLAG-ATS-CST 
OmpA-FLAG-

tac Amp BL21(DE3) anti-FLAG M1 
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mCST anti-FLAG M2  

pMAL-2E-CST MBP-mCST tac Amp ER 2508 anti-MBP 

pET22-CST pelb-mCST-His6 T7lac 

Amp 

Amp/Cm 

BL21(DE3); 

BL21(DE3)pLysS 
anti-His6 

(*) 
leader peptide (italics), detection and purification tags (bold), 

(#) 
Amp: ampicillin, Cm: chloramphenicol. 

 

 

2.2.4.  Protein quantitation 

Protein quantitation was performed using the BCA Protein Quantitation Kit from Pierce (Rockford, 

IL, USA) as specified by the manufacturer.  Standard curves were prepared with bovine serum 

albumin (0-2 mg/mL). Samples and standards absorbance was read with a Viktor3 1420 Multilabel 

Counter (PerkinElmer, Waltham, MA, USA) at 595 nm. 

 

2.2.5.  SDS-PAGE and Western blotting 

2.2.5.1. SDS-PAGE 

SDS-PAGE was performed according to Laemmli et al. (241). Gels, 0.75 mm thick, were cast by 

overlaying a 10% (w/v) acrylamide running gel slurry with a 4% (w/v) acrylamide stacking gel. 

Protein samples were denatured at 30 ºC for at least 15 min prior to electrophoresis in a modified 

2X sample buffer (0.125 M Tris-HCl pH 6.8, 4% SDS, 20% (w/v) Glycerol, 0.2 M DTT, 0.02% (w/v) 

Bromophenol Blue) containing 7 M urea and 2 M thiourea). SDS-PAGE gels were run at the 

constant voltage of 150 V in a MiniProtean 3 Electrophoresis Cell (Biorad, Hercules, CA, USA).  

 

2.2.5.2. Western blotting 

Proteins separated by SDS-PAGE as per Section 2.2.5.1 were electrotransferred on PVDF 

membranes for immunodetection.  Both the gel and methanol activated PVDF membrane were 

equilibrated in a modified Towbin buffer (242,243) (25 mM Tris, 192 mM Glycine, 10% (v/v) 

Methanol) for 15 min, followed by  electrotransfer at 25 V for 1 h by means of a SD Semi-Dry 

Transfer Cell (Bio-Rad, Hercules, CA, USA). At the end of the transfer the membrane was rinsed 
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with Tris-Buffered Saline (TBS, 20 mM Tris, 150 mM NaCl, pH 7.4) supplemented with 0.1%  (w/v) 

Tween-20 (TBST), followed by incubation with 2% (w/v) skim milk powder in TBST (blocking 

solution) for 1 h at room temperature. After three 5 min washes with TBST, the membrane was 

incubated at 4ºC with the corresponding anti-tag primary antibody (Table 2.5, 1:10,000) diluted in 

blocking solution, and incubated overnight with gentle shaking. After three 5 min washes with 

TBST, the membrane was incubated for 1 h at room temperature with the secondary antibody, 

goat anti mouse horse radish peroxidase conjugate, also diluted in blocking solution. Following 

three 5 min washes with TBST, the membrane was incubated for 5 min with premixed detection 

reagent (SuperSignal West Sub Pico Mole Chemiluminescent Substrate; Pierce), wrapped in Cling 

Wrap and exposed to X-Ray film (X-Omat Diagnostic Film, Kodak) in a X-ray film cassette. Exposed 

X-ray film was developed using a 1:4 dilution of GBX developer and replenisher solution (Kodak) 

and fixed with a 1:4 dilution of GBX fixer replenisher solution (Kodak). 

  

2.2.6.  Evaluation of intracellular targeting of OmpA-FLAG-mCST 

2.2.6.1. Cell lysis 

Induced E. coli cells were lysed by sonication after being converted into spheroplasts according to 

the lysozyme EDTA method previously described by Osborn et al. (244), using 100 g/mL of 

lysozyme. The spheroplasting efficiency was monitored either spectrophotometrically at 450 nm 

(245) or by direct observation under a light microscope. When 80% spheroplasting was achieved, 

usually following 10 to 15 min, cells were collected by centrifugation, washed and resuspended in 

transport assay buffer (10 mM Tris-HCl, 2 mM MgCl2, pH 7.0). 

 

2.2.6.2. Inner and outer membrane separation by self forming Percoll gradient 

Cell lysis was performed as described in Section 2.2.3 (Page 48), and the resulting total cell lysate 

was pre-cleared at 20,000 x g, 4 ºC, 30 min to remove unlysed cells, cell debris and inclusion 

bodies. A total membrane fraction was isolated from the resulting supernatant by ultra-

centrifugation at 100,000 x g, 4 ºC, 1 h, the final supernatant represented the cytoplasmic 

fraction. Isolated total membrane fractions were subjected to carbonate washes (246) and urea-

cholate washes as previously described by Newman et al. (247).  

The distribution of OmpA-FLAG-mCST was analysed by self-forming Percoll density gradient as 

described by Morein et al. (248). Briefly, a total membrane fraction was resuspended in 1 mL of 



 

 56 

10 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, pH 7.5 containing 16.2% (v/v) Percoll and then brought 

to a final volume of 33 mL with the same Percoll containing buffer. The mixture was mixed and 

subsequently centrifuged at 27,000 x g, 4 ºC, 30 min. Fractions of 1 mL were removed from the 

gradient and analysed by SDS-PAGE and Western blotting using anti-FLAG mAb M2 as described in 

Section 2.2.5. (Page49). 

 

2.2.7.  Evaluation of biological activity 

2.2.7.1. CMP-Neu5Ac translocation assay using spheroplasted and un-   

 spheroplpasted  E. coli cells. 

2.2.7.1.1. Spheroplasting 

Spheroplasting of both un-induced and induced E. coli cells was performed according to the 

lysozyme EDTA method previously described by Masters et al. (249). Briefly, cells were collected 

by centrifugation at 12,000 x g, 10 min, 4 ºC, and then washed twice with ice-cold 10 mM Tris-HCl 

buffer. The cell pellet was resuspended at a concentration of 12 mg/mL in 30 mM Tris-HCl pH 8.0, 

containing 20% (w/v) sucrose. Potassium-EDTA, pH 7.0 was added to the final concentration of 10 

mM while lysozyme was added at a final concentration of 50 g/mL, and gently stirred at room 

temperature for 30 min. MgSO4 was added at a final concentration of 15 mM, followed by the 

addition of both DNAse and RNAse to a final concentration of 100 g/mL. The cell suspension was 

further stirred at room temperature for 10 min before collecting the spheroplasts by 

centrifugation and washing them with transport assay buffer. 

 

2.2.7.1.2. CMP-Neu5Ac translocation assay: spheroplasted E. coli 

Intact and spheroplasted cells were combined with an equal volume of 2.5 M [3H]-CMP-Neu5Ac 

(2,000 dpm/pmol) in transport assay buffer (final volume 50 L) and incubated at 37ºC. Controls 

were afforded by the addition of 0.1 mM DIDS to the transport assay mixture. Translocation 

reactions were stopped by the addition of ice-cold mCST assay buffer supplemented with 250 M 

CMP-Neu5Ac (stop buffer). Intact or spheroplasted cells were either: (i) collected by 

centrifugation (4,000 x g, 15 min, 4 °C), washed with ice-cold stop buffer and incorporated 

radioactivity determined by scintillation counting in a MicroBeta counter (PerkinElmer), or (ii) 

collected onto a MultiScreen-BV 96-well plate (1.2 m, Durapore Membrane, Millipore) fitted to a 
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vacuum manifold, washed with ice-cold stop buffer and counted following the addition of 

scintillation cocktail in a PerkinElmer Microbeta scintillation counter (Walthman, MA, USA). 

 

2.2.7.2. CMP-Neu5Ac translocation assay: mixed PC-inner membrane        

 liposomes 

2.2.7.2.1. Preparative separation of inner and outer membrane by sucrose density gradient 

Quantitative amount of E. coli inner membrane to be used for the preparation of mixed inner 

membrane phosphatidylcholine liposomes, were prepared by the sucrose density gradient 

method previously described by Osborn and Munson (250).  Two hours post induction, E. coli cells 

expressing the OmpA-FLAG-mCST were collected by centrifugation at 16,700 x g, 4ºC, 5 min. After 

carefully removing any residual media from the centrifugation tubes, the cell pellets were 

resuspended in 0.75 M sucrose -10 mM Tris-HCl pH 7.8 at a ratio of  0.7 mL of the sucrose-buffer 

solution per 10 units of culture (measured at 600 nm), and then transferred into a beaker. 

Lysozyme (2 mg/mL) was added at a final concentration of 0.1 mg/mL and the cell suspension was 

incubated on ice for 2 min. Lysozyme-destabilised cells were then converted into spheroplasts by 

a two-fold dilution of the cells with ice cold 1.5 mM EDTA, with gentle stirring. Following 

centrifugation at 1,200 x g, 15 min to remove intact cells, spheroplasts were lysed by osmotic 

shock, obtained by four-fold dilution of the spheroplasts containing supernatant into ice cold 

water, with gentle stirring. The total membrane fraction was collected by centrifugation at 

250,000 x g, 2 h, 4 ºC. The pelleted total membrane fraction was resuspended in 25% sucrose – 5 

mM EDTA pH 7.5 and overlaid onto a 6 step sucrose gradient consisting of 30%, 35%, 40%, 45%, 

50% and 55% sucrose solutions (all prepared in 5 mM EDTA pH 7.5) in an UltraClear 

Ultracentrifuge tube. Inner and outer membrane separation was achieved by centrifugation at 

100,000 x g, 20 h, 4 ºC (Rotor SW32Ti). Fractions of 1 mL were removed from the gradient and 

analysed by SDS-PAGE and Western blotting using anti-FLAG mAb M2 as described in Section 

2.2.5. (Page 49). The fractions containing FLAG-mCST were pooled together, diluted with 1 mM 

EDTA pH 7.5 to a final sucrose concentration of 10% and the membrane collected by 

centrifugation at 250,000 x g, 2 h, 4 ºC.  

 

2.2.7.2.2. Preparation of mixed phosphatidylcholine-inner membrane liposomes 
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Phosphatidylcholine (PC) in chloroform was dried in a rotary evaporator and lyophilised. The lipid 

cake was hydrated with 10 mM Tris-HCl, pH 7.0 to a final concentration of 30 mg/mL and 

extruded 11 times using the Avanti Lipids MiniExtruder fitted with a polycarbonate membrane 

(200 nm pore size) to generate unilamellar vesicles of uniform size. The phosphatidylcholine 

suspension was then diluted to 3 mg/mL with 10 mM Tris-HCl, pH 7.0 and combined with an inner 

membrane fraction purified by sucrose density gradient as previously described (Section 2.2.7.2.1, 

Page 52) at a ratio of 1:10 (w/w). Fusion was induced by snap-freezing of the phosphatidylcholine-

inner membrane preparation in liquid nitrogen followed by thawing at room temperature. This 

was repeated 5 times, following which the mixed phosphatidylcholine-inner membrane 

proteoliposomes mixture was again extruded 11 times through a polycarbonate filter as described 

above and used immediately. 

 

2.2.7.2.3. CMP-Neu5Ac translocation assays  

Transport assays using mixed phosphatidylcholine-inner membrane proteoliposomes were 

performed by combining equal volumes of 2.5 M [3H]-CMP-Neu5Ac (2,000 dpm/pmol) in 

transport assay buffer with proteoliposomes (final volume 50 L) followed by incubation at 37 ºC, 

5 min. A negative control was established by the addition of 0.1 mM DIDS to the transport assay 

mixture. Translocation was terminated by passing the reaction mixture through Sephadex G-50 

resin pre-loaded into Multiscreen-BV 96-well plate (1.2 m, Durapore Membrane, Millipore) as 

previously described (162) and counted following the addition of scintillation cocktail in a 

PerkinElmer Microbeta Counter (Walthman, MA, USA). 
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2.3.  Results 

In order to minimize inclusion bodies formation associated with the over-expression of the mCST 

in E. coli (162) a secretional over-expression strategy was investigated. This strategy is based on 

the ability of prokaryotic leader peptides belonging to both secreted (pelb and MBP) or TM 

proteins (OmpA) to target recombinant protein to the E. coli Sec dependent translocation 

machinery. By doing so the translocation of the leader peptide-mCST construct at least through 

the cellular membrane is required.  

 

2.3.1. Expression of OmpA-FLAG-mCST in E. coli  

2.3.1.1. Expression of OmpA-FLAG-mCST 

Protein expression trials found that mCST expression was optimal at 15°C and an IPTG 

concentration of 0.1 mM, with little or no expression at higher temperatures and IPTG 

concentrations. The expression of OmpA-FLAG-mCST was tightly controlled by the IPTG inducible 

tac promoter (Figure 2.1 A) and was not observed in E. coli transformed with pFLAG-mCST (Figure 

2.1 B, upper panel, lane 2) unless IPTG was added (lanes 3). Figure 2.1 B lane 6 clearly shows that 

a significant proportion of OmpA-FLAG-mCST was associated with the E. coli membrane fraction 

isolated by differential centrifugation. No OmpA-FLAG-mCST was detected in the cytoplasmic 

fraction (lane 5). As previously observed (162), recombinant mCST was also sequestered in the 

inclusion body pellet (lane 4). It would appear that the accumulation of mCST in inclusion bodies 

is unavoidable even when using low temperatures and low IPTG concentrations.  

The OmpA signal sequence when used to target recombinant protein to the periplasm is 

frequently removed by a signal peptidase following translocation of the protein across the inner 

membrane. The removal of the OmpA signal sequence following expression of OmpA-FLAG-mCST 

was explored using the anti-FLAG mAb M2 that recognizes a FLAG sequence regardless of its 

position within the protein and anti-FLAG mAb M1 that only binds a free N-terminal FLAG-tag 

(specificity of antibodies is represented diagrammatically in Figure 2.1A). Figure 2.2 B (lower 

panel) shows that a single band below 30 kDa was detected in the total cell (lane 3), inclusion 

body pellet (lane 4) and membrane fraction (lane 6) using anti-FLAG mAb M1. Recognition by anti-

FLAG mAb M1 suggests that OmpA-FLAG-mCST was being proteolytically processed. However, 

based on band intensity (20 g protein loaded per well), the majority of recombinant mCST 

expressed in E. coli retained the OmpA signal sequence. This is demonstrated in lane 3 (Figure 2.1 

B upper panel), where 2 discrete bands are visible using anti-FLAG mAb M2.  
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Figure 2.1: (A) The mCST was expressed in E. coli fused to an N-terminal OmpA signal sequence and FLAG-

tag under the control of a tac promoter. (B) OmpA-FLAG-mCST expression was performed at 15°C by the 

addition of 0.1 mM IPTG for 3 h. Total cell lysates from un-induced (lane 2) and induced (lane 3) E. coli, 

inclusion body (lane 4), cytoplasmic (lane 5) and membrane (lane 6) fractions were separated by SDS-PAGE 

and analysed by immuno-blot (lane 1; Mr markers) using anti-FLAG mAb M2 (upper panel) and anti-FLAG 

mAb M1 (lower panel). The binding epitope of anti-FLAG mAb M2 and anti-FLAG mAb M1 are represented 

diagrammatically. Twenty micrograms of protein were loaded in each lane. 

 

2.3.1.2. OmpA-FLAG- mCST is integrated into the E. coli inner membrane 

To characterize the integration of recombinant mCST within the E. coli membrane, both sodium 

carbonate/sodium chloride and urea/cholate washes were performed on isolated total 

membrane fraction. Under these conditions membrane proteins that are loosely or partially 

associated with a membrane are released leaving membrane proteins integrated into the lipid 

bilayer unaffected.   

 

 

Figure 2.2: (A) The integration of FLAG-tagged mCST was analysed by incubating a total membrane fraction 

(lane 1) with sodium carbonate (lane 2) and sodium carbonate containing 0.3 M NaCl (lane 3) and 3 M NaCl 

(lane 4), with lane 5 showing that mCST could not be extracted from the membrane (pellet following 

washes, lane 5). (B) Additional washes of a total membrane fraction (lane 1) with 5 M urea (lane 2, urea 
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soluble) followed by treatment with sodium cholate (lane 3, cholate soluble; lane 4, cholate insoluble)  

shows that recombinant mCST is integrated within the membrane and can only be partially solubilized by 

this detergent. 

Figure 2.2 A shows that sodium carbonate/sodium chloride washes (lane 2-4) released little or no 

recombinant mCST, with the majority of protein remaining associated with the stripped 

membrane fraction (lane 5). A similar result was observed following incubation of membranes 

with 5 M Urea (Figure 2.2 B, lane 2). Even treatment of membranes with a high concentration 

(6%) of sodium cholate only led to partial solubilisation (Figure 2.2 B, lane 3) of the mCST, with a 

significant quantity still associated with the membrane (Figure 2.2 B, lane 4). 

To determine the exact localization of recombinant mCST, the low density outer- and the high-

density inner-membranes were isolated from a total membrane fraction using a self forming 

Percoll density gradient. Clear fractionation of the outer and inner membrane was achieved, as 

indicated by two distinct protein fractions (Figure 2.3 A). Comparison of the Western blot of 

individual Percoll fractions (Figure. 2.3 B) with the protein profile clearly shows that FLAG-tagged 

mCST co-localises with the E. coli inner membrane. Taken together, these results show that the 

OmpA signal sequence when fused to the N-terminal of mCST targets the protein to the E. coli 

inner membrane followed by insertion. 

 

 

Figure 2.3: Total E. coli membrane were fractioned on a self-forming 16.2% Percoll density gradient. One mL 

Percoll fractions were removed beginning at the top of the centrifuge tube and analysed for protein content 
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(A) and FLAG-tagged mCST content by Western blotting using anti-FLAG mAb M2 as the primary antibody 

(B). Twenty micrograms of protein was loaded per well. 

 

 

2.3.1.3. Evaluation of biological activity 

 

2.3.1.3.1. CMP-Neu5Ac translocation assay performed using spheroplasts and un-  

 spheroplasted E. coli cells. 

 

Functionality of recombinant mCST was analysed by testing the ability of intact and spheroplasted 

cells to accumulate CMP-[3H]Neu5Ac. The level of passive diffusion was measured through the 

addition of 0.1 mM DIDS to assays performed in parallel. DIDS is a non-competitive inhibitor of 

anionic transport systems (251) that has previously been used as a mCST negative-control 

(164,166).  

Intact (un-spheroplasted) E. coli cells were unable to transport CMP-Neu5Ac, however significant 

accumulation of CMP-[3H]Neu5Ac was achieved upon spheroplasting (Figure 2.4). CMP-

[3H]Neu5Ac accumulation was also dependent on the presence of mCST since spheroplasts 

prepared from un-induced cells were unable to transport CMP-[3H]Neu5Ac (Figure 2.4).  
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Figure 2.4: Intact un-spheroplasted E. coli (white bars) and spheroplasted (black bars) cells were tested for 

CMP-Neu5Ac transport activity. Un-induced and IPTG induced E. coli cells were collected by centrifugation 

(low throughput) following incubation with CMP-[
3
H]Neu5Ac. Only spheroplasted E. coli accumulated CMP-

[
3
H]Neu5Ac, with IPTG induced E. coli spheroplasts transporting significant greater CMP-[

3
H]Neu5Ac than 

un-induced E. coli.  

 

This is consistent with the E. coli outer membrane being impermeable to CMP-Neu5Ac (due to 

exclusion size of non-specific porins of approximately 600 Da) and the absence of an endogenous 

transport system capable of transporting CMP-Neu5Ac into intact E. coli (252) Figure 2.4 also 

shows that the CMP-Neu5Ac transport assay utilising spheroplasted E. coli cells expressing mCST 

can also be adapted to a high throughput system where cells are collected on Multiscreen 96-well 

plates instead of via centrifugation (low-throughput). Even though spheroplasted E. coli cells 

containing mCST are capable of transporting CMP-[3H]Neu5Ac, the nature of the spheroplasting 

methods used or the destabilizing effect of the membrane integrated mCST, led on occasion to 

complete cell lysis, and hence difficulty in consistently generating spheroplasts suitable for assays. 

Therefore, the ability of mixed proteoliposomes containing mCST that could easily be generated 

from isolated inner membranes, independent of spheroplasting, to transport CMP-Neu5Ac was 

investigated. 

 

2.3.1.3.2.  CMP-Neu5Ac translocation assay performed using mixed E. coli   

  inner membrane – phosphatidylcholine proteoliposomes. 

E. coli inner membranes were isolated using a sucrose density gradient for preparation of PC-

inner membrane mixed proteoliposomes for transport assay. Following sucrose density gradient 

and protein quantitation, SDS-PAGE and Western blotting were used to detect the localization of 

the OmpA-FLAG-mCTS (Figure 2.5).  
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Figure 2.5: Protein content profile of fractions removed from sucrose gradient separation of total E. coli 

membrane (A) and detection of the OmpA-FLAG- mCST by Western blotting using anti-FLAG mAb M2 as 

primary antibody (B).  

 

The total membrane fraction appears separated into 4 discrete major fractions, high density (H) 

and three low density fractions (L1, L2 and L3) (Figure 2.5 A). The gradient fraction profile 

resembles data previously obtained for E. coli and other Gram-negative bacteria such as S. 

typhimurium (250). Moreover, as detected by Western Blotting, the mCST is present in the low 

density fractions corresponding to E. coli’s inner membrane (Figure 2.5 B), confirming what was 

previously observed using a Percoll self forming density gradient (Figure 2.3). The fractions 

positive for OmpA-FLAG-mCST (27-31,33,34) were pooled together and used to prepare the mixed 

PC-inner membrane proteoliposomes. 

 

2.3.1.3.3. Recombinant mCST integrated into the E. coli inner membrane is   

  functional. 

Figure 2.6 shows that proteoliposomes generated by fusing phosphatidylcholine liposomes with 

isolated E. coli inner membranes by freeze-thawing and extrusion were capable of CMP-

[3H]Neu5Ac transport, with this activity being inhibited by the specific inhibitor CMP (160). Due to 

the high sequence homology between the mCST and UDP-galactose transporter, the ability of the 

mCST to translocate UDP-galactose was investigated. As shown in Figure 2.6, the recombinant 

mCST was specific for CMP-Neu5Ac with no transport of UDP-galactose observed, indicating 

absolute substrate specificity of the mCST. 
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Figure 2.6: Mixed PC-E. coli inner membrane proteoliposomes (black bar) specifically accumulated CMP-

[
3
H]Neu5Ac, with the addition of CMP (the corresponding nucleotide, cNT; white bar) significantly inhibiting 

transport.  

 

2.3.2. Expression of MBP-mCST in E. coli 

Analysis of total cell lysates following IPTG induction showed the presence of multiple anti-MBP 

reactive bands of molecular weight between 40 and 70 kDa (Figure 2.7 B, lane 2), the latter 

compatible with the size of the full length MBP-mCST construct. Optimal expression conditions 

were identified as 15 ºC, 0.1 mM IPTG and 3 h induction. Protein expression was tightly regulated 

with virtually no expression detected in E. coli ER2508 transformed with the pMAL-2ECST, until 

IPTG was added (Figure 2.7 B, lane 1).  

To assess if the lower molecular weight protein detected as anti-MBP reactive bands originated 

during sample preparation or during protein expression by intracellular degradation, the amount 

of protease inhibitors used during sample preparation was increased from 1× to 10× (Figure 2.7 B, 

lane 3). As it can be observed, increasing the amount of protease inhibitors did not significantly 

reduce the lower molecular weight anti-MBP reactive band. 
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Figure 2.7: (A) The mCST was expressed in E. coli fused to an N-terminal MBP under the control of a tac 

promoter. (B). Expression of the MBP-mCST construct in E. coli ER2502 was performed at 15 °C by the 

addition of 0.1 mM IPTG for 3 h. The MBP-mCST construct can be observed as a mAb MBP reactive band of 

approximately 70 kDa (lane 2), with no expression detected in cells transformed but without inducing 

protein expression with IPTG (lane 1). To investigate the nature of the low molecular weight mAb anti MBP 

reactive bands, cell lysis was performed in the presence of 10× protease inhibitors (lane 3). The same band 

pattern can be observed in total cell membrane fraction (lane 4), leading to the hypothesis that they 

represent MBP-mCST constructs differently truncated at the mCST level ( mCST). 

 

Furthermore, the same pattern can be observed if the total membrane fraction obtained from 

induced E. coli cells is analysed (Figure 2.7 B, lane 4). This result indicates that the MBP can target 

the MBP-mCST construct to either the inner and/or outer membrane of E. coli. The presence of 

such a complex mixture of MBP-tagged full-length and truncated mCST construct indicated that a 

multi-step purification approach would have been required in order to purify a full length 

transporter. Because such a purification approach would have increased the length of time in 

which the protein is in contact with detergents and therefore increased the risks of protein 

denaturation or aggregation due to extensive delipidation, this expression method was not 

pursued further. 

 

2.3.3, Expression of pelb-mCST-His6 in E. coli 

Under the initial expression conditions tested, no expression of the pelb-mCST-His6 construct 

could be detected. A toxicity test was performed by plating BL21(DE3) and BL21(DE3)pLysS cells 

transformed with the pelb-mCST-His6 construct on LB agar, LB agar-ampicillin and LB agar-

ampicillin-IPTG (212). However after overnight incubation, the number of colonies observed on 
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the ampicillin and ampicillin-IPTG plates was only slightly different suggesting that plasmid or 

protein toxicities were not accountable for the lack of expression. Substituting ampicillin with the 

more stable derivative carbenicillin  and including the antibiotic also during the induction, did not 

change the outcome. To further investigate if the lack of protein expression was due to culture 

and/or induction conditions, a screening for alternative expression conditions was conducted, 

summarised in the Table 2.7. However, following protein expression and Western blot analysis of 

total cell lysates no expression of pelb-mCST-His6 construct was observed. 

 

 

TABLE 2.7: Expression conditions tested with the pelb based system 

Alternative expression conditions  

Temperature 15, 20, 25 and 30 ºC 

Induction strenght 0.1 to 1 mM IPTG 

Media composition TB, Autoinduction media         amino acid residues(*) 

Induction lenght (h) 1, 2, 4, 8, 12, 16        position and flanking amino acids 

Expression strain BL21(DE3) 

  

 

 

2.4. Discussion 

Our interest in probing the transport activity of the mCST, and generating protein suitable for 

structural elucidation, led us to explore the concept of targeting protein expression to the E. 

coli’s inner and/or outer membrane by means of a secretional expression strategy. Previous 

attempts at expression in E. coli resulted in the quantitative sequestering of recombinant 

mCST as inclusion bodies. This was very likely due to the combined effect of both the high 

temperature used during the induction and the strength of the induction (37 ºC and 1 mM 
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IPTG, respectively (162)), together with the absence of a N-terminal leader peptide in the CST 

sequence able to efficiently target the growing polypeptide chain to the cell membranes 

(157). 

In order to target the mCST to either the inner or the outer membrane of E. coli, an 

alternative secretional expression strategy based on the use of both prokaryotic leader 

peptides and (pelb and OmpA) and the fusion tags MBP was investigated. Although the 

integration of trans-membrane proteins into E. coli’s inner membrane might follow protein 

specific integration pathways (253) it is nowadays accepted that multiple targeting 

mechanisms are able to deliver a variety of precursor proteins to a common membrane 

translocation complex of the E. coli inner membrane (254,255). Both the pelb, OmpA leader 

peptides and the fusion tag MBP have been successfully used to target the expression of 

recombinant soluble protein to either the periplasmic space or to the outer media by 

targeting the fusion constructs to the E. coli Sec dependent translocation machinery 

(214,256). In the periplasm a signal peptidase removes the signal sequences, releasing the 

constructs into the periplasmic space or promoting their insertion into the outer membrane 

(257). Furthermore, as previously discussed in Section 2.1.1. (Page 41), these prokaryotic leader 

peptides and fusion tags have also been shown to exert a stabilizing effect at the mRNA level thus 

favourably affecting the overall expression level. 

 

Expression and characterization of the OmpA-FLAG-mCST construct -The OmpA signal peptide 

consists of 22 amino acids from the E. coli’s Outer Membrane Protein A that is involved in phage 

sensitivity and ionic transport (258). Its ability to mediate translocation across the E. coli inner 

membrane via the Sec dependent translocation machinery has been used to successfully target 

the expression of soluble proteins to the periplasmic space (239,240,259,260), and to target 

membrane proteins with a single TM domain to the inner membrane of E. coli (266,287). 

However, the ability of the OmpA signal sequence to target eukaryotic membrane proteins to 

the E. coli inner membrane has, to our knowledge, only been observed for proteins with a 

single helical membrane anchor (266,287).  

Although OmpA-FLAG-mCST expression does not require a T7 RNA polymerase producing E. coli 

expression strain, the lysogenic strain BL21(DE3) carrying a genome integrated sequence coding 

for the T7 RNA polymerase (T7 RNAP) under the lac5UV promoter, was chosen. Like other BL21 E. 

coli strains, BL21(DE3)  offers the advantage of being deficient in both the lon and OmpT 
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proteases increasing the stability of the over-expressed construct before and during purification 

(261-263). The expression of OmpA-FLAG-mCST in E. coli BL21(DE3) resulted in the integration 

of recombinant mCST within the inner membrane, with isolated inner membrane fractions 

incorporating functional mCST being able to accumulate CMP-Neu5Ac. 

The specific CMP-Neu5Ac transport activity associated with the inner membrane fraction 

determined following the formation of mixed proteoliposomes (8.3 ± 1.8 nmol/mg/min) was 

found to be approximately 750-fold higher than that previously reported for mCST isolated 

from E. coli inclusion bodies (0.68  ±  0.20 nmol/mg/h) (162). The significant difference in 

specific activity reflects, firstly, the difficulties associated with recovering functional protein 

from inclusion bodies and, secondly, the importance of the membrane environment for 

correct membrane protein folding, stability and activity. Interestingly, the CMP-Neu5Ac 

specific transport activity observed in intact spheroplasts was slightly higher (16 ± 2 

nmol/mg/min) than what was observed in mixed proteoliposomes, and higher than what was 

previously observed in both Golgi reconstituted liposomes (138) and S. cerevisiae over-

expressing the mCST (264).  

Such differences in specific activity are probably due to the dramatic differences in the lipid 

composition of E. coli inner membrane (75-80% phosphatidylethanolamine, 20% 

phosphatidylglycerol, 5% cardiolipin) (265) compared with the Golgi membrane (50% 

phosphatidylcholine, 20% phosphatidylethanolamine, 6% phosphatidylserine, 12% 

phosphatidylinositol) (266)  and phosphatidylcholine proteoliposomes. It is possible to 

speculate that altering the lipid composition of the membrane in which the transport protein 

is embedded not only alters the physiological asymmetry of the lipid bilayer leaflets (267), but 

also affects the overall fluidity of the lipid membrane, and therefore the lateral pressure 

exerted on the protein itself (268,269). In our system, the CMP-Neu5Ac translocation specific 

activity appears to correlate with the phosphatidylethanolamine content of the membrane in 

which the mCST is embedded.  This stimulatory effect of phosphatidylethanolamine on the 

activity of TM proteins has been previously observed.  

Protein kinase C (270), CTP:phosphocholine cytidylyltransferase (271), the small multidrug 

resistance transporters EmrE and TBsmr (272), the lactose permease (273) and several cation-

dependent ATPAses (274-276) exhibited activities directly correlated to the 

phosphatidylethanolamine content of membranes in which they were embedded. The 

molecular bases for the stimulatory effect induced by phosphatidylethanolamine on these TM 
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proteins is not fully understood, however it appears to depend on the cone shape of the 

phosphatidylethanolamine molecules and their tendency to form curved mono- layers. This 

results in a decreased head group pressure but an increased acyl chain pressure (277).  As a 

consequence of this differential lateral pressure exerted on the surrounding membrane 

proteins, the normal conformational changes required by such proteins to mediate their 

function, their intrinsic conformational flexibility and even the equilibrium between 

alternative conformations can be affected, which is reflected in the overall activity 

(268,269,278-280).  Nevertheless, although the altered lipid composition might be 

responsible for the higher specific activity of the mCST, it did not change the transporter’s 

substrate specificity, as shown by the inability of the OmpA-mCST construct to translocate 

UDP-Gal despite the high sequence homology between CST and UGT. 

In a way similar to that seen for the human Na+/glucose co-transporter (281) where targeting 

the E. coli inner membrane was enhanced by the deletion of a short N-terminal hydrophilic 

region, insertion of the mCST appears to be reliant on hydrophobic TM domains becoming 

trapped in the Sec translocase, followed by subsequent migration and folding within the 

membrane (231,309). Interestingly, analysis of membrane integrated recombinant mCST by 

immuno-staining showed that the OmpA signal sequence was removed in a small but 

significant proportion of recombinant protein expressed, presumably by a periplasmic signal 

peptidase. This indicated that in a given population of recombinant mCST the N-terminus was 

being translocated across the inner membrane to face the outer, periplasmic side such that 

the OmpA signal cleavage site was accessible to the signal peptidase. Topology prediction 

(171) and the positive-inside rule, which dictates that clusters of positively charged residues 

adjacent to hydrophobic segments face the outside side of the Golgi membrane (282), reveals 

that the mCST N-terminus should reside on the cytoplasmic side. Based on this, it is therefore 

likely that a subset of recombinant mCST (possibly where the N-terminus has been fully 

translocated across the inner membrane) becomes incorporated within the inner membrane 

in a misfolded and hence inactive state. Although not supported by experimental evidence, it 

might also be possible that the extremely high content of phosphatidylethanolamine of E. coli 

inner membrane (75-80%, (265)) might relax the stringency of the ‘positive-inside’ rule 

allowing dual topology (283). This is when the integration of the OmpA-FLAG-mCST occurs 

also in the opposite direction, giving both the Omp+ (right side in) and the Omp- (inside out) 

constructs, respectively. Nevertheless, based on data reported here, targeting mCST 
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expression to the inner membrane via the Sec translocase appears to largely favor correct 

folding since significant levels of specific CMP-Neu5Ac transport activity were observed. 

This study represents the first report of a signal sequence being used to successfully target, 

and subsequently integrate, a functional mammalian nucleotide sugar transporter within the 

E. coli inner membrane.  

 

Expression and characterization of the MBP-mCST construct- Maltose Binding Protein (MBP) is a 

43.4 kDa periplasmic space resident protein involved in the metabolism of glucose polymers, also 

referred to as maltodextrin (284). Due to its cellular localization MBP also must be translocated 

across the E. coli inner membrane, translocation that is also mediated by the Sec apparatus. The 

strain ER2508, a malE strain, is protease deficient and was chosen to express the MBP-mCST 

construct because it is unable to produce endogenous MBP that might interfere with both protein 

detection and eventually with affinity purification by means of amylose resin (285).  

Upon inducing the expression of the N-terminally MBP tagged mCST construct, a band of a size 

compatible with the full length MBP-mCST construct and a number of lower  molecular weight 

anti-MBP mAb reactive bands in the range of 40 -70 kDa could be observed. Moreover, the 

production of these lower MW species was not apparently influenced by protease inhibitors, as a 

10 fold increase in the amount used during sample preparation did not reduce their formation. At 

least two hypotheses can be formulated to explain the origin of such low MW products: 1) one or 

more alternative inner START codons are used during transcription or 2) they originate as the 

result of house keeping proteases that recognize partially unfolded or misfolded proteins.  

The anti-MBP mAb used in this study recognizes an epitope situated within the first 70 amino 

acids of the MBP sequence (source: Cell Signaling Technology), sequence that does not contain 

alternative translational START codons that might have been used by the E. coli translation 

machinery to originate the low molecular weight anti-MBP reactive bands detected after SDS-

PAGE and Western blotting. 

Alternatively, it is possible that the degradation of the MBP-mCST construct takes place during or 

after translocation across E. coli inner membrane. As shown, the MBP is able to target the MBP-

tagged construct to E. coli membrane compartment. However, according to the ‘positive inside 

rule’ and based on the results previously obtained with the OmpA-FLAG-mCST, the intracellular 

orientation of the mCST N-terminal might create a topological discrepancy with the MBP 
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periplasmic localization resulting in misfolded or partially unfolded MBP-mCST constructs. 

These could be recognized by house keeping proteases during or after translocation across 

the membrane, and then proteolytically cleaved, leading to a mixed population of full length 

and degraded MBP-mCST constructs (286). The lack of detectable anti MBP reactive bands of 

molecular weight lower than 40 kDa might suggest that the mCST moiety of the MBP-mCST 

construct is preferentially degraded, leaving full length MBP as by product.MBP has 

successfully been used to target the expression of soluble recombinant proteins to E. coli 

periplasmic space (287,288) and also for the expression of both prokaryotic (289) and eukaryotic 

membrane proteins (290-292).   When the expression of N-terminal MBP-tagged small membrane 

proteins from M. tuberculosis was attempted in E. coli, the vast majority of the over-expressed 

constructs could be retrieved from inclusion bodies, regardless of their membrane topology and 

the number of TM domains (289). A small proportion of the constructs was however also 

expressed in a soluble form, indicating the ability of the MBP tag to function as a folding scaffold 

for small membrane protein moieties. However, no investigation regarding the membrane 

localization of such constructs was conducted. MBP was also used to target the expression of 

eukaryotic membrane proteins to E. coli inner membrane as was also the case for the M2 

muscarinic acetylcholine receptor (290), and more recently, of the rat neurotensin receptor 

(319,320). The overlapping topology of these membrane proteins having their N-termini toward 

the outer side of eukaryotic cell plasma membrane corresponding to the periplasm localization of 

the MBP might be the key element for the success of this expression strategy. As shown by our 

attempt to express the MBP-mCST construct in E. coli, this may be its limiting factor for a wider 

applicability. 

 

Expression and characterization of the pelb-mCST-His6 construct -The signal peptide pelb consists 

of 22 amino acids from the B isoform of Erwinia carotovara’s pectate lyase (EC4.2.2.2), an enzyme 

secreted into the outer environment where it is involved in the degradation of pectin in rotting 

vegetable cell walls (293). This leader peptide directs the polypeptide chain to the Sec dependent 

translocation machinery of E. coli (294,295) and has been successfully used to target the 

expression of soluble proteins both to the periplasmic space (296) and the extracellular 

environment (297). The pelb leader signal sequence has also been used to target the expression 

of TM proteins to the outer membrane of E. coli, such as in the case of cytochromes (298). For the 

expression of the pelb-mCST-His6 construct the strain BL21(DE3)pLysS was chosen. This strain has 

the advantage of the parental BL21(DE3) strain, but carries a constitutively expressed T7 lysozyme 
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gene that is a natural inhibitor of the T7 RNA Polymerase and reduces the polymerase availability 

after its synthesis is induced by IPTG. Although reducing the T7 RNA Polymerase and therefore 

expression level might seem a contradiction at first, this system is specifically designed to 

eliminate the residual ‘basal’ expression of the T7 RNA polymerase from the lac5UV promoter 

that might induce toxicity effects before starting protein over-expression by IPTG induction (299). 

The presence of rare codon tRNAs coding for Arg, Gly, Pro, Ile and Leu has long been associated 

with the lack of eukaryotic protein expression. Rare codons are in fact present in the mCST gene 

sequence where they represent about 6% of the total amino acid content (Table 2.8).  

 

TABLE 2.8 Rare codons amino acid used in the mCST coding sequence and their abundance 

 

Because the T7 lysozyme contains 30% Arg, Gly, Pro, Ile, its constitutive expression in E. coli 

BL21(DE3)pLysS cells might have depleted the cellular tRNAs pool for such amino acids. With this 

in mind, protein expression was also tested in the parental BL21(DE3) strain previously used for 

the successful expression of the OmpA-FLAG-mCST construct. However, no protein expression 

could be detected under any of the conditions tested. 

 

As an alternative approach to expressing eukaryotic membrane proteins in E. coli, we examined 

an expression system based on the gram positive bacteria Lactococcus lactis (Chapter 3). 

Amino acid Total number in mCST sequence 

Number of rare codon in  

mCST sequence 

Percentage 

Arg 8 8 (AGA) 100 

Gly 22 5 (GGA) 22 

Ile 19 3 (AUA) 16 

Leu 47 2 (CUA) 4 

Pro 7 3 (CCC) 47 
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Chapter 3 

 

Lactococcus lactis as host for the expression of the  

murine CMP-Neu5Ac transporter (mCST) 

 

3.1.  Introduction 

3.1.1.  The Nisin-Induced Controlled Expression system (NICE) 

Lactococcus lactis is a Gram-positive lactic bacterium used in the fermentation of food products, 

and for this reason is referred to as a ‘food grade’ bacteria, or of GRAS (Generally Regarded As 

Safe) status (300). The enormous economical interest rising from the applications of lactic 

bacteria in the dairy industry has driven their extensive characterization over the last 20 years. 

The genome sequencing of three different strains has been completed (301,302), their physiology, 

ecology and biochemical pathways have been elucidated and genetic manipulations have been 

established and standardised (303,304). Lactic acid bacteria, such as Lactobacillus spp., have long 

been used to attenuate acute diarrhoea thanks to their ability to lower intestinal pH, decreasing 

colonization and invasion by pathogenic organisms, and modifying the host immune response 

(305). Its safety for human health and the possibility to scale up L. lactis culture to industrial-level 
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fermentors have allowed its use as a host for large scale production of biologically active proteins 

or peptides of pharmacological relevance. Among them there are drugs such as interferon alpha 

(306) and lysostaphin, a glycylglycine endopeptidase active against S. aureus infections (307,308). 

Similarly, the possibility to use L. lactis cells both as drug and vaccine-delivery vehicles has been 

extensively investigated. Among other applications, L. lactis has been used for the topic delivery 

of interleukin-10 for the treatment of inflammatory bowel disease in animal models (309) and for 

both oral and intranasal immunisation against hepatitis B (310), rotavirus (311) and influenza 

(312).  For this purpose, several L. lactis expression strains, in combination with different 

expression vectors optimised for protein secretion, intracellular expression and cell surface 

display have been established (313), with the NICE expression system being among the first to be 

described (314). 

In its mature form, nisin is a 34 amino acid antibiotic peptide containing unusual amino acids, 

such as dehydrobutyrrine, dehydroalanine, lanthionine and -methylanthionin (315).  Its mode of 

action is quite complex, being based on nisin’s ability to interact with both negatively charged 

phospholipids of the cellular membrane and, by binding to lipid II, creating pores through which 

small molecular weight molecules can diffuse. This affects the cell membrane potential and 

inhibits peptidoglycan synthesis, leading to cell death (316,317). Nisin synthesis begins as a 57-

residue precursor molecule which is enzymatically modified to generate the unique amino acids 

described above. Following translocation across the cellular membrane nisin is converted to its 

mature form before being released into the outer environment (318-320).  The nisin biosynthetic 

pathway is encoded by a cluster of 11 genes, nisABTCIPRKEFG. The first gene, nisA codes for the 

nisin precursor; nisB, nisC, nisP and nisT code for enzymes involved in amino acid modification, 

cell membrane translocation and processing; nisI, nisF, nisE and nisG are involved in cellular 

immunity to the antibiotic, (321). NisK is a cell membrane associated nisin receptor that upon 

nisin binding undergoes self-phosphorylation, resulting in the transfer of a phosphate group to 

the cytoplasmic responsive element NisR, thus activating it. In its active form, NisR acts as 

translational activator of the NisA and NisF promoters (322). In the configuration used in this 

study, the NICE expression system is based on the L. lactis nisin producing strain NZ9700, the L. 

lactis expression host NZ9000 and the expression vector pNZ8084. The expression strain NZ9000 

was created by integrating the signal transduction genes nisK and nisR into the genome of the 

plasmid free parental strain MG1363 by means of insertional disactivation (323). Protein 

expression is achieved by adding nisin to a NZ9000 culture in which the gene of interest is under 

the control of the nisA promoter PnisA, either on a plasmid (324), such as in the case of plasmid 

pNZ8084, or directly into the host’s genome (325). The plasmid pNZ8084 is one of the most 
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widely used expression vectors. It is based on the pSH17 replicon that allows duplication, and 

therefore all the genetic manipulations, in both E. coli and L. lactis (349,351), with a Camr 

selective marker (326). The Nisin A based expression system is diagrammatically represented in 

Figure 3.1.  

 

Figure 3.1: The Nisin A expression system. The genes encoding NisK and NisR are integrated in the 

chromosome of L. lactis NZ9000. A plasmid vector with the gene of interest downstream of the nisA 

promoter region is electroporated into L. lactis NZ9000 and plasmid selection is performed with either 

chloramphenicol (Cm
R
) or erythromycin (Ery

R
). Purified nisin A or the culture supernatant from the nisin A

-

producing strain NZ9700 is used to induce the expression of the gene of interest. Reproduced from Kunji et 

al. (326). 

 

3.1.2.  Expression of trans-membrane proteins in L. lactis 

Recently, L. lactis in combination with the NICE expression system has been used to express both 

prokaryotic and eukaryotic membrane proteins in quantities amenable for both functional and 

structural studies (353-356). The tight regulation offered by the NICE expression system, with no 

protein expression in un-induced cells, and the ability to finely tune the expression level by 

varying the amount of nisin used for induction, makes the system extremely useful to express 

proteins (such as membranes proteins). That is such fine regulation negates the toxic effect on the 

expression host that usually compromises cell viability and both expression levels and yields.  L. 

lactis offers some further striking advantages if compared to E. coli: it does not produce 

endotoxin; it does not form inclusion bodies and it possesses low protease activity (326). Even 

more importantly, being a Gram-positive organism, L. lactis has one single membrane, ie the 

cellular membrane, while Gram-negative bacteria, such as E. coli, are bound by two membranes, 

s2566871
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referred to as cellular (or inner) and outer membrane. The structures of Gram-negative and Gram-

positive cells walls are shown in Figure 3.2. 

Having a membrane protein integrated into the cellular membrane with the correct topology, also 

allows cells expressing such proteins to be directly used in functional assays such as binding or 

transport assay with minimal sample preparation, since the over-expressed protein would be 

directly exposed to the outer environment. Frequently, it is enough to simply buffer exchange the 

recombinant protein-expressing cell in the required buffer and incubate them in a proper buffer 

containing the relevant substrate, usually isotopically labelled, and then proceed to detection 

(326-328). 

Several prokaryotic integral membrane proteins with 2 to 12 TM domains have been successfully 

expressed in L. lactis using the NICE expression system, ranging from ATP-binding cassette, to 

major facilitator superfamily and mechanosensitive ion channels (326). In all cases the expressed 

proteins were correctly targeted to the cellular membrane and they all were correctly oriented 

into the cellular membrane, as predicted by the positive inside rule, with expression levels up to 

tens of milligram per litre of culture. Also, these recombinant proteins were functionally active, 

allowing functional assays using whole cells to be established (326). In more recent years the 

expression system has been used to produce eukaryotic membrane proteins, including yeast 

s2566871
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mitochondrial carriers and the human KDEL receptor of the endoplasmic reticulum (326). Some of 

the carriers were previously expressed in E. coli, but they could only be retrieved form inclusion 

bodies with little integration into the membrane (329,330). When expressed in L. lactis these 

trans-membrane proteins were both targeted to the cellular membrane and were functionally 

active even if their expression levels were lower than prokaryotic counterparts (327). Due to 

these promising reports, the L. lactis based NICE expression was trialled as an expression system 

for the mCST. 

 

3.2.  Material and methods 

3.2.1.  Reagents, media and strain 

All reagents were purchased from Sigma-Aldrich (St. Louis, Florida, USA) and MP Biomedical 

(Solon, OH,USA) and unless otherwise stated were of the highest purity possible or Molecular 

Biology Grade.  

 

Milli-Q water (18.2 MΏ) produced with a Milli-Q Synthesis apparatus, Millipore (Bedford, CA, USA) 

was used at all times. 

 

Restriction enzymes, Calf Intestine Phosphatase (CIP) and anti-His6 mAb were purchased from Cell 

Signaling Technology (Danvers, MA, USA). 

  

Cloned Pfu DNA Polymerase was purchased from Stratagene (La Jolla, CA, USA).  

 

M17 Broth and Bacteriological Agar No. 1 were purchased from Oxoid (Basingstoke, Hampshire, 

UK). 

 

The L. lactis expression strain NZ9000, the nisin producing strain NZ9700 and the plasmid 

pNZ8084 were purchased from NIZO Food (Ede, The Nederlands, EU). 
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SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP_3.0/) was used to analyse both the mCST 

primary sequence (Q61420) and the Maltose Binding Protein (P0AEX9) to identify putative leader 

peptidases cleavage sites. 

 

3.2.2.  L. lactis cultivation 

Both L. lactis strain NZ9000 and NZ9700 were grown under aerobic conditions, without shaking, in 

M17 media (331) supplemented with 0.2 M glycine, 0.5 M sucrose and 25 mM glucose (SGM17). 

After dissolving M17 Broth (37.25 g/L), sucrose and glucose in 900 mL of MilliQ water, the media 

was autoclaved at 121 ºC for 20 min. Once cooled at room temperature, 100 mL of a filter 

sterilized 2 M glycine solution were added, to a final concentration of 0.2 M.  SGM17 agar plates 

were prepared by adding 1.2% (w/v) Bacteriological Agar No. 1 to M17 media before autoclaving. 

When required, chloramphenicol was added to the final concentration of 5 g/mL. 

 

3.2.3.  Preparation of electrocompetent L. lactis NZ9000 

Electrocompetent L. lactis cells were prepared according to Kunji et al, (326). Briefly, a 5 mL 

overnight culture of L. lactis NZ9000 was diluted 1:50 into 400 mL of SGM17 and further 

incubated at 30 °C until OD600 reached 0.5-0.7. At this stage, the cells were collected by 

centrifugation at 5,000 x g, 4 °C, 15 min, resuspended in 50 mL of sterile ice cold wash solutions 

(0.5 M sucrose, 10% (w/v) glycerol in MilliQ water) and collected by centrifugation. This step was 

repeated twice. The cell pellet obtained after the last wash was resuspended in 2 mL of the ice 

cold wash solution, divided into 100 L aliquots, snap-frozen in liquid nitrogen and then stored at 

-80 ºC until required. 

 

3.2.4. PCR amplification, ligation and transformation 

The mCST coding sequence was PCR amplified using 8 pmol of gene-specific primers (Table 3.1), 

50 ng of plasmid pTrcME8HA (162) as template in the presence of 2.5 U Cloned Pfu DNA 

polymerase (Stratagene) in a final volume of 100 L. Amplification was performed as described in 

Chapter 2, Section 2.2.2. (Page 46). 

http://www.cbs.dtu.dk/services/SignalP_3.0/
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TABLE 3.1 Gene-specific primers used for PCR amplification of the wild type mCST coding 

sequence 

Vector  Primers Orientation Sequence 
(*)

 Restriction site 

pNZ8084 AM25 Fwd CAT GCCATGGCTCCGGCGAGAGAAAAT G NcoI 

 AM27 Rvs GCTCTAGATCAGTGATGGTGGTGATGATGCACACCAA 

TGATTCTCTCTTTTG 

XbaI 

(*) 
The restriction site introduced with each primer is indicated in bold. PCR amplification was performed 

using a BioRad iCycler in the presence of 2 nm dNTPs and 1% DMSO (v/v).  

 

After amplification, the PCR product was purified by means of QIAquick Gel Extraction Kit, and 

incubated overnight in the presence of 1 U of NcoI and XbaI per g of DNA. 

The expression vector pNZ8084 was also double digested with the same restriction enzymes and 

dephosphorylated with 0.1 U CIP at 37 ºC for 1 h. Ligation reactions were prepared in a total 

volume of 10 L containing ng of digested and dephosphorylated vector and a 3-fold molar 

excess of insert versus vector. The ligations were performed using a LigaFast Rapid DNA Ligation 

System (Promega, Madison, WI, USA) using 3U of T7 DNA ligase per reaction. After incubation at 

25 ºC for 30 min, the ligation reactions were directly transformed into electrocompetent L. lactis 

NZ9000. 

Transformation of electrocompetent L. lactis NZ9000 with the ligation mix was performed using 

the Eppendorf Multiporator according to the manufacturer’s instructions. Briefly, 100 L of 

competent cells and 2 L of the ligation reaction were mixed in a 1 mm gap electroporation 

cuvette and a pulsing voltage of 2 kV ( 5 ms) was applied. Immediately after pulsing, 1 mL of ice 

cold SGM17 supplemented with 20 mM MgCl2 and 2 mM CaCl2, was added directly to the 

electroporation cuvette.  

The transformation mixture was transferred into a sterile 1.5 mL Eppendorf tube and incubated at 

30 ºC for 2 h, without shaking. Selection of transformed cells was performed by plating the 

transformation reaction on SGM17 media agar plates supplemented with 5 g/ml of 

chloramphenicol (SGMA-CH), and incubated at 30ºC until colonies were detectable (24-48 h). 

Overnight cultures prepared using single colonies growing on SGMA-CH selective plates, were 
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diluted 1:1000 into 100 mL of SGM17 supplemented with 5 mg/mL of chloramphenicol (SGM-CH), 

and incubated at 30ºC overnight, without shaking until an OD600 of approximately 3 was reached. 

The cells were then collected by centrifugation and plasmid extraction was performed using the 

QIAGEN Plasmid Midi Kit (Hilden, Germany, EU), according to a modified protocol designed for 

Gram-positive bacteria (332).  

Briefly, the cells were collected by centrifugation at 3,000 x g, 5 min, 4 ºC and then washed twice 

in 20 mL STE buffer (6.7% sucrose, 50 mM Tris-HCl pH 8, 1 mM EDTA). After the second wash the 

cell pellet was resuspended in 4 ml of STE buffer supplemented with 10 mg/mL lysozyme (76,000 

U/mg) and 20 U/mL mutanolysin, and incubated at 30 ºC with gentle shaking. After 2 h the SDS-

NaOH lysis buffer (provided with the QIAGEN Plasmid Midi kit was added, Lysis Buffer, P2) was 

added and the protocol used for plasmid extraction from E. coli was resumed without further 

modifications. Plasmid concentration was determined spectrophotometrically and plasmid 

integrity was determined by DNA sequencing using the same primers used for cloning (Table 3.1). 

 

 

3.2.5.  Nisin induced expression of the mCST in L. lactis NZ9000 

3.2.5.1. Preparation of nisin containing media 

A single colony of  the nisin producing L. lactis strain NZ9700 was used to inoculate a 50 mL SGM 

17 culture which was then incubated at 30 ºC until the OD600 reached 0.5-0.7. At this stage, the 

cells were collected by centrifugation at 8,000 x g, 30 min, 4 ºC.  The nisin containing supernatant 

was transferred into a clear tube without disturbing the cell pellet, filtered through a 0.2 m filter, 

divided into 1 mL aliquots and frozen at -20 ºC until further required. 

 

3.2.5.2. Time course protein expression, SDS-PAGE and detection 

A single colony of L. lactis transformed with the pNZ8084 harbouring the mCST sequence was 

used to inoculate a 5 mL culture of SGM17-CH, and incubated at 30 ºC without shaking. After 

overnight incubation, the culture was transferred to one litre of SGM17-CH media, and further 

incubated at 30 ºC until OD600 was 0.5-0.7. At this stage 10 mL of the culture was removed, the 

cells collected and frozen at -20 ºC until further required. This aliquot represented the un-induced 

sample. The remaining culture was supplemented with 990 L of the nisin containing media 
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(prepared as described in Section 3.2.5.1., Page 76) to induce protein expression and further 

incubated at 30 ºC for 3 h. Every hour a 300 mL fraction of the induced culture was removed, its 

OD600 recorded and cells collected by centrifugation (8,000 x g, 4 ºC, 15 min) and frozen at -20 ºC 

until further required. Un-induced and induced cell pellets were thawed in ice and resuspended in 

ice cold 50 mM Tris-HCl pH 8.0, supplemented with Complete EDTA free protease inhibitors 

cocktail, 10 mg/mL lysozyme (76,000 U/mg) m D m PMSF and incubated on ice for 

1 h. To ensure complete cell lysis, the cell suspension was then sonicated on ice for 15 s, with 1 

min pause between subsequent sonications. This was repeated until the suspension was 

completely clear. After protein quantitation, performed as per Section 2.2.4. (Page 49), g of 

total protein cell lysate from both nisin un-induced and induced cell was analysed by SDS-PAGE, 

transferred onto PVDF membrane and detected by chemioluminescence after incubation with 

mAb anti-His6 and Goat anti-mouse horse radish peroxidase as described in Section 2.2.5. (Page 

49). 

 

 

3.2.5.3.   Isolation of cell membrane 

Cell fractionation and membrane purification from induced L. lactis transformed with the 

pNZ8084 plasmid harbouring the mCST sequence, was performed using the French Press 

disruption method described by Otto et al,(333). Three h post induction, the cells were collected 

by centrifugation at 6,500 x g, 15 min, 4 ºC and immediately resuspended in 100 mM potassium 

phosphate buffer, pH 7.0, supplemented with 1 mM PMSF, 1 mM EDTA and Complete EDTA free 

protease inhibitors cocktail (Roche). Lysozyme was then added to a final concentration of 10 

mg/mL and the mixture was incubated on ice for 1 h. Cells were lysed with 2 passages through a 

French pressure cell, at 20,000 psi. MgSO4 and DNAse I were added to the cell lysate to the final 

concentration of 10 mM and 0.1 mg/mL respectively, and incubated at 30 ºC for 15 min. The cell 

lysate was then spun at 11,000 x g, 15 min, 4 ºC, to give a low spin supernatant and the low speed 

pellet. The low speed supernatant, containing the membrane vesicles was transferred to a L-100 

XP ultracentrifuge (Beckman, Fullerton, CA, USA) and spun at 150,000 x g, 1 h, 4 ºC (Rotor Type 

90). The membrane fraction was resuspended in 100 mM potassium phosphate buffer 

supplemented with protease inhibitor and 10% glycerol, divided into aliquots, snap-frozen in 

liquid nitrogen and stored at -80 ºC until required. After protein quantitation by means of a BCA 

Assay, detection of the mCST-His6 tagged protein in the membrane fraction was performed by 

SDS-PAGE and blotting as previously described in Sections 2.2.4. and 2.2.5. respectively (Page 49). 
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3.2.5.4. CMP-Sia transport assays with whole L. lactis cells.  

Functionality of recombinant mCST was analysed by testing the ability of intact and nisin un-

induced and induced L. lactis cells to accumulate CMP-[3H]Neu5Ac. Transport assay were 

performed by combining equal volumes of 2.5 M [3H]-CMP-Neu5Ac (2,000 dpm/pmol) in mCST 

assay buffer (10 mM Tris-HCl pH 7, 2 mM MgCl2) with equal volumes of nisin induced and un-

induced L. lactis cells (also resuspended in the assay buffer) followed by incubation at 37 °C, 5 

min. The level of passive diffusion was measured through the addition of 0.1 mM DIDS to assays 

performed in parallel.  

 

 

 

3.3.  Results  

3.3.1.   Expression of mCST in L. lactis NZ9000 

The expression of mCST-His6 in both nisin un-induced and induced samples was detected by 

Western Blotting following SDS-PAGE fractionation of total cell lysates prepared as described in 

Section 3.2.5.2. (Page 76). As shown in Figure 3.3 B, one single band of approximately 28 kDa was 

detected as early as one hour post induction in nisin-induced samples, reaching a maximum 

intensity after 3 h. No protein was detectable in the nisin un-induced sample, confirming the tight 

regulation of the nisin based expression system. The size of the immunoreactive protein is, 

however, smaller than expected the molecular weight of 30 kDa that was observed when the 

construct of similar size (OmpA-FLAG-mCST) was expressed in E. coli (Section 2.3.1., Page 54 ),  
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Figure 3.3: (A) The C-terminally His6-tagged mCST was expressed in L. lactis NZ9700 under the 

control of the nisA promoter (B) mCST-His6 expression was performed at 30 °C by the addition of 

nisin A to a final dilution of 1:1,000 for up to 3 h. Mr: molecular weight markers; Total cell lysates 

from un-induced (lane 1) and induced L. lactis obtained one, two and three hours post induction 

(lanes 2, 3 and 4 respectively), were separated by SDS-PAGE and analysed by immuno-blot using 

anti-His6  mAb. Twenty micrograms of protein were loaded in each lane.  

 

To determine if the expressed mCST-His6 was integrated into the cellular membrane, a cell 

membrane fraction from nisin-induced cells was prepared as described in Section 3.2.5.3. (Page 

77). After SDS-PAGE fractionation and Western Blot, the comparison of the mCST detectable in 

the total cell lysate (Figure 3.4, lane 2) and the cellular membrane fraction (Figure 3.4, lane 3), 

shows that the totality of the over-expressed mCST is associated with the cellular membrane. 

 

Figure 3.4: Cell fractioning of induced L. lactis cells. Mr: molecular weight markers; Lane 1: total 

cell lysate; un-induced; lane 2: total cell lysate, induced; Lane 3: (membrane fraction). The totality 

of the over-expressed mCTS-His6 construct, as detected in the total cell lysate (lane 2) is 
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associated with the cellular membrane fraction (lane 3). Fifty micrograms equivalent of protein 

were loaded in each lane. Fifty micrograms of protein were loaded in each well. 

          

3.3.2.  Evaluation of biological activity 

Although truncated and despite the nature of the degradation, the mCST-His6 construct expressed 

in L. lactis might have preserved its ability of substrate translocation, providing new information 

regarding the structure-function relationship of the transport protein. To verify this hypothesis, 

whole cells, both nisin un-induced and induced were used to set up CMP-Neu5Ac translocation 

assays as described in Section 3.2.5.4. (Page 77). However, after several attempts, it emerged that 

the truncated mCTS was not capable of substrate translocation, as shown in Figure 3.5. 
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Figure 3.5: Example of CMP-Neu5Ac translocation assay performed with both nisin-un-induced and induced 

L. lactis cells expressing the truncated mCST-His6 construct. As shown no CMP-Neu5Ac accumulation could 

be detected. 

 

3.3.  Discussion 

The Gram-positive bacteria L. lactis was used as an alternative expression host to E. coli, to 

express the mCST as a C-terminally His6-tagged construct. After expression, SDS-PAGE and 

Western Blotting of total cell lysates from un-induced and induced L. lactis cells, the mCST-His6 

could be detected as a 28 kDa protein.  With a molecular weight of 36.4 kDa as deduced by amino 

acid composition, and an approximately 1 kDa contribution from the His6 tag, the experimental 

molecular weight is much lower than what is expected. This difference between the expected and 

experimental MW values can not simply be explained as the result of anomalous electrophoretic 
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migrations of hydrophobic proteins upon SDS denaturation (362,363), since the very similar 

construct FLAG-mCST migrated as a protein of apparent molecular weight of 32 kDa on SDS-PAGE 

(Chapter 2, Section 2.3.1.1. Page 54). 

Two hypothesis might explain the formation of the 28 kDa mCST construct: 

Signal peptidase degradation. Since the early steps of the Sec dependent protein secretion 

pathway and the integration into the cellular membrane partially overlap, the SignalP 3.0 server 

was used to predict the presence of a putative secretional Sec-type signal peptide and a relevant 

cleavage site in the mCST-His6 (334). 

 

 

Figure 3.6: SignalP 3.0 result window obtained when the mCST sequence is analysed with the 

Gram-positive neural network, in order to identify putative signal peptide and relevant cleavage 

site. Red line, C score: probability of cleavage site; green line: probability of signal peptide; in 

blue: predicted cleavage site. 

 

As shown, in Figure 3.6, a putative leader peptidase cleavage site is recognized between Ala25 

and Ala26. If this processing took place, a protein of approximatively 33,667 Da would be 

generated: assuming that the 1-25mCST-His6 protein has the same electrophoretic mobility shift 

as the full length construct, a hypothetical molecular weight of approximatevily 28 kDa could be 

predicted. However despite the physical and chemical similarities between the first 25 amino acid 

of the mCST and a typical prokaryotic leader peptide as shown in Figure 3.7, there are two striking 

differences that may exclude the mCST from being processed by a Type I SPase during its early 

integration steps across the cellular membrane. 
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Figure 3.7: Comparison between the typical structures of a secretional signal peptide recognized by Type I 

Signal Peptidases (bottom line) and the first 25 amino acid of the mCST sequence (top line), recognized as 

signal peptide by SignalP 3.0. In green, positively charged amino acids; in blue, hydrophobic amino acids; in 

red, the cleavage sequence. Black arrow, cleavage site predicted by SignalP 3.0, green arrow: expected 

cleavage site for Type I SPases. Bottom, the signal peptide of the Maltose Binding Protein pre-protein, 

analysed using the SignalP 3.0 (335). 

 

 

First the -strand conformation of the Ala-X-Ala sequence required for SPAses processing (336) 

contradicts the -helix topology predicted for the first TM domain of the mCST (171). Secondly, 

the SignalP 3.0 prediction software identifies the most likely cleavage site between Ala25 and 

Ala26, while if the sequence was processed by Type I SPases, the cleavage should take place 

between Ala26 and Try27, which would then become the first amino terminal amino acid of the 

truncated His6 tagged construct. Altogether and despite the similarities between 1-25mCST-His6 

and a typical Gram-positive secretional signal peptide, this data indicate that the putative signal 

peptide and cleavage site identified by the prediction algorithm SignalP 3.0 is a false positive 

result and signal peptidase degradation can not explain the lower than expected observed 

molecular weight of the mCST-His6 construct as detected after SDS-PAGE.  

Utilisation of an internal START codon. More likely, the truncated mCST-His6 protein could have 

originated if an alternative ATG codon was used by L. lactis translational machinery as a START 

codon more efficiently than Met1. While this phenomenon has never been described for proteins 

over-expressed in L. lactis before, when the mCST protein was expressed in both E. coli (162) and 

in COS cells (157,171) a construct of approximatively 28 kDa could be detected together with the 

full length CST.   

It is known that mRNA secondary structures affect the efficiency of translational initiation both in 

eukaryotic (337) and in prokaryotic organisms (338,339) among which is L. lactis (340). The 

analysis of the mRNA of the CST shows that the Shine Dalgarno sequence on the pNZ8084 plasmid 
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can form one intermolecular hairpin-loop secondary structure with a downstream portion of the 

mCST coding sequence including its translational start codon. With a free energy of -4.8 kcal/mol, 

if this secondary structure also occurred in vivo, it hindered the sites required for correct 

assembly of the translation machinery and therefore inhibits the synthesis of the full length 

mCST-His6 construct.  Even if this hypothesis has not been verified, Met20 could be the secondary 

Met used as a translational start codon. The construct starting in this position would have a 

molecular weight of 35,077 Da, including the His6 tag contribution. Assuming the same 

electrophoretic shift as per the full length construct, it should be detected after SDS-PAGE and 

blotting as an immunoreactive band of approximately 28 kDa, in agreement with what is shown in 

Figure 3.3.  

Moreover when nisin-induced L. lactis cells over-expressing the mCST were used to set up 

translocation assays, it was not possible to detect any CMP-Neu5Ac intake, suggesting that the 

truncated form of the mCST, although associated with the cellular membrane fraction, was unable 

to perform CMP-Neu5Ac translocation. Such a result, assuming that the 28 kDa mCST-His  

truncated construct resulted from the utilisation of Met20 as translation start, appears to suggest 

the importance of the first N-terminal amino acids for either the structure or the activity of the 

mCST and would enable the identification of the 1-19 mCST as a new transporter mutant 

(167,168,176).  

In order to overcome the difficulties encountered when expressing the mCST in both E. coli and L. 

lactis, an eukaryotic expression system based on the methylotrophic yeast Pichia pastoris was 

investigated and will be presented in the following chapter. 

 

 

Chapter 4  

 

The expression of the murine CMP-Neu5Ac transport protein 

(mCST) in Pichia pastoris: A preliminary structure-function  



 

 90 

relationship investigation by Saturation Transfer Difference 

Nuclear Magnetic Resonance (STD NMR) spectroscopy 

 

 

4. 1.  Introduction 

4.1.1.  Investigation of trans-membrane protein ligand interactions 

Over half of all drugs on the market target integral membrane proteins (341). However, 

crystallization and structure determination of these proteins for use in the drug discovery process, 

particularly for highly hydrophobic trans-membrane-spanning proteins, has proven problematic. 

In fact, integral membrane proteins represent less than 1% of the available crystal structures 

(341). An approach much utilized to by-pass the problems involved with the solubilisation and 

purification of trans-membrane proteins, involves the generation of the recombinant soluble 

forms of the catalytic/receptor domain, which is dealt with as a soluble protein. This approach 

however does not account for the contribution of the membrane anchor domain(s) to the overall 

protein structure and therefore potentially protein function.  

Today there are several analytical approaches available to investigate TM proteins-ligand 

interactions, with the choice of method depending on the nature of the protein, its abundance, its 

physiological status and the availability of substrate and/or inhibitors (342). Among these 

approaches there are techniques like patch clamp (343), fluorescence quenching (344,345), 

surface plasmon resonance (346), isothermal titration calorimetry (347) and scintillation proximity 

(342,348). Functional assays, based on the ability of vectorial substrate translocation or binding, 

have long been the only method available to perform TM protein-ligand interaction studies 

involving transporter proteins. In its basic set up, the protein of interest, either as whole cells, 

organelles or after reconstitution into artificial liposomes, is incubated in the presence of labelled 

substrate. At the end of the reaction time, the membrane protein is collected by centrifugation 

(349), vacuum filtration (164) or gel filtration (140) and the amount of labelled substrate 

associated with the membrane protein is then quantitated. This basic set up can be used to 

investigate the effect of protein and substrate concentration, temperature, pH, buffer 

composition, as well as known or putative inhibitors.  
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These assays were, and still are, extensively used for the biochemical characterization of NSTs, a 

class of highly conserved type III membrane proteins responsible for the translocation of 

nucleotide sugars from the cell cytosol into the lumen of the endoplasmic reticulum and/or the 

Golgi apparatus (136,138-141,143,145,152,160,264,350,351).  

Transport assays of this nature have also been used for the biochemical characterization of the 

CST. Kinetic properties and substrate specificity were investigated by means of a transport assay 

using CST obtained from both sources naturally expressing the transport protein like rat liver 

(138,160,164) and, more recently, after its expression in both S. cerevisiae  and E. coli 

(162,164,264). S. cerevisiae in particular, has long been used as the expression host of choice to 

study NSTs, including the GDP-Man transporter (352), UDP-galactose transporter (353), UDP-Glc 

transporter (354), UDP-N-acetylglucosamine transporter (355) and the mCST (264).  

As mentioned in Chapter 1 (Section 1.4., Page 20) several reports indicating that NSTs are capable 

of multiple substrate translocation have emerged in recent years. For these reasons, and because 

the number of putative NSTs exceeds the number of nucleotide sugars requiring transport, 

background-free systems suitable for the recombinant expression of quantitative amounts of 

NSTs are required.  

Fort this purpose, the expression of the mCST in two different prokaryotic organisms, E. coli and L. 

lactis, were presented in Chapter 2 and Chapter 3, respectively. Both organisms do not express 

endogenous CST and therefore they are ideally situated to perform structure-function 

relationship investigations of the transport protein in a background free system. In E. coli it was 

possible to express a functionally active mCST by exploiting the cellular Sec translocation 

machinery and targeting the transporter to the cell inner membrane by means of the leader 

peptide OmpA. However, the limitations imposed by the low spheroplasting reproducibility and 

the extended experimental time required to prepare mixed inner membrane-PC liposome 

reduced its effectiveness for high-throughput applications (Sections 2.2.7.1.1. and 2.2.7.2.1., 

Pages 51 and 52, respectively). The Gram-positive bacteria L. lactis in combination with the NICE 

expression system  appeared to be the next ideal prokaryotic host for the expression of the mCST 

(313). This system has been successfully used to express both prokaryotic and eukaryotic 

membrane proteins (326-328). Moreover, it offers the advantage that it possesses a single cell 

membrane and therefore the potential to allow the establishment of whole cell based binding and 

transport assay without requiring extensive sample manipulation (353,355). However, when 

expressed in L. lactis, although correctly targeted to the cellular membrane, the mCST was 

truncated and inactive (Chapter 3, Sections 3.3.1 and 3.3.2., Pages 78 and 79, respectively).  
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In order to overcome these problems, the methylotrophic yeast Pichia pastoris was chosen as a 

host to express the mCST. Both S. cerevisiae and P. pastoris are Sia-free organisms, and offer the 

advantage of being eukaryotic organisms with the ease of use offered by prokaryotic expression 

hosts like E. coli (95,264). Moreover, recombinant DNA manipulations are well established and 

standardized for both S. cerevisiae and P. pastoris. However, P. pastoris offers the advantage of 

higher cell mass production (and potentially higher protein expression level) than S. cerevisiae 

without the need to scale up expression to fermentor levels, making it an interesting alternative 

host for the mCST expression (356). Furthermore, in recent years Pichia pastoris has been 

successfully used to express significant amounts of diverse eukaryotic TM proteins such as the 

CB1 and CB2 cannabinoid receptors (387,388), mammalian calcium activated K+ channel (357), G-

coupled protein receptors (358), and SARS-coronavirus spike protein (359).  

 

4.1.2.  Pichia pastoris as host for the expression of heterologous proteins 

Pichia pastoris is a methylotrophic yeast able to use methanol as the only source of carbon (360). 

The isolation of the gene coding for the enzyme catalysing the first reaction of the methanol 

catabolic pathway, the peroxisomal Alcohol Oxygenase 1 (AOX1) (361), led the way to the 

creation of the first expression vectors for the production of heterologous protein in Pichia 

pastoris. All of the P. pastoris based expression systems available differ with respect to the strain 

variants used (wild type vs. mutant strains), the expression modality (intracellular expression vs. 

secretion into outer media), the promoter used to control the expression of the gene of interest 

(Alcohol Oxygenase 1, PAOX1, or Glyceraldehyde-3-Phosphate Dehydrogenase, PGAP) resulting in 

inducible or constitutive expression respectively, and the nature of the selection markers (362-

364). The creation of stable transformed cells by homologous recombination into the Pichia 

genome eliminates the need for costly antibiotic selection during biomass production and 

subsequent protein induction, further enhancing the potential to scale up expression of proteins 

with pharmacological relevance. Pichia strain KM71H was therefore chosen in combination with 

the expression vector pPICZ-B, for the intracellular expression of the C-terminally His6 tagged 

mCST whose coding sequence is under the control of the genomic methanol inducible PAOX1 

promoter.  

. 
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Figure 4.1: Diagrammatic representation of a single homologous recombination event resulting in the 

integration of the linearized plasmid carrying the gene of interest into the P. pastoris genome at the AOX1 

locus. Since in strain KM71H the gene coding for AOX1 has been insertionally deactivated (aox1::ARG4), 

cells are no longer able to express the Alcohol Oxygenase 1 enzyme and must rely on the inefficient isoform 

AOX2 to use methanol as source of carbon, resulting in the slow growth rate of this strain on Methanol 

containing media (Mut
s
).  

 

When wild-type Pichia cells are grown on methanol as the only source of carbon, AOX1 catalyses 

the oxidation of methanol to formaldehyde using atmospheric oxygen. To compensate the 

enzyme low affinity for oxygen, quantitative amounts of the AOX1 are produced. In these 

conditions, the AOX1 expression levels driven by the PAOX1 promoter can represent up to 30% of 

the cell total soluble protein content (365-367).  In the above diagram, the homologous 

recombination of the gene of interest at the aox1 locus is illustrated. In the mutant strain KM71H 

the genomic AOX1 gene has been insertionally deactivated, although leaving a functionally intact 

PAOX1 promoter under whose control the gene of interest is cloned (Figure 4.1). Because in P. 

pastoris KM71H the AOX1 protein is no longer expressed, the first step of the methanol catabolic 

pathway is catalysed by its homolog AOX2. This enzyme has a lower affinity for methanol than 

AOX1, therefore KM71H cells have a slower growth rate on methanol containing media. As a 

consequence, the strength of the induction is sustained for longer periods of times than in the 

wild type counterparts (366,368). 

 

4.1.3.  STD NMR spectroscopy: principles and applications 
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Saturation Transfer Difference Nuclear Magnetic Resonance (STD NMR) spectroscopy is based on 

the ability of a protein to transfer saturation to a bound ligand to its active site (within 1.8 to 5 Å 

of the protein surface). When a protein is selectively saturated with a cascade of Gaussian soft 

pulses the protein saturation resonances are transferred rapidly through the entire protein by 

means of spin diffusion. If a ligand resides in the binding site of the protein, saturation can be 

effectively transferred from the protein to the ligand by means of intermolecular 1H-1H cross 

relaxation, with the closest ligand protons receiving the highest STD effect (for example Ha in 

Figure 4.2) and the furthest apart protons, receiving the lowest STD effect (for example Hc in 

Figure 4.2) (369). Due to the highest protein-mediated saturation transfer effect, the resonance of 

the protons in closest proximity to the protein will be more attenuated than the resonance of 

protons that do not receive saturation from the protein. Because it is difficult to measure these 

marginal signal attenuations, STD spectra are, as the name suggest, the difference between two 

different 1H NMR spectra, namely the on-resonance and the off-resonance spectra.  In the on-

resonance spectrum the protein resonance is saturated and the residual resonance of the ligand, 

attenuated by the protein mediated saturation transfer is recorded. The off-resonance spectrum 

is a reference spectrum corresponding to a normal 1H NMR spectrum of the ligand. The difference 

between the off- from the on-resonance spectrum represents the protein-mediated saturation 

transferred to the ligand, which is the STD spectrum (Figure 4.2).  

Moreover, the subtraction of the on- from the off-resonance spectra also explains why non 

binding ligands, or the portion of the ligand that does not interact with the protein are subtracted 

and are consequently not detected. In fact, the ligand will not receive saturation from the protein 

and therefore its resonances will not be attenuated, resulting in identical on- and off-resonance 

spectra. Experimentally STD NMR can be applied to detect protein ligand interactions with KD 

values in the range of 10-2 – 10-8 M (370). While ligands with lower KD will not bind tightly enough 

to receive saturation from the protein, it is commonly accepted that ligands with higher affinity 

will reside in the active site for too long and the ligand exchange from bound to free state will be 

too slow to be measured (371).  
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Figure 4.2: Scheme showing the principle of STD NMR spectroscopy. The target protein is saturated with a 

cascade of selective pulses. The saturation is transferred quickly through the protein mediated by spin 

diffusion. A ligand binding in fast exchange with the target protein receives saturation from the protein. 

Ligand protons that are close in contact (1.8 – 5 Å) with the protein (Ha) receive more saturation than ligand 

protons that are solvent expose (Hc) indicated by the colour scheme of the moiety. Protons from a non-

binding ligand (Ha', Hb' and Hc') do not receive any saturation from the protein and are therefore not 

attenuated in the on-resonance spectrum. Subtraction of the on-resonance spectrum from the off-

resonance spectrum reveals the final difference spectrum (STD) showing only signals from binding ligand 

protons that are in close proximity to the protein surface. Protons that are exposed to the solvent (Hc) show 

none or weak STD NMR intensity and protons from non-binding ligands (Ha', Hb' and Hc') do not show any 

STD NMR signals (369). 

 

STD NMR spectroscopy offers some striking advantages as a tool to investigate protein-ligand 

interactions: 1) only small amounts of non-isotopically labelled protein (0.1-0.2 mg) is required; 2) 

data acquisition is relatively quick; 3) direct screening of compound libraries can be performed 

because it is possible to distinguish between bound and non-bound compounds; 4) the part of the 

ligand that is in close proximity to the protein can be immediately identified, because the 

intensity of the resonance signal of each proton is proportional to its proximity to the protein, and 

5) ligand labelling is not required (372).  
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Although the optimal Ligand to Protein molar Ratio (LPR) is usually determined empirically, LPR of 

50 or 100 are typically used. Such excess ensures that ligand molecules that have received 

saturation from the protein are exchanged from their bound state back in solution, where their 

saturated state will persist and be recorded. Also, high LPR minimises the possibility that the 

targeted protein will re-bind the ligand in their excited state (373,374). While the technique was 

originally designed for ligand screening, its further development and application has recently been 

quite dramatic. STD NMR spectroscopy has in fact now been used to investigate a wide range of 

ligand-receptor interactions ranging from ligand interactions with viruses (97,375) whole 

eukaryotic cells (376), platelets (377), proteins immobilized on Sepharose beads (378), virus like 

particles (VLPs) (379) and cell membranes (380), as well as antigen-antibody interactions (381). 

Membrane protein-ligand interactions have also being investigated. However, only the 

interactions between ligands and the solvent-exposed receptor or catalytic domains of these 

proteins have been investigated. For example, the dendritic-cell-specific ICAM-3-grabbing non-

integrin receptor (DC-SIGN) (382) and the integrin IIb 3 have been studied by STD NMR. In the 

latter case, the binding of the ligand peptide analogue cyclic-RGD was studied in whole platelets 

(377) and after reconstitution of the receptor into artificial liposomes (383). Additionally soluble 

catalytic and/or receptor domains of integral membrane proteins have also been investigated by 

STD NMR spectroscopy (384-386).  However, there have been no reports of STD NMR 

investigations targeting membrane proteins whose activity and structural integrity are inextricably 

linked to the membrane into which they are embedded, of which NSTs are a typical example.  

By analysing isolated Golgi NST-enriched fractions with this NMR technique, detergent-mediated 

protein solubilisation, purification and reconstitution into artificial proteoliposomes is not 

necessary. Moreover, this study represents the first example of STD NMR applied to an 

intracellular ‘organelle’ and to a NST, expanding the application of STD NMR spectroscopy from 

the more common cell surface exposed or soluble receptors/enzymes.  In the following Sections 

the functional expression of the mCST in P. pastoris strain KM71H and a new STD NMR application 

that allows the study of both recombinant and endogenous membrane proteins will be 

presented. 

 

 

 

4.2.  Material and methods 
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4.2.1.  Reagents, media and strains 

All reagents were purchased from Sigma-Aldrich (St. Louis, Florida, USA) or MP Biomedical (Solon, 

OH, USA) unless otherwise specified and were of the highest purity available or Molecular Biology 

Gade.  

 

Milli-Q water (18.2 MΏ) produced with a Milli-Q Synthesis apparatus, Millipore (Bedford, CA, USA) 

was used at all times. 

 

The restriction enzymes and the Dam-/Dcm-  E. coli strain ER2925 (genotype ara-14 leuB6 fhuA31 

lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10)TetS endA1 rpsL136 

dam13::Tn9 xylA-5 mtl-1 thi-1 mcrB1 hsdR) were purchased from New England Biolab (Salem, MA, 

USA). 

 

Peptone, Yeast Extract, Tryptone and Bacteriological Agar No. 3 were purchased from Oxoid 

(Basingstoke, Hampshire, United Kingdom). 

 

The EasySelect Pichia pastoris Expression Kit including the Pichia strain KM71H (genotype arg4 

aox1::ARG ), the expression vector pPICZ-B, the chemically competent E. coli TOP10F’ (genotype 

F’{proAB, lacIq, lacZΔM15, Tn10 (TetR)} mcrA, Δ(mrr-hsdRMS-mcrBC), φ80lacZΔM15, ΔlacX74, 

deoR, recA1, λ-araD139, Δ(ara-leu)7697, galU, galK, rpsL(StrR), endA1, nupG}, and the MagicMark 

western blotting molecular weight standards were purchased from Invitrogen (Carlsbad, CA, USA).  

 

Zeocin™ was purchased from InvivoGen (San Diego, CA, USA), and dissolved in water at a final 

concentration of 100 mg/mL. After sterilization by filtration through a 0.22 m filter, the 

antibiotic was stored protected from light at -20 ºC until required. 

 

Low salt LB media was prepared by dissolving 10 g Tryptone, 5 g NaCl and 5 g Yeast extract in 950 

mL of Milli Q water. The pH was adjusted to 7.5 using 1 N NaOH. After the final volume was 
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brought to 1 L, the media was autoclaved at 121 °C for 20 min. Once cooled to room temperature, 

zeocin was added to the final concentration of 25 g/mL. Low Salt LB agar plates were prepared 

by the addition of 15 g/L of bacteriological agar No. 3 before autoclaving. 

 

YNB stock solution (13.4% Yeast Nitrogen Base with ammonium sulfate without amino acids 10 

times stock) was prepared by dissolving 134 g yeast nitrogen base (YNB) in 1000 mL of water. 

After sterilization by filtration, the solution was stored at 4 ºC until required. 

 

20% D-glucose (w/v) stock solution was prepared by dissolving 200 g D-glucose in 1000 mL of 

water, filter sterilized through a 0.22 m filter and stored at 4 °C until further required. 

 

5% Methanol (v/v) stock solution was prepared by mixing 5 mL methanol with 95 mL of water, 

filter sterilized through a 0.22 m filter and used within the day of preparation. 

 

10% Glycerol (v/v) stock solution was prepared by mixing 100 mL glycerol with 900 mL of water, 

filter sterilized through a 0.22 m filter and stored at 4 °C until further required. 

 

Biotin stock solution (500 times concentrated) was prepared by dissolving 10 mg biotin in 50 mL 

of water. The solution was filter sterilized through a 0.22 m filter and stored at 4 °C until further 

required. 

 

YPD (Yeast Peptone Dextrose) was prepared by adding 10 g yeast extract and 20 g peptone to 900 

mL of MilliQ water and autoclaved at 121 °C for 20 min. Once cooled to room temperature, 100 

mL 20% D-glucose stock solution were added. The media was stored at 4 °C till further required. 

YPD agar plates were prepared by the addition of 20 g of Bacteriological Agar No. 3 before 

autoclaving. YPDS (Yeast Peptone Dextrose Sorbitol) agar plates were prepared as per the YPD 

plate, but with the addition of 182.18 g/L sorbitol before autoclaving. Once cooled to room 

temperature, zeocin was added to a final concentration of 500 g/mL.   
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BMGY (Buffered Glycerol-complex Medium) and BMMY (Buffered Methanol-complex Medium) 

were prepared by adding 20 g peptone and 10 g yeast extract to 700 mL of Milli Q water and 

autoclaved. Once cooled to room temperature, 100 mL 1 M potassium phosphate buffer, pH 6.0, 

100 mL YNB and 2 mL biotin stock solutions was added. To prepare BMGY 100 mL of 10% glycerol 

stock solution was added while to prepare BMMY, 100 mL of 5% methanol stock solution was 

added. 

 

Cytidine 5'-monophosphate, [sialic-4,5,6,7,8,9-14C]-Sia was purchased from PerkinElmer Life And 

Analytical Sciences, Inc. (Waltham, MA, USA). 

 

4.2.2.  Preparation of electrocompetent P. pastoris cells 

Electrocompetent KM71H P. pastoris cells were prepared essentially according to the 

Multiporator Protocol No. 4308 915.545 –03/2004 (Eppendorf, Hamburg, Germany). Briefly, a 

single colony of P. pastoris KM71H growing on YPD agar plate was used to inoculate a 10 mL YPD 

culture and incubated at 30 °C with gentle shaking. When the OD600 reached approximately 3 an 

aliquot of this culture was used to inoculate 250 mL YPD, and further incubated at 30 ºC with 

gentle shaking until the OD600 reached 1.0-1.3. At this stage the cells were collected by 

centrifugation at 1,500 x g, 5 min, 4 °C, and washed sequentially with 125 mL sterile ice cold 

MilliQ water and 20 mL sterile ice cold 1 M sorbitol. The electrocompetent Pichia cells were re-

suspended in 0.5 mL ice cold sterile 1 M sorbitol and stored on ice until required. 

 

4.2.3.  Preparation of expression plasmids pPICZB-CST 

The mCST expression vector was prepared by PCR amplification of the mCST coding sequence 

using 50 ng of plasmid pTrcME8HA as template (162), 8 pmol each of the relevant forward and 

reverse primers (Table 4.1) in the presence of 2.5 U cloned proof reading Pfu DNA Polymerase, in 

a total volume of 100 L. The amplification was performed as described in Section 2.2.1. (Page 

46). Following amplification, the PCR products were analysed using 1% agarose gel 

electrophoresis to verify purity and size of the amplified product. After purification using the 

QIAquick Gel Extraction Kit (Qiagen, Hamburg, Germany), both the PCR product and the 
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expression plasmid pPICZ-B were digested overnight at 37 ºC with the relevant restriction 

enzymes (Table 4.1), at a ratio of 1 U/ g of DNA. The digested vector was subsequently 

dephosphorylated with 0.1 U CIP at 37 ºC for 1 h. Ligation reactions were set up in a total volume 

of 10 L with 50 ng of each digested and dephosphorylated vector, using a 3-fold molar excess of 

insert versus vector. The ligations were performed using the Promega LigaFast Rapid DNA Ligation 

System (Madison, WI, USA) using 3 U of T7 DNA ligase per reaction. After incubation at 25 ºC for 

30 min, the ligation reactions were directly transformed into chemically competent E. coli 

TOP10F', according to the manufacturer’s instructions. Selection of transformed cells was 

performed by plating the transformation mixtures on low salt LB agar plates supplemented with 

25 g/mL zeocin.  

 

TABLE 4.1 Gene-specific primers used for PCR amplification of the wild type mCST coding 

sequence 

Primer Orientation Sequence* Restriction Enzyme 

AM13 Fwd CCGGAATTCATGGCTCCGGCGAGAGAAAATG EcoRI 

AM22 Rvs TTTTCCTTTTGCGGCCGCCACACCAATGATTCTCTCTTTTG NotI 

(*) The restriction site introduced with each primer is indicated in bold.  

 

 

The integrity of the resulting pPICZB-CST expression plasmid harbouring the coding sequence of 

the wild type C-terminally His6 tagged mCST was verified by DNA sequencing using 5' AOX1 and 3' 

AOX1 sequencing primers (Table 4.2). Sequencing was performed at the Australian Genome 

Research Facility (University of Queensland, St. Lucia, Australia). Sequencing reactions were 

prepared using 700 ng of plasmid and 3.2 pmol of either the forward (Fwd) or reverse (Rvs) 

sequencing primer in a total volume of 800 L. The resulting plasmid pPICZ-B-CST thus permitted 

the intracellular expression of the murine CST with a C-terminal His6 tag. 

 

      TABLE 4.2: Sequencing primers 

Vector Name Primer Orientation Sequence 
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pPICZ-B 5' AOX1 Fwd CATCATAACGGTTCTGGCAAATATTC 

 3' AOX1 Rvs CTGTATCAGGCTGAAAATCTTCTC 

 

 

4.2.4.  Transformation of electrocompetent P. pastoris cells 

Transformation of electrocompetent P. pastoris KM71H cells was performed according to 

Multiporator Protocol No. 4308 915.545 –03/2004 (Eppendorf, Hamburg, Germany). Briefly 

plasmid pPICZ-B-CST harbouring the wild type mCST was linearized at the 5’ AOX1 locus using 

PmeI by overnight digestion at 37 ºC at a ratio of 1 U/ g DNA. Upon phenol-chloroform extraction 

and ethanol precipitation the linearized plasmid was resuspended in 10 mM Tris-HCl pH 8.0 and 5 

g was used to transform electrocompetent Pichia cells KM71H (prepared as described in Section 

4.2.2., Page 92) by electroporation. Following a single pulse at 1,500 V ( =5 ms) using a 

Multiporator (Eppendorf, Hambourg, Germany) in a 2 mm gap cuvette, the transformation 

reaction was plated on YPDS (Yeast Peptone Dextrose Sorbitol) agar plates supplemented with 

500 g/mL zeocin. Plates were allowed to incubate at 28 ºC for up to 5 days before transformed 

colonies could be detected. Integration of the linearized plasmid harbouring the mCST sequence 

into the P. pastoris genome was verified by PCR using genomic DNA extracted from transformed 

cells as template and both gene- and plasmid-specific primers (AM13 and AM21, 5' AOX1 and 3' 

AOX1, Table 4.1 and 4.2 respectively). Four positive clones were used to prepare small scale pilot 

expression trials. 

 

4.2.5.  Intracellular expression of mCST-His6 in P. pastoris 

4.2.5.1. Expression of mCST-His6: pilot time course investigation 

Four single colonies grown on selective YPDS agar plates as described in Section 4.2.1. (Page 90), 

were used to inoculate four 100 mL overnight cultures of  BMGY in four separate 1 L baffled 

flasks, and incubated at 23 °C in a shaking incubator (250-300 rpm) until the culture reached an 

OD600 between 4 - 6 (approximately 16-18 h). At this stage the cells were collected by 

centrifugation at 1,500-3,000 x g, 5 min at room temperature. Each cell pellet was resuspended in 

20 mL BMMY and transferred to four 100 mL baffled flasks and further incubated for up to 96 h. 
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Every 24 h, 2 mL of culture was removed and cells harvested by centrifugation and stored at -20 

ºC until further required. Methanol was also replenished every 24 h by adding the required 

volume of 5% (v/v) methanol stock solution. 

Cell pellets were thawed on ice and resuspended in ice-cold breaking buffer (0.1 M NaHPO4 pH 

6.0, 1 mM PMSF, 1 mM EDTA, 5% (w/v) glycerol) at a ratio of 1:10 (0.1 mL buffer/mL of culture). 

Following the addition of an equal volume of ice-cold acid washed glass beads (0.5 mm diameter, 

Sigma Aldrich) cells were lysed by vortexing (eight 30 s cycles with 1 min pause between each 

vortexing)  (387).  

The total cell lysates were cleared by centrifugation (1,000 x g, 10 min, 4 °C) to remove unbroken 

cells and debris. Following protein quantitation as described in Section 2.2.3. (Page 54), the 

expression of the His6 tagged mCST was detected by SDS-PAGE and Western blotting as described 

in Section 2.2.5.1. and Section 2.2.5.2., respectively (Page 49). 

  

4.2.5.2. Large scale intracellular expression of mCST-His6 in P. pastoris. 

A single colony of KM71H P. pastoris cells transformed with the plasmid pPICZB-CST was used to 

inoculate a 10 mL BMGY culture in 100 mL baffled flasks. Following overnight incubation at 23 ºC 

with shaking (220 rpm) the culture was transferred to a 4 L baffled flask containing 1 L BMGY 

(Section 4.2.1) and further incubated at 23 °C with shaking (220 rpm) until an OD600 of between 4 

and 6 was reached. Cells were subsequently collected by centrifugation (1,500 x g, 5 min) and re-

suspended in 200 mL BMMY (Section 4.2.1., Page 90) to induce protein expression. After 24 h 

incubation at 23 ºC with shaking (250 rpm), the cells were collected by centrifugation (1,500 x g, 5 

min, 4ºC) washed once with an ice-cold 10 mM sodium azide solution and either used 

immediately or frozen at -20 ºC until required. 

 

4.2.5.3. Preparation of Golgi enriched fractions 

Golgi-enriched fractions were prepared from non-transformed (GeF-wt), methanol un-induced 

(GeF-UI) and induced (GeF-I) P. pastoris cells. Cells were spheroplasted using zymolyase T100 

(388) at a ratio of 0.5 mg/g wet cell pellet in spheroplasting buffer (50 mM potassium phosphate 

buffer, pH 7.6, 0.3% (v/v) -mercaptoethanol, 1 mM sodium azide, 1.4 M sorbitol) at 37 ºC with 

gentle shaking. Spheroplasting was monitored spectrophotometrically by measuring the decrease 

in absorbance at 800 nm upon the addition of 10 L of cell suspension to 990 L of 1% SDS. Cells 
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were incubated with zymolyase until 75-80% spheroplasting was achieved, usually within 20 min. 

Spheroplasts were collected by centrifugation (1,000 x g, 5 min, 4 °C) and re-suspended in ice-cold 

spheroplasts lysis buffer (10 mM HEPES/Tris pH 7.4, 1 mM EDTA, 0.8 M sorbitol supplemented 

with 1 mM PMSF and Complete EDTA Free Protease Inhibitor cocktail (Roche Applied Sciences). P. 

pastoris spheroplasts were subsequently lysed with 10 strokes in a Dounce homogenizer whilst on 

ice and the resulting cell lysate centrifuged at 1,000 x g, 5 min, 4 ºC to remove unbroken cells and 

cells debris. The supernatant was then transferred to a clean tube and further centrifuged at 

10,000 x g, 10 min, 4 ºC. The supernatant so obtained, representing the post-nuclear fraction, was 

transferred to an Ultra Clear ultracentrifuge tube (Beckman) and centrifuged at 100,000 x g, 1 h, 4 

ºC. The resulting pellet containing the Golgi-enriched fraction was re-suspended in ice-cold 

spheroplasts lysis buffer supplemented with 1 mM PMSF, 1 mM EDTA , snap frozen in liquid 

nitrogen, and stored at -80 ºC until required. 

 

4.2.6.  CMP-Neu5Ac transport assay 

Transport assays were performed essentially as described by Tiralongo et al. (162). Golgi-

enriched fractions from both methanol un-induced (GeF-UI) and induced (GeF-I) Pichia 

pastoris KM71H (equivalent to 50-100 g or total protein) were incubated in the presence 

of 2.5 M CMP-Neu5Ac supplemented with 2,000 dpm/pmol of Cytidine 5'-

monophosphate, [sialic-4,5,6,7,8,9-
14

C]-Sia at 30 °C for 5 min. GeF-UI and GeF-I were 

then collected by centrifugation on a AcroWell 96 Filter Plate with 0.45 m BioTrace 

PVDF (Pall Corporation, East Hill, NY, USA) and the radioactivity associated with the 

filter was measured following the addition of 0.2 mL/well of OptiPhase SuperMix 

scintillation cocktail (Wallac Scintillation Products) in a Microbeta Scintillation Counter 

(PerkinElmer). Control experiments were performed by pre-incubating the GeF-I in the 

presence of 1 mM of the competitive inhibitor cytidine-5′-monophosphate, CMP, (160) 

and with 0.1 mM DIDS (140,421) prior the addition of the substrate. 

 

4.2.7.  STD NMR spectroscopy 

All NMR experiments were performed on a Bruker 600 Ultrashield™ at 285 K, equipped with a 

standard triple resonance CryoProbe (Bruker Daltonik, Bremen, Germany). Unless otherwise 

specified, deuterated 20 mM Tris-d11 pH 7.5 supplemented with 2 mM MgCl2, in D2O (NMR buffer) 
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was used. STD spectra were acquired using Golgi-enriched fractions equivalent to 200 g of 

protein in a total volume of 300 L in Shigemi tubes (Shigemi Co., Tokyo, Japan), a saturation time 

of 3 s and a total of 1,500 scans. A protein to ligand molar ratio of 1:100 was used at all times. The 

protein signals were saturated using a Gaussian pulse train cascade for 3 s at an on-resonance 

frequency of -1 ppm and off-resonance of 30 ppm. A WATERGATE sequence was used to suppress 

the residual HDO signal. The on- and off- resonance spectra were stored and processed separately 

and the subtraction of the on-resonance from the off-resonance spectra gave the STD NMR 

spectrum.  

 

4.2.7.1.  Characterization of protein-ligand interaction at the atomic level:   

  Relative STD NMR effects and epitope maps 

The STD NMR spectrum of the GeF-I:CMP-Neu5Ac and the Saturation Transfer Double Difference 

(STDD) spectrum of the GeF-I:CMP (GeF-I:CMPSTD – GeF-wt:CMPSTD) complexes were used to 

calculate the relative STD NMR effects for CMP-Neu5Ac and CMP, respectively. These effects were 

calculated according to the formula ASTD = (I0 x Isat)/I0 = ISTD/I0 normalising the saturation received 

by each proton versus the saturation received by the H1' of the ribose, set at 100%. The relative 

saturation effects so obtained for both ligands are represented as epitope maps. 

 

4.2.8.  Investigating the effect of amino acid modifying reagents at CST:CMP-             

Neu5Ac binding site by STD NMR spectroscopy  

Selective amino acid modifications were performed essentially as described by Lundblad (389). 

After incubating GeF-I with the modification reagents as per Table 4.4, samples were buffered 

exchange with NMR buffer by centrifugation as previously described in Section 4.2.7. (Page 96). 

Whenever an organic solvent was required to solubilise an amino acid modification reagent, the 

effect of solvent/vehicle on GeF-I:CMP-Neu5Ac interactions was assessed by performing a parallel 

control experiment in which GeF-I were pre-incubated in the presence of the solvent alone (Table 

4.3). In these instances, the specific effect of the modification agent was then identified by a STDD 

after superimposing the STD NMR spectra obtained in the presence and absence of the modifying 

agent, followed by subtraction, as described in Section 4.2.7., (Page 96). Relative STD NMR effects 

were calculated after each modifying agent as previously explained in Section 4.2.7.1. (Page 97). 
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 TABLE 4.3: Amino acid modification reagents and modification conditions 

Derivatizing agent 

Solvent 

vehicle 

Preferred Targeted 

Amino Acid 

Introduced modification Concentration and incubation time 

Iodoacetamide MilliQ water Free Cysteine Alkylation 15 mM, 1.5 h, 25 ºC 

Tributylphosphine  MilliQ water Disulfide bonds Reduction 5 mM, 1 h, 25 ºC 

Acetic anhydride MilliQ water Lysine Acetylation 1 mM, 10 min, 4 ºC 

Phenylglyoxal DMSO Arginine Imination 1 mM, 10 min, 4 ºC 

N-Acetylimidazole MilliQ water Tyrosine Alkylation 1 mM, 10 min, 4 ºC 

N-Bromosuccinimide DMSO Tryptophan Oxidation 1 mM, 10 min, 4 ºC 
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4.3.  Results  

4.3.1.  Expression of mCST-His6 in Pichia pastoris: Intracellular localization and 

   CMP-Neu5Ac translocation. 

In order to generate amounts of the mCST amenable for both functional and structural studies, P. 

pastoris KM71H was chosen as the host for the intracellular expression of C-terminally His6 tagged 

mCST. The high biomass, the high level of methanol induced AOX1 expression and the lack of an 

endogenous CST (97) makes P. pastoris an ideal background free system for the heterologous 

expression of the mCST. Expression of the CST in Pichia pastoris was assessed and optimized by 

conducting a time course induction pilot experiment. The total cell lysate from four different 

methanol induced and un-induced cultures were analysed by SDS-PAGE and Western blotting as 

described in Sections 2.2.4. and 2.2.5. (Page 49), respectively. As shown in Figure 4.3 B the mCST 

could be detected as an anti-His6 reactive band only in two of the cell lysates obtained from 

methanol induced cultures (colonies 9 and 21), with optimal protein expression levels found 24 h 

post induction (Figure 4.3, lanes 2 and 10). No mCST-His6 could be detected in the cell lysate 

obtained from methanol un-induced cells (Figure 4.3 B, lanes 1, 5, 10 and 14). The observed 

molecular weight of approximately 30 kDa is in agreement with that previously observed upon 

mCST expression in both S. cerevisiae (162,264) and E. coli  ( Section 2.3.1., Page 54) (162). 

 

 

Figure 4.3: (A) The C-terminally His6 tagged mCST was expressed in P. pastoris under the control of the 

methanol inducible aox1 promoter. (B)Time course expression of mCST-His6. Lanes 1, 5, 9 and 13: total cell 

lysate, un-induced; lanes 2, 6, 10 and 14: total cell lysate, induced, 24 h post induction; lane 3, 7, 11 and 15: 

total cell lysate, induced, 48 h post induction; lane 4, 8, 12 and 16: total cell lysate, induced, 72 h post 

induction. Twenty micrograms of protein was loaded per well. 
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To verify that the recombinant mCST was targeted to the Golgi apparatus, total cell lysates and 

Golgi-enriched fractions isolated from parental, un-transformed P. pastoris strain KM71H, (GeF-

wt) as well as  from un-induced (GeF-U) and methanol-induced P. pastoris cells 21 (GeF-I), were 

analysed by SDS-PAGE. Figure 4.4 A shows that the mCST-His6 is detected as a single band of 

approximately 30 kDa in the total cell lysate and Golgi-enriched fraction obtained only from 

methanol induced cells (total cell lysate, lane 3; GeF-I, lane 4). Also, the mCST appears to be highly 

enriched in this fraction if compared to the expression level observed in the total cell lysate of the 

same cells (Figure 4.4 A, lane 3). Recombinant mCST was not detected in either the total cell 

lysates nor in GeFs obtained from the parental Pichia strain KM71H (Figure 4.4 A, lanes 1 and 2, 

respectively) and the methanol un-induced cells (Figure 4.4 A, lanes 5 and 6, respectively). 

 

 

Figure 4.4: A) Detection of mCST total cell lysates and GeF obtained from parental, methanol induced and 

methanol un-induced Pichia cells, colony 21. Lane 1: Total cell lysate, parental Pichia strain KM71H (wt); 

lane 2: GeF-wt; lane 3: Total cell lysate, methanol induced Pichia (I); lane 4: GeF-I; lane 5: Total cell lysate, 

methanol un-induced Pichia (UI); lane 6: GeF-UI. B) Transmission electron micrograph of a GeF-I 

preparation (6 mg/mL) stained with 2% uranyl acetate. Golgi-enriched vesicles are intact and vary in size 

between 200–500 nm in diameter. 

 

To determine if the over-expressed mCST-His6 was capable of substrate translocation, transport 

assays were performed as described in Section 4.2.6. (Page 96). Briefly, GeF-U and GeF-I were 

incubated in the presence of 2.5 M CMP-Neu5Ac spiked with Cytidine 5'-monophosphate, [sialic-

4,5,6,7,8,9-14C]-Sia. Control experiments were performed by incubating GeF-I with CMP, DIDS and 

Triton X-100 prior substrate addition to the reaction. As shown in Figure 4.5, the ability of CMP-

Neu5Ac translocation was dependent on the presence of mCST (GeF-I) with a substrate 

translocation specific activity in the order of 20 nmol/mg/min. As previously observed, the 

structural integrity of the GeF-I vesicles is required in order to measure substrate accumulation 
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with CMP-Neu5Ac translocation inhibited by CMP and DIDS as previously observed when the 

mCST was over-expressed both in E. coli and S. cerevisiae (140,162,164,166,421). 
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Figure 4.5: CMP-Neu5Ac translocation assay performed with Golgi enriched fractions obtained from 

induced KM71H-CST P. pastoris cells. Golgi enriched were incubated in the presence Cytidine 5'-

monophosphate, [sialic-4,5,6,7,8,9-
14

C]-Sia with or without being preliminarily incubated with CMP, DIDS 

and TX100. 

 

 

4.3.2.   STD NMR spectroscopy of Golgi enriched Fractions  

4.3.2.1. Optimization of experimental conditions 

As described in Section 4.1.1. (Page 83), CST-ligand interactions have so far been characterized by 

means of functional assays in which the CST ability of vectorial substrate translocation is 

measured by means of CMP-Neu5Ac labelled with a radioactive nuclide (Figure 4.5). 

As an alternative to functional assays, the possibility to investigate mCST:ligand interaction by 

means of STD NMR spectroscopy was investigated. To this end, GeF-wt, GeF-U and GeF-I were 

used in a STD NMR investigation in the presence of either CMP or CMP-Neu5Ac. An initial screen 

using CMP was performed in order to optimize signal acquisition conditions. The use of 0.2 mg 

protein, a Ligand to Protein Ratio (LPR) of 1:100, 3 sec saturation time and 1,500 scans was found 

to be optimal, as shown by both the higher intensities of the STD signals and the higher signal-to-

noise ratio (SNR) (Figure 4.6D). The LPR is in fact a critical parameter affecting STD NMR. Although 

there is a correlation between ligand concentration and STD signal intensities, these reach a 

saturation point over which no increase in STD intensity is observed even if the concentration of 
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the ligand is increased. This phenomenon is due to the synergistic effect of saturation of the 

ligand binding site and the limitations of the turnover number (372). 

The STD NMR spectra are obtained by subtracting the on-resonance from the off-resonance 

spectra: the large excess of ligand and the higher SNR allow to better discriminate between 

groups that are in close proximity with the protein surface from those that are further away, and 

to account for subtraction artefacts. The importance of identifying optimal experimental 

conditions is particularly evident if the STD spectra of GeF-I:CMP complexes acquired using 

different experimental conditions are compared in the spectral region between 3.5 and 4 ppm, 

where the H3', H4' and H5'/H5'' of the ribose resonate (Figure 4.6). 

 

Figure 4.6: Determination of STD NMR experimental conditions for GeF-I:CMP study by STD NMR in the 

presence of CMP. The amount of protein, scan number and saturation time were increased to improve the 

quality of the STD signals, as expressed by the signal to noise ratio (SNR). A): 
1
H NMR spectra of CMP; B): 

STD NMR spectra obtained with 0.1 mg protein, 2 sec saturation time and 750 scans; C): STD NMR spectra 

obtained with 0.2 mg protein, 2 sec saturation time and 750 scans; D): STD NMR spectra obtained with 0.2 

mg protein, 3 sec saturation time and 1,500 scans. The latter were identified as optimal conditions and used 
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for all the subsequent STD NMR experiments. Spectra are shown using absolute y-scaling resulting in 

absolute STD NMR effects. 

While the STD NMR signals corresponding to H6 and H5 of the Cytosine, H1', H3' and H4' of the 

ribose are already strongly detectable when using 2 sec saturation time and 750 scans (Figure 4.6 

B and C), the signals corresponding to the H5'/H5'' of the ribose are relatively weak. If these 

conditions were used for the subsequent STD NMR analysis, the interaction of the ligand H5'/H5'' 

protons with the mCST would have been under-estimated. When the signal to noise ratio was 

calculated for the three test conditions using the H6 (Cyt) signal as reference, almost 370% 

improvement in the signal-to-noise ratio (SNR), if compared to the initial conditions tested, was 

observed. Also, to verify that the STD signals observed were not artifacts due to the saturation of 

the ligand itself during acquisition, an STD NMR experiment was performed using CMP in the 

absence of GeF-I. Moreover, GeF-I were also administered to STD NMR investigation without 

ligand. Figure 4.7 shows that GeF-I in the absence of CMP (Figure 4.7 B) and CMP in the absence 

of GeF-I (Figure 4.7 D), do not produce any STD effects, further confirming that the STD effects 

observed in Figure 4.6 are not due to artifacts. 

 

 

Figure 4.7: 
1
H (A) and STD NMR (B) of GeF-I in the absence of ligand; 

1
H (C) and STD NMR (D) of CMP in the 

absence of GeF-I. 
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The authenticity of the observed STD NMR effects was further investigated by pre-treating  

GeF-I preparations with trypsin for 1 h before being subjected to STD NMR spectroscopy in the 

presence of CMP-Neu5Ac. As shown in Figure 4.8 C, preliminary incubation with trypsin results in 

reduction of the STD effects clearly indicating that the STD effects are protein mediated.  

 

Figure 4.8: 
1
H NMR (A) and STD NMR spectra of GeF-I:CMP-Neu5Ac complex before (B) and after (C) pre-

incubation with trypsin for 1 h. Percentages describe residual STD NMR effects compared to the untreated 

GeF-I preparation. Spectra are shown using absolute y-scaling resulting in absolute STD NMR effects thus 

allowing a direct comparison of the different STD spectra and intensities of STD signals. The complete ligand 

assignment is also shown. 
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4.3.2.2.  STD NMR spectroscopy of Golgi enriched Fractions in the presence of   

 CMP and CMP-Neu5Ac 

Isolated GeF-I preparations were subjected to STD NMR spectroscopy using CMP-Neu5Ac and 

CMP as the binding ligands. The 1H NMR spectra of CMP-Neu5Ac and CMP are shown in Figure 

4.10 A and 4.10 E, respectively. The STD NMR spectra of GeF-I:CMP-Neu5Ac and GeF-I:CMP 

complexes (Figure 4.10 B and Figure 4.10 F, respectively) clearly reveal that both ligands interact 

with the GeF-I preparation. In order to ascertain if these interactions were specific for the 

recombinant CST, control STD NMR spectra were acquired using GeF-UI (Figure 4.10 C and 4.10 G, 

respectively) and GeF-wt (Figure 4.10 D and 4.10 H, respectively) preparations in complex with 

CMP-Neu5Ac and CMP. STD NMR effects for CMP-Neu5Ac when complexed with GeF-UI (Figure 

4.10 C) were evident, although with a 55% decreased intensity compared to that observed for the 

CMP-Neu5Ac:GeF-I complex (Figure 4.10 D). These observations suggest that some recombinant 

CST is associated with the GeF-UI preparation, probably due to low-level background expression 

in the absence of inducer. The AOX1 promoter offers tight regulation; however, when cultures are 

grown at high cell density prior to induction the promoter can undergo de-repression resulting in 

“leaky” protein expression. This hypothesis was confirmed when the same amount of GeF-UI used 

for STD NMR (200 g) was fractionated by SDS-PAGE, followed by Western blot. As shown in 

Figure 4.9, an anti-His6 mAb reactive band of size compatible with the size of the mCST-His6 could 

be detected, thus allowing the confirmation that the STD effect detected when GeF-UI:CMP-

Neu5Ac complexes were subjected to STD NMR is due to mCST-His6 leaky expression.  
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Figure 4.9: Detection of mCST in GeF-UI. Mr: molecular weight markers; lane 1): GeF-UI, 200 g. An anti-His6 

mAb reactive band of size compatible with the mCST-His6 construct can be detected also in the GeF 

obtained from methanol-un-induced P. pastoris KM71H-CST cells. 
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Figure 4.10. 
1
H spectra of CMP-Neu5Ac (A) and CMP (E). 

 
STD NMR spectra of CMP-Neu5Ac and CMP in the 

presence of GeF-I (panels B and F, respectively), GeF-UI (panels C and G, respectively) and GeF-wt (panels D 

and H, respectively). The structures of CMP and CMP-Neu5Ac are also shown. Spectra are shown using 

absolute y-scaling resulting in absolute STD NMR effects thus allowing a direct comparison of the different 

spectra and intensities of STD signals. R=NHAc: the intensity of this signal is due to 3 protons of the N-acetyl 

group (CH3-C=O)-NH. Although Tris-d11 of the highest isotopic purity available was employed (D2 > 98%), the 

Tris signal observed in panels B and C are due to subtraction artifacts originating from residual protonated 

Tris molecules.  
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As seen for the GeF-UI:CMP-Neu5Ac complex (Figure 4.10 C), STD NMR effects were also 

observed for the GeF-UI preparation complexed with CMP (Figure 4.10 G). However, unlike the 

GeF-wt:CMP-NeuAc complex (Figure 4.10D), where no STD NMR signals were detected, STD NMR 

effects for the GeF-wt:CMP complex representing approximately 15% of the signal intensity seen 

for the GeF-I:CMP complex, were observed (Figure 4.10 H). This result strongly suggests that CMP 

is being bound by endogenous proteins within the GeF-wt preparation, highlighting the sensitivity 

of STD NMR for monitoring ligand interactions with proteins associated with isolated cellular 

organelles.  

 

Figure 4.11: 
1
H (A) and STD NMR spectra of Gef-I:CMP (B) and GeF-wt:CMP (C). The STDD NMR spectrum 

generated by substracting (C) from (B). Spectra are shown using absolute y-scaling resulting in absolute STD 

NMR effects. 
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To remove the signal intensities resulting from the binding of CMP to endogenous proteins, the 

STD NMR spectrum for the GeF-wt:CMP complex (Figure 4.11 C) was subtracted from the GeF-

I:CMP complex (Figure 4.11 B) resulting in a STDD NMR spectrum (Figure 4.11 D). 

Relative STD NMR effects were calculated according to the formula ASTD = (I0 x ISAT) / I0 = ISTD / I0. All 

STD effects are given relative to the STD effect of H1' (Rib; 100%). Interestingly, the relative STD 

NMR effects of CMP-Neu5Ac and CMP for the nucleotide moiety are comparable suggesting that 

both ligands are bound similarly to the mCST. In both ligand complexes the highest amount of 

saturation received from the protein was at the H1' ribose proton (Figure 4.12). Importantly, the 

subtraction of the GeF-wt:CMP from the GeF-I:CMP spectra clearly reveals significant STDD 

effects attributable to the specific binding of CMP to recombinant mCST present in P. pastoris 

GeF-I preparations (Figure 4.11 B). 

 

 

Figure 4.12: Relative STD NMR values of CMP-Neu5Ac (A) and CMP (B). The STD NMR spectrum of the 

GeF-I:CMP-Neu5A (Figure 4.8 B) complex was used to calculate the relative STD NMR effects for CMP-

Neu5Ac. The saturation transfer double difference spectrum (GeF-I:CMP – GeF-wt:CMP) was used to 

calculate relative STD NMR effects for CMP. 

 

As shown in Figure 4.12 A and 4.12 B both the H5 in the cytosine and the H1' of the ribose form 

strong interactions with the protein in both ligands, as shown by the high saturation level 

received by these protons, (100% and 89%, respectively).  The lowest STD intensities correspond 

to the H5'/H5'' (31% in CMP-Neu5Ac and 26% in CMP, respectively) and to the H7, H8 and H9/H9' 

of the glycerol chain in the Neu5Ac moiety of CMP-Neu5Ac, (46%, 39% and 30%, respectively). 

Both the H3 protons (axial and equatorial), H4, H5 and the N-acetamido group of the Neu5Ac 
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moiety also appear to be involved in binding but their contact with the protein is overall less 

when compared to the H5 and H1' of the cytosine. 

Interestingly, the combined saturation received by the nucleotide moiety in CMP-Neu5Ac is 

similar to the saturation received by CMP alone (48% vs. 44%), suggesting a similar binding 

mechanism to the transport protein. Moreover the groups relative STD shows that Neu5Ac 

receives approximately the same saturation level as the nucleotide (48% vs. 44%) suggesting that 

overall the Neu5Ac moiety plays a role in substrate binding and recognition although alternative 

CMP activated sugars such as CMP-Neu5Gc and CMP-KDN can be translocated by the CST (75)  

(Table 4.5). 

 

TABLE 4.5: group relative STD 

Ligand  H6Cyt H5Cyt Cyt + Rib Neu5Ac 

CMP-Neu5Ac 89% 46% 48% 44% 

CMP  91% 39% 46% n.a. 

 

 

4.3.2.3.  STD NMR spectroscopy of Golgi-enriched fractions: interaction of   

 nucleotide sugars with endogenously expressed NSTs. 

P. pastoris,  like other yeasts, lacks an endogenous CST (95) and as shown in Figure 4.8D CMP-

Neu5Ac does not bind to GeF obtained from the untransformed parental strain KM71H (GeF-wt). 

Nevertheless Pichia pastoris, like S. cerevisiae, is known to perform post-translational 

modification of proteins, among which is protein N- and O- linked glycosylation (362,390,391). To 

ensure that the absence of STD effect observed for GeF-wt:CMP-Neu5Ac complexes was not 

observed due to the low expression level of an unknown putative protein able to bind and/or 

translocate CMP-Neu5Ac, GeF-wt were subjected for STD NMR spectroscopy after being 

complexed with a range of common nucleotide sugars.  

To this end, STD NMR spectra that were acquired upon individual complexation of GDP-Fuc 

(Figure 4.13), UDP-Gal (Figure 4.14), UDP-Glc (Figure 4.15), UDP-GalNAc (Figure 4.16), GDP-Man 
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(Figure 4.17) and PAPS (Figure 4.18) with GeF-wt and indeed showed direct binding of all 

nucleotide sugars to the GeF-wt preparation, most likely to their corresponding NST.  
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Figure 4.13: 
1
H (A) and STD (B) NMR spectra of GeF-wt:GDP-Fuc complex 
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Figure 4.14: 
1
H (A) and STD (B) NMR spectra of GeF-wt:UDP-Gal complex 
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 Figure 4.15: 
1
H (A) and STD (B) NMR spectra of GeF-wt:UDP-Glc complex 
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 Figure 4.16: 
1
H (A) and STD (B) NMR spectra of GeF-wt:UDP-GalNAc complex 
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Figure 4.17: 
1
H (A) and STD (B) NMR spectra of GeF-wtGDP-Man complex 
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Figure 4.18: 
1
H (A) and STD (B) NMR spectra of GeF-wt:PAPS complex 

 

Interestingly, adding an equimolar amount of CMP to the GeF-wt:UDP-Gal complex (Figure 4.19 C 

and 4.19 B, respectively) reduced the STD NMR signal intensities corresponding to UDP-Gal by 

56% (Figure 4.19 E). This strongly suggests that CMP is displacing UDP-Gal from its binding site 

(possibly the UDP-Gal transporter) associated with the GeF-wt preparation, thus accounting for 

the observed binding of CMP to GeF-wt (Figure 4.8 H).   
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Figure  4.19: 
1
H (A) and STD (B) NMR spectra of GeF-wt:UDP-Gal complex; 

1
H (C) and STD (D) NMR spectra 

of GeF-wt:UDP-Gal:CMP complex; (E) STD NMR spectra (B) and (D) superimposition of spectra (B) and (D) 

showing the intensities of the H6 Ura (UDP-Gal) before (in black) and after (in red) the addition of an 

equimolar amount of CMP. 

These results clearly show that not only can the specific binding of ligands to recombinant mCST 

be assessed, but binding to endogenous NSTs, and hence ligand selectivity, can also be 

monitored. 

As shown, this method has the potential to provide unique binding event information that is not 

accessible by other methods, permitting the high-throughput screening and design of novel and 

specific CST inhibitors that may lead to the development of novel anti-metastasis drugs. In 

summary, the STD NMR methodology reported herein provides an efficient technique for probing 
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recombinant and endogenous multiple-membrane-spanning proteins with ligands. Importantly, 

the contribution of the membrane environment in protein function is not ignored; in fact it is a 

fundamental component of the analysis. 

  

4.3.3.  STD NMR spectroscopy: effect of amino acid modification on mCST 

As previously described in Chapter 1 (Section 1.5.3., Page 26) in recent years an increasing body of 

work employing complementation/expression cloning and site directed mutagenesis have now 

started to identify amino acids important for CST translocation activity (176-178). However, while 

these assays give a qualitative response, they do not provide information on how the mCST 

mutants interact or do not do so with the CMP-Neu5Ac at the molecular level. In order to start 

mapping mCST-ligand interactions, STD NMR spectroscopy was employed as alternative 

investigational method. Moreover, CMP-Neu5Ac was complexed with GeF-I that were pre-

incubated with amino acid specific modification reagents and subjected to STD NMR 

spectroscopy. In this preliminary investigation the role of sulphydryl containing amino acids (Cys 

and disulfide bonds), amino acids with basic lateral chains (Lys and Arg) and amino acids with 

aromatic lateral chains (Tyr and Trp) in substrate binding were investigated.  

 

4.3.3.1. Modification of sulphydryl containing amino acids: Cys and disulfide bonds 

The alkylation of solvent accessible sulphydryl containing amino acids was performed by 

incubating GeF-I with iodoacetamide (IOA), (392); alternatively, IOA was used after incubating the 

GeF-I with tributylphosphine (TBP), in order to reduce disulfide bonds prior to alkylation 

(393,394). The comparison of the GeF-I:CMP-Neu5Ac spectra obtained before and after the 

treatment with IOA (Figure 4.20 B and C, respectively) showed that IOA resulted in a reduction in 

CMP-Neu5Ac binding of approximately 57%, while the preliminary incubation of GeF-I with the 

potent reducing agent TBP completely eliminates CMP-Neu5Ac binding to the mCST (Figure 4.20 

D). In particular, when the mCSTI:IOA:CMP-Neu5Ac interactions were characterized at the 

molecular level by means of an epitope map it appeared that the Neu5Ac moiety of CMP-Neu5Ac 

receives essentially the same average saturation before and after the treatment (48% and 47% 

respectively), while the CMP moiety of CMP-Neu5Ac receives approximately 32% less average 

saturation upon IOA treatment (44% and 30%, respectively). 
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Figure 4.20. 
1
H(A) and STD (B) NMR spectra of CMP-Neu5Ac in the presence of GeF-I; (C) GeF-I treated with 

iodoacetamide and (D) GeF-I treated sequentially with tributylphosphine and iodoacetamide. All spectra 

were recorded at 285 K, 600 MHz in deuterated Tris buffer (10 mM, pH 7.5), MgCl2 (2 mM) containing GeF-I 

equivalent to 200 g of protein, at a protein–ligand ratio of 1:100. The on-resonance frequency was set to -

1.00 ppm and the off-resonance to 300 ppm. The residual water signal was removed by applying a 

WATERGATE sequence. Epitope maps (left panel) were constructed by calculating the relative STD NMR 

effects according to the formula : ASTD = (I0 x Isat)/I0 = ISTD/I0. 

Such a result might indicate the presence of one or more Cys residues that interact with the 

Neu5Ac moiety of CMP-Neu5Ac, and whose modification affects the affinity and hence binding of 

CMP-Neu5Ac to the transporter. On the other hand, the absence of STD signals when the 

mCST:TBP:IOA:CMP-Neu5Ac were subjected to NMR spectroscopy  (Figure 4.20 D, right panel) 

suggests the presence of one or more disulfide bonds important for the overall stability of the 

tertiary structure of the mCST, although some residual CMP-Neu5Ac binding capacity is retained 

(Figure 4.20 D, left panel). 
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4.3.3.2. Modification of Lys, Arg, Tyr and Trp 

The chemical modification of the amino acids with positively-charged side chain Lys and Arg, was 

performed with acetic anhydride (AA) and phenylglyoxal (PGO) respectively.  

The incubation of GeF-I with AA, targeting the -amino group of Lys lateral chains, resulted in the 

complete loss of substrate binding, as indicated by the complete absence of STD signals (Figure 

4.21 D, right panel), indicating the presence of one or more Lys residues playing a crucial role in 

mCST:CMP-Neu5Ac binding. When the modification of Lys was performed with an alternative 

modification agent, DEPC, the same result could be detected (Figure 4.21 F), further confirming 

the presence of Lys residues having a critical role in mCST:CMP-Neu5Ac binding. As was previously 

the case after TBP and IOA modification, due to the absence of STD signals, an epitope map could 

not be determined; the same was true also for DEPC. 

When the terminal guanidinium group of Arg lateral chains was modified by PGO, an overall 

reduction in mCST:CMP-Neu5Ac binding was also observed (Figure 4.21 C); interestingly such 

modification completely eliminated the mCST interactions with the N-acetamido group at C5 of 

the Neu5Ac moeity, observed in the epitope map by the complete absence of saturation (Figure 

4.21 C, left panel).  The modification of Tyr residues with NAI also resulted in an overall reduction 

of CMP-Neu5Ac interaction with the induced mCST (Figure 4.21E). Interestingly however, the 

epitope map generated (Figure 4.21 E, left panel) shows that even though overall binding of CMP-

Neu5Ac decreased following NAI treatment, the Neu5Ac moiety continued to make significant 

interactions, with an average relative saturation of 57% following NAI treatment, compared with 

44% for the untreated control. This suggests that one or more Tyr residues may be involved in 

Neu5Ac binding, with N-acetylation of Tyr residues actually stabilizing this interaction. 
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Figure 4.21. 
1
H(A) and STD (B) NMR spectra of CMP-Neu5Ac in the presence of GeF-I; (C) GeF-I treated with 

phenylglyoxal; (D) GeF-I treated with acetic anhydride; (E) GeF-I treted with N-acetylimidazole; (F): GeF-I 

treated with diethylpirocarbonate; (G) GeF-I treated with N-bromosuccinimide. All spectra were recorded at 

285 K, 600 MHz in deuterated Tris buffer (10 mM, pH 7.5), MgCl2 (2 mM) containing GeF-I equivalent to 200 

g of protein, at a protein–ligand ratio of 1:100. The on-resonance frequency was set to -1.00 ppm and the 

off-resonance to 300 ppm. The residual water signal was removed by applying a WATERGATE sequence. 

Epitope maps (left panel) were constructed by calculating the relative STD NMR effects according to the 

formula : ASTD = (I0 x Isat)/I0 = ISTD/I0. 
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To explore if other aromatic amino acids contributed to CMP-Neu5Ac binding to the CST, Trp 

residues were modified with N-bromosuccinamide. However, in this instance no significant effect 

on CMP-Neu5Ac binding was observed (Figure 4.21 G). 
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4.4.                  Discsussion 

4.4.1.  Protein expression and activity 

The mCST was successfully expressed in Pichia pastoris as a C-terminally His6 tagged construct and 

it was correctly targeted to the cell’s Golgi-enriched fraction (Figures 4.3 and 4.4). The molecular 

weight of the over-expressed anti-His6 mAb reactive band corresponding to the full lenght mCST-

His6 construct was lower than the expected molecular weight as calculated from amino acid 

sequence, but in agreement with what was previously observed when the mCST was expressed 

both in S. cerevisiae, E. coli and COS cells (162,164,264). As previously described in Chapters 2 and 

3, such a difference between  the mCTS theoretical and experimental molecular weight reflects 

the anomalous electrophoretic migration of highly hydrophobic proteins such as trans-membrane 

proteins upon denaturation in the presence of SDS (395-397).  

Since there is a correlation between the number of integration events of the plasmid harbouring 

the mCST sequence in the Pichia genome, and the heterogeneous protein expression level (429-

431), to ensure high level of expression, the selection of transformed cells was performed with a 

high concentration of zeocin (500 g/ml). However, it is likely that despite these highly stringent 

selective conditions, different colonies contained a  different number of copies of the expression 

cassette resulting in the observed mCST heterogeneous expression level (Figure 4.3). 

Furthermore, the densitometry analysis of the Western blot radiographic traces of GeF-I and a 

known amount of 6xHis Protein Ladder (Qiagen) allowed an estimation of the mCST expression 

level in Colony 21 of approximately 1.8 mg/mL. While this expression level is comparable to what 

was previously described when NSTs were expressed in S. cerevisiae as GFP-tagged constructs 

(173) the aid of fermentors was not required, thus confirming the advantage of using Pichia 

pastoris over S. cerevisiae as host for the over-expression of trans-membrane proteins. Although 
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it was previously shown that P. pastoris is a suitable host for the expression of a functional CST 

(95), CMP-Neu5Ac translocation assays were set up using GeF obtained from both methanol-un-

induced and induced cells (GeF-UI and GeF-I, respectively). Substrate translocation and 

accumulation was dependent on the structural integrity of the GeF vesicles. When GeF-I were 

preincubated with the detergent Triton X-100, CMP-Neu5Ac accumulation could no longer be 

detected. Furthermore, substrate translocation specific activity in the order of 23 pmol/mg/min is 

comparable to what was previously observed for the transport system from mouse liver (16 

pmol/mg/min) (164). CMP-Neu5Ac translocation was almost completely abolished by the 

preincubation of GeF-I with CMP (165) while DIDS reduced substrate translocation essentially to 

diffusion level with the observed residual substrate translocation likely due to the leaky 

expression of the mCST in un-induced cells, (138,160,162,164,398). 

 

4.4.2.  GeF:CMP and GeF:CMP-Neu5Ac STD NMR  investigation:    

 Characterization of ligand binding at the molecular level 

STD NMR spectroscopy was used as an alternative investigational strategy to a functional assay to 

investigate CMP and CMP-Neu5Ac interaction with the mCST at the molecular level.  

STD NMR spectroscopy is an ideal tool to study the interaction of larger-sized targets with low-

molecular-weight ligands, and has been previously used to investigate ligand interactions with 

whole virus particles, platelets, intact cells, sepharose-immobilized recombinant protein and more 

recently virus-like particles, as previously described in this chapter. The large molecular weight of 

bulky particles, such as the vesicles in the Golgi enriched fractions, makes them particularly 

attractive for STD NMR spectroscopic studies because the inherently large line width enables 

saturation of the particle without affecting the ligand signals. Additionally, the larger correlation 

time of bulky particles results in efficient spin diffusion and consequently stronger saturation 

transfer.  By subjecting GeF directly to STD NMR investigations, detergent-mediated protein 

solubilisation, purification and reconstitution into artificial liposomes are not required, minimising 

the steps involved in sample handling and preparation and the risk of protein denaturation or 

delipidation upon detergent solubilisation. Membrane lipid composition is in fact a critical factor 

affecting membrane protein translocation across the membrane, topology, oligomeric state and 

activity (399). 

The interactions between mCST and both CMP and CMP-Neu5Ac at the molecular level were 

quantified by means of relative STD and epitope maps, in which the degree of saturation received 
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by each proton is expressed as a function of the saturation received by the H1' of the ribose. This 

proton in fact receives the highest protein mediated saturation in all the NS-protein interactions 

so far investigated by STD NMR and it might reflect its crucial role in substrate binding and 

recognition (400).  

As shown in Figure 4.12 A and B, the nucleotide moiety of CMP-Neu5Ac receives essentially 

identical saturation as CMP does, suggesting similar binding to the CST and probably explaining 

the inhibition activity exerted by CMP on CMP-Neu5Ac translocation. The H5' of the Cyt moiety 

receives the highest saturation in both ligands (CMP: 91%; CMP-Neu5Ac: 89%), indicating a strong 

contact with the transport protein. Previous results aiming to identify important groups in 

substrate binding by means of functional assays, also identified the importance of the H5' of the 

Cyt, as shown by the dramatic decrease in inhibitory activity of CMP analogues substituted in this 

position with bulkier groups; while small substitutions like chlorine, methyl, and ethyl groups 

show little inhibition effect or slightly enhanced binding (165). Most interestingly, the Neu5Ac 

moiety of CMP-Neu5Ac receives an average saturation as strong as the nucleotide moiety of the 

ligand, indicating an important role of the sugar moiety for the overall NS binding to the mCST. 

Furthermore the inability of Neu5Ac to be translocated by the CST (159,161), suggest that a 

precise 3D conformation and spacing between the nucleotide and sugar moieties are required for 

the efficient recognition of Neu5Ac by the transport protein. The role of the sugar moiety of NSs 

in mediating NST:NS binding and recognition has in fact long been disputed. The increasing 

number of NSTs capable of multiple NS translocation in fact (12, 14, 28, 29), has led to the 

commonly accepted notion that the sugar moiety in NSs does not play a crucial role for the overall 

binding to NSTs (90) and that any NST could translocate multiple sugars activated by the same 

nucleotide if the relevant sugars share some common structural features (129). An attempt to 

rationalise NS:NST interaction was well represented by the human and Drosophila UDP-Gal 

transporter that is capable of binding and translocating both  UDP-Gal and UDP-GalNAc 

translocation but not UDP-Glc and UDP-GlcNAc (142). In this case it appeared that the transporter 

discriminates between the axial and equatorial orientation of the OH in the C4 position of the 

sugar. The UDP-Gal/UDP-GalNAc transporters are in fact unable to translocate UDP-Glc or UDP-

GlcNAc which differs from UDP-GlcNAc and UDP-GalNAc only by the equatorial position of the OH 

at C4. However, an extra level of complexity was introduced by the isolation of a novel NST in 

Caenorhabditis elegans that is able to translocate UDP-Gal, UDP-Glc, UDP-GlcNAc and UDP-

GalNAc (143). 

As previously discussed, the CST is able to translocate three CMP activated Sias, CMP-Neu5Ac, 

CMP-Neu5Gc and CMP-KDN, differing from one another in the substituent group at the C5 
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position of the Sia moiety (401). Furthermore, it was shown that the main structural features 

required for the binding of glycosyl nucleosides by the CST are the type of base and linkage 

present, with pyrimidine-based glycosyl nucleosides able to inhibit transport to a greater extent 

than purine-based glycosyl nucleosides (398). The observation that the type of sugar did not 

influence the affinity for the transport protein also reinforced the idea that a generic pyrimidine-

sugar could be a candidate substrate for translocation by the CST (164).  

 

4.4.3.  Amino acid modification 

The use of amino acid modification reagents has been extensive in particular protein structure-

function relationships studies (389). This experimental approach, in fact, is particularly useful 

when there is no structural information on the target protein and when the lack of a consensus 

sequence does not allow the identification of a putative substrate binding site in which amino 

acids can be targeted by site directed mutagenesis, as in the case of the mCST. Amino acid 

modification might result in two different scenarios. Firstly, the modification could target amino 

acids essential for the overall 3D structural integrity of the targeted protein and therefore 

indirectly affect the substrate’s ability to bind to the protein; alternatively, amino acid 

modification could affect amino acids that are either directly involved in substrate binding or, as 

in the case of the transporter, binding and/or translocation.  Such an approach has successfully 

been applied to both trans-membrane proteins as well as to enzymes involved in Sia O-acetylation 

and C. perfringens small sialidase, with the effect of selective amino acid modification on the 

targeted protein activity evaluated by means of functional assays (402-407).  

As an alternative approach to functional assays, the possibility to exploit STD NMR to study the 

effect of selective amino acid modification on mCST:CMP-Neu5Ac interactions was investigated. 

The results previously presented in Section 4.3.2. (Page 101) have shown that CMP-Neu5Ac 

targets the mCST GeF-I associated with absolute specificity, with no other endogenously 

expressed proteins in the GeF-wt able to bind CMP-Neu5Ac. Furthermore, STD NMR has enabled 

the characterization of mCST:CMP-Neu5Ac interactions at the molecular level by means of 

epitope map determination, permitting the identification of moieties of the ligand molecule that 

are important for protein:ligand intereactions. Therefore, the chemical modification of Cys, 

disulfide bonds, Lys, Arg, Tyr and Trp were performed using GeF-I and the effect of each 

modification on mCST:CMP-Neu5Ac interaction was assessed by STD NMR spectroscopy.  
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Modification of amino acids with sulphydryl lateral chains. The modification of amino acid 

containing sulphydryl lateral chains was performed by initial incubation of the GeF-I in the 

presence of IOA (392) or, alternatively, after incubation with TBP to reduce disulfide bonds prior 

to alkylation (393).  When the web-based disulfide bonds prediction program DiANNA (408-410) 

was used to analyse the mCST amino acid sequence (SwissProt accession number Q61420), six out 

of the seven Cys residues in the mCST primary sequence were predicted to be potentially involved 

in disulfide bonds, establishing both intra- and inter-trans-membrane domains connections. Based 

on the mCST membrane topology model by Eckhardt et al.(171), the Cys residues predicted to 

form disulfide bonds would connect TM1 with TM2 (Cys 16-49, respectively) and TM5 with TM10 

(Cys 152-307, respectively), while Cys 127-131 would form an inter-trans-membrane disulfide 

bond within TM4.  If these disulfide bonds were confirmed, Cys 187 would be the only reduced 

Cys susceptible to alkylation by IOA. This Cys residue, situated in TM6, is buried deep within the 

Golgi lipid bilayer towards the cytosolic side, nevertheless it must be accessible to the small and 

highly soluble reducing agent IOA, suggesting its exposure to the solvent environment. 

As shown in Section 4.3.3.1. (Page 117), the incubation of GeF-I with IOA prior to STD NMR, 

resulted in a reduction of the overall intensity of the ligand based STD signals when compared to 

the control sample. In the case of mCST:IOA modification, the reduced STD effects observed and 

the sensitive reduction in saturation received by the Neu5Ac moiety of CMP-Neu5Ac after IOA 

modification seem to indicate that the alkylation of Cys187 has a destabilising effect on 

mCST:CMP-Neu5Ac interactions, probably reducing the affinity of CMP-Neu5Ac for the 

transporter.  

More interestingly, the complete loss of STD NMR effect observed after the sequential incubation 

of GeF:I with TBP and IOA, suggests the presence of one or more disulfide bonds that stabilise the 

overall mCST secondary structure. Indirect evidence suggesting the presence and the importance 

of putative disulfide bonds for the mCST structural and functional integrity comes from refolding 

experiments after the over-expression of the mCST in E. coli, where it could be retrieved in the 

form of inclusion bodies (162). Following solubilisation with 8M urea, refolding in the presence 

and absence of DTE and subsequent reconstitution of the transport system in proteoliposomes, it 

was shown that the presence of DTE during refolding was required for the mCST to gain CMP-

Neu5Ac translocation activity (Tiralongo, Ph. D. thesis).  Such results indicate that the DTE might 

have acted as a chemical chaperone system simulating the activity of the protein disulfide 

isomerase (444,445) and favouring the formation of disulfide bonds more compatible with the 

native structure and therefore functional integrity of the mCST. Alternatively, when protein 
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refolding was performed in the absence of DTE, randomly formed disulfide bonds might have led 

to the formation of incorrectly folded and therefore inactive protein. 

The importance of disulfide bonds in the structural and functional integrity of CMP-Neu5Ac 

utilising enzymes has previously been observed. The amino acid sequences of the human cloned 

sialyltransferases show very little sequence identity with the exception of three consensus 

sequences called sialylmotifs L, S, and VS (120). The functional significance of the sialylmotifs L 

and S has been assessed by site-directed mutagenesis using Gal-  1,4GlcNAc  2,6-

sialyltransferase (ST6Gal I) as a model.  Each of the two sialylmotifs contains one Cys residue 

invariantly present in all cloned sialyltransferases (120) with preliminary data showing that these 

cysteine residues are important for enzyme activity and are involved in disulfide linkage formation 

(122,123). 

 

Modification of Lysine and Arginine. The modification of Lysine was performed after preliminary 

incubation of the GeF-I with acetic anhydride (AA) or diethylpirocarbonate, (DEPC) while Arg 

modification was performed after incubation of the GeF-I with phenylglyoxal (PGO). 

Acetic anhydride is one of the most commonly used reagents to acetylate -amino groups of Lys , 

however is instable in aqueous solution and slowly hydrolyses producing acetic acid. To avoid 

false positive results caused by acid-induced irreversible modification of the mCST, Lys 

modification was also performed by using DEPC. This reagent is routinely used to modify His 

(411), but its reactivity can be tuned by adjusting the reaction conditions: in particular, it has been 

shown that DEPC is able to selectively modify Lys when the modification reaction is performed in 

slightly alkaline conditions (412).  The pre-treatment of GeF-I with AA and DEPC led to a complete 

loss of STD signals upon complexing with CMP-Neu5Ac, suggesting a central role of one or more 

Lys residues either in substrate binding or in the transporter structural integrity. During the 

preparation of this thesis, Lys272, which is situated in the cytosolic loop connecting TM8 with 

TM9 of the mCST, was shown to be required for CMP-Neu5Ac translocation. The mutation of this 

Lys residue to Arg was able to preserve the transport protein’s function to wild type level but its 

mutation to His, Ala or Gly completely inactivated substrate binding and/or translocation 

indicating the key importance of a positive charge in this position in mediating either mCST:CMP-

Neu5Ac interactions and/or translocation (178). However, because this residue appears not to 

confer substrate specificity as it is conserved also in UGT (Appendix A1), a structural function of 

Lys272 can not be excluded. Ionizable residues in fact have long been known to play essential 

roles in proteins, modulating their stability and fold and therefore function. For this reason, amino 
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acids like Asp, Glu, Arg, and Lys can represent up to about a quarter of the residues in an average 

protein  (12% of the amino acid content of the mCST). Lys residues in particular are often involved 

in ion pairs, typically but not exclusively, by co-ordinating the negatively-charged lateral chains of 

Asp (413,414). According to the mCST topology model by Eckhardt et a. (171), Lys272 could be in 

spatial proximity with three Asp residues, Asp169, Asp203 and Asp328. Being situated in the 

cytosolic loops connecting TM7 with TM8, or on the cytosolic C-terminal of the transporter, 

respectively, each one of these Asp residue could represent a potential ion pair partner to Lys272.  

The modification of Arg with PGO also reduces the overall STD NMR effect of the GeF-I:CMP-

Neu5Ac complexes, however, the complete loss of the STD NMR signal corresponding to the N-

acetamido at C5 of the Neu5Ac moiety, clearly indicates that this modification targets one or 

more Arg residues mediating the interaction between the mCST:CMP-Neu5Ac interaction at this 

level. The role of Arg in mediating the interaction between protein binding or utilizing negatively 

charged substrate has also long been known, with the positively-charged guanidinium group 

coordinating the delocalised negative charge of carboxylic acid group (415). This has also been 

observed in both Neu5Ac and CMP-Neu5Ac binding and utilising enzymes, such as microbial 

sialidases that contain a triarginyl cluster which coordinates the C1 carboxylic acid group of 

Neu5Ac (416). Another example is the murine CMP-Neu5Ac synthetase (CSS) (109,112,417). In the 

murine CSS, Arg residues of monomer A have been shown to be important for both nuclear 

localization (Arg199A1a and Arg202A1a) and catalytic activity (Arg202A1a), while Arg202B 

coordinates the carboxylic group at C1 of Neu5Ac and Arg199B interacts with the oxygen of the 

carbonyl group of the C5 N-acetamido moiety (112).  

After the carboxylic acid group at C1 and the lateral glycerol chain, the nature of the substituent 

group at C5 of Sia determines the chemical and biological properties of the sugar (418). The C5 of 

Neu5Ac in fact can be substituted with either an acetamido, hydroxyacetamido, or hydroxyl 

moiety to form N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), or KDN, 

respectively (418).  

Interestingly, the modification of the mCST’s Arg residue(s) interacting with the carbonyl oxygen 

of the N-acetamido group at C5 is in itself not enough to completely abolish mCST:CMP-Neu5Ac 

interaction. As shown in Table 4.4 (Page 109) , the Neu5Ac moiety receives a saturation level 

similar to the CMP moiety, clearly indicating that the sugar moiety is in close proximity to the 

mCST. Nevertheless, the promiscuity in CMP-Neu5Ac binding/recognition at the C5 of Neu5Ac is 

likely to be the key factor allowing the CST to translocate the Sias previously mentioned in their 

activated form, CMP-Neu5Ac, CMP-Neu5Gc and CMP-KDN (401,419). Such promiscuity is further 
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demonstrated by the CST’s ability to translocate the bulkier and more hydrophobic CMP-Neu5Ac 

analogue CMP-5-N-fluoresceinylaminoacetylneuraminic acid (CMP-5-FTIUNeu5Ac) (420).  

 

 

 

Taken together these data might also allow one to speculate that the C5 substituent group of 

Neu5Ac is either oriented towards the outer solvent exposed interface or, at least, it interacts 

with the transport protein in an area that is not physically constrained, allowing the 

accommodation of substituents with such a diverse range of steric bulk. 

Modification of Trypthophan and Tyrosine Residues. Aromatic amino acids such as Trp and Tyr are 

important in Sia binding or utilising proteins where they mediate protein ligand interactions 

and/or participate in the protein’s catalytic activity. For example, the active site of Vibrio cholerae 

sialidase, contains a defined hydrophobic pocket at the bottom of which sits a Trp residue 

(Trp311) that directly interacts with the C5 N-acetamide moiety of the native ligand Neu5Ac via its 

methyl group (416), with this interaction also observed by STD NMR (421). However as previously 

discussed, it would appear that one or more Arg residues play a crucial role in mCST:CMP-Neu5Ac 

interaction with the C5 N-acetamide substituent group. Tyr lateral chains are also known to play a 

crucial role in Sia binding and utilizing proteins, where they either stabilise protein:ligand 

interaction or play a crucial role in the catalytic mechanism.  

The binding of a Neu5Ac sialoside analogue with the VP8* spike protein from rhesus Rotavirus for 

example, is stabilized by a combination of both van der Waals and electrostatic contacts, 

contributed by Y188 stabilized in its carbohydrate binding position by a stacking interaction with 
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Y175 from the adjacent strand (422). Alternatively, the tyrosine residue Tyr334, conserved both in 

sequence and in space among mammalian and bacterial sialidases as well as in viral 

neuraminidases, facilitates the enzymatic reaction by stabilizing a putative carbonium ion in the 

transition state (423). The reduction of the CMP-Neu5Ac STD effect observed after the acetylation 

of Tyr with NAI, together with the overall increase in the saturation received by CMP-Neu5Ac 

after modification, appear to suggest a stabilising role of such a modification. This could be due to 

the combined effect of electrostatic interactions or the hydrophobic methyl group.  

Taken together, these preliminary results suggest the involvement of disulfide bonds and ion pairs 

in stabilizing the overall structure of the transporter, while Cys, Tyr, and Arg appear to be directly 

involved in substrate binding, with these amino acids already shown to play different roles in 

mediating Neu5Ac and CMP-Neu5Ac binding or utilization by a different range of proteins and 

enzymes. 

As previously discussed in Chapter 1 (Section 1.5., Page 22), Aoki et al. were able to create human 

UGT-CST chimeric transporters in which the substitution of helix 7 of hCST (amino acid 195 to 237) 

into the corresponding part of hUGT1 was necessary and sufficient for a chimera to show CST 

activity. Additional replacement of helix 2 or 3 of hUGT1 with the corresponding hCST sequence 

(amino acid 46 to 64 and 90 to 120, respectively) markedly increased the efficiency of CMP-Sia 

transport (174). To verify if helices 7, 2 and 3 of the CST could contain amino acids that might 

confer substrate specificity, the amino acid sequences of evolutionary diverse CSTs  and UGTs (H. 

sapiens, and M. musculus) were aligned (Appendix A1). Further analysis of the CST/UGT sequence 

alignment revealed a number of Lys, Arg and Tyr residues that are highly conserved in helices 2, 3 

and 7 of the CST but absent in the UGT (highlighted in the sequence alignment shown in Appendix 

A1). One approach to determine whether these residues are indeed involved in CST-CMP-Neu5Ac 

binding, would be to mutate them to Ala.  According to the  numbering as per the mouse CST 

sequence, they are Cys16 and Cys152 (situated in TM1 and TM5, respectively, to disrupt both the 

putative inter-TMD disulfide bonds predicted by DiANNA), Tyr15 (situated in TM1), Lys65, Lys74 

(situated in the cytosolic loop between TM2 and TM3), Arg209 and Tyr214 (situated in TM7) with 

the effect of such mutations to be evaluated by means of STD NMR spectroscopy. 

The ability of the Neu5Ac moiety of CMP-Neu5Ac to strongly interact with the mCST, as previously 

discussed, led to a further investigation of the role of this moiety in binding to the transport 

protein, with the results presented in Chapter 5. 
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Chapter 5 

 

Purification of the murine CMP-Neu5Ac transporter (mCST) and 

liposome based Saturation Transfer Difference Nuclear Magnetic 

Resonance (STD NMR) spectroscopy 

 

 

5. 1.  Introduction  

5.1.1.  Use of detergents in membrane proteins investigation 

The purification of trans-membrane proteins requires their extraction from the lipidic bilayer in 

which they naturally reside (424). This is achieved by solubilising the membrane lipid environment 

by means of detergents, a class of amphipathic compounds that due to their physical-chemical 

properties once in solution co-exist both as monomer or, above what is called critical micellar 

concentration (CMC), as micelles (425,426). During solubilisation, as result of their amphipathic 

properties, detergent molecules replace and mimic the lipids surrounding the trans-membrane 

protein resulting in their transfer from the lipid environment to solution, in a process that should 

preserve the protein structure and functionality (427). As consequence of the solubilisation 

process, solubilised trans-membrane proteins are present in solution as a ternary complex made 

of detergents molecules, lipids associated with the protein and the protein itself, or as usually 

referred to as Lipid-Protein-Detergent Complex (LPDC). The identification of ideal solubilisation 

conditions involves screening a panel of different detergents and evaluating the protein biological 



 

 143 

activity upon solubilisation to ensure that the functional integrity of the membrane protein, and 

thereby its native structure, is preserved during solubilisation. (427).  

The choice of detergent for solubilisation largely depends on the size, number and amino acid 

composition of the TM domains of the protein of interest (428). As a rule of thumb, detergents 

are classified either as mild or harsh depending on the probability that they will denature a 

protein; with mild detergent reportedly being able to preserve the structure-function of the 

protein, and the harsh detergents having higher probability to induce protein denaturation. This 

empirical classification is based on the nature of the polar head of the detergent and the nature of 

the length of the alkyl chain. In particular, if the size of the polar head decreases from ‘large’ to 

‘small’, zwitterionic and singly-charged the harshness of the detergent increases. Similarly the 

decreasing length of the alkyl chain is associated with a putative increase of the detergent 

harshness, with the longer alkyl chains assumed to better mimic the length of the fatty acids 

found in natural phospholipids (427).  

Such classification however is often contradicted by practical experience, with trans-membrane 

proteins reported to be active in detergents that according to the above classification are harsh, 

but completely inactivated in detergent that would be classified as ‘mild’. A typical example is 

represented by the 1-adrenergic receptor that is active in the ‘harsh’ detergent n-decyl -D-

maltopyranoside (429). Similarly, the highly denaturing detergent Sodium Dodecyl Sulphate (SDS) 

has been successfully used for the NMR structure determination of membrane proteins such as 

the 68 kDa homotetrameric KcsA bacterial potassium channel from Streptomyces lividans and E. 

coli’s -barrel outer membrane porin PgpP among others (430-433). Furthermore, the ‘harsh’ 

short alkyl chain detergent n-octyl β-D-glucopyranoside is the detergent most successfully used 

for membrane protein crystallization as its small size might favour protein-protein interactions 

important for crystal formation (source Membrane Protein Data Bank, 

http://www.mpdb.tcd.ie/index.asp, last access November 2010). 

Among the detergents most commonly used for protein solubilisation and purification are the 

members of the glucoside (n-alkyl / -D-glucopyranoside) and the maltoside (n-alkyl / -D-

maltopyranoside) families. Although glucosides and maltosides having the same alkyl chains have 

a similar CMCs (Table 5.1), maltosides appear to be more efficient in solubilising membrane 

proteins because of their bulkier hydrophilic head. Furthermore, the bulkier hydrophilic head of 

these detergents enhances the solubility of those maltosides with long alkyl chains, while their 

glucoside analogues are virtually insoluble. An example is well represented by n-dodecyl -D-

maltopyranoside and its glucopyranoside analogue n-dodecyl β-D-glucopyranoside: while the 

http://www.mpdb.tcd.ie/index.asp
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former has a 20%solubility  in water at 0-5 ºC, the latter is virtually insoluble (source Anatrace 

(now Affymetrix) last access February 2011, http://www.affymetrix.com/estore/index.jsp,) and 

requires preliminary solubilisation in an organic solvent such as methanol before being diluted in 

aqueous solutions. 

 

5.1.2.  Solubilisation, purification and oligomeric state of nucleotide sugar   

 transporters (NST) and the CMP-Neu5Ac transporter (mCST) 

As previously described, although several NSTs have been biochemically extensively 

characterized, structural information is still rare. Over the last 30 years, the body of evidence 

starting to elucidate the structure-function relationship of this family of transporters has started 

to accumulate, nevertheless the information so obtained still has not yet allowed the 

elucidatation of what is the structural and functional unit of the NSTs in a lipid bilayer.  

The earliest NST solubilisation and purification attempts were performed using the 

phosphoadenosine phosphosulfate (PAPS), the uridine 5’-diphosphate N-acetylgalactosamine 

(UDP-GalNAc), the guanidine 5’-diphosphate fucose (GDP-Fuc) transporters  from rat liver (141-

143) and the guanidine 5’-diphosphate mannose (GDP-Man) transporter from L. donovani 

(156,434). 

In these early trials, Triton X-100 was employed by Puglielli et al. for the solubilisation of all the 

NSTs investigated: after solubilisation, purification and reconstitution into proteoliposomes the 

transporters preserved their catalytic activity. Furthermore the analysis of these NSTs by glycerol 

gradient centrifugation revealed that they were organized in homodimers (139-141). 

The GDP-Man transporter from L. donovani was later solubilised by means of both ionic and non-

ionic detergents (SDS, NP-40, digitonin,) and subsequently analysed by means of a wide range of 

analytical techniques (157). Among them immunoprecipitation, glycerol gradient centrifugation, 

pore-limited native gel electrophoresis, and cross-linking experiments, in the presence of the 

same detergents used for solubilisation, were employed. In particular, the combination of low 

concentration of NP-40 and digitonin during both solubilisation and glycerol centrifugation  

allowed the identification of a GDP-Man transporter hexamer (200-300 kDa). Higher 

concentration of NP-40 and SDS during solubilisation resulted in the dissociation of the hexameric 

complex to a low molecular weight molecular species (30-50 kDa) (156). 

http://www.affymetrix.com/estore/index.jsp
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More recently, the GDP-Man transporter was again solubilised from L. donovani microsomal 

fractions and affinity purified to homogeneity after testing a panel of 10 ionic and non-ionic 

detergents (434). Glycodeoxycholic acid (GDCA) was identified as the detergent able to achieve 

full solubilisation of the NST preserving the transporter’s catalytic activity (434).  

However, the GDP-Man transporter oligomeric organization after GDCA solubilisation was not 

investigated. Similarly, the absence of both functional data after digitonin solubiliation and 

analysis of the GDP-Man transporter oligomeric state after GDCA solubilisation and purification 

do not allow a correlation between the structural and functional unit of the GDP-Man transporter 

(146,469).  

The mCST was also postulated to be a dimer based on the presence of a leucine zipper motif in 

the cytosolic loop connecting the TM2 and TM3 of the transporter (171). However, when the role 

of such a leucine zipper in the oligomerization of the mCST was investigated by means of epitope 

tagging, no variations in the mCST expression, localisation and activity could be detected (171). 

This suggests that the leucine zipper is not responsible for the mCST dimerization, however it 

might still happen by means of an unknown mechanism.  

Recently, Newstead et al. over-expressed several GFP- tagged NSTs in S. cerevisiae, among which 

was the human CST (hCST) and they identified both DDM and FOS-12 as the detergents that best 

solubilised the transporters (173). When the DDM solubilised and purified hCST was analysed by 

gel filtration, the lipid-detergent-hCST complex had an apparent molecular weight of 65 kDa. 

Given the molecular weight of the hCST is 37 kDa and the difference accountable to the detergent 

DDM, the DDM solubilised hCST would be a monomer in solution (173). Nevertheless, because 

CMP-Neu5Ac translocation assays were not performed, it is not possible to assess if the 

monomeric CST is the functional unit of the transport system. 

In an attempt to answer what the structurally functional unit of the CST is and to identify 

experimental conditions that would allow the purification of the mCST suitable for 2D 

crystallization, a panel of ionic and non-ionic detergents were tested for their ability to solubilise 

and purify the mCST from P. pastoris GeF-I.  
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5.2.  Material and methods 

5.2.1.  Reagents and buffers 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) or MP Biomedical (Solon, 

OH, USA) unless otherwise specified, and were of the highest possible purity or Molecular Biology 

Grade.  

 

Milli-Q water (18.2 MΏ) produced with a Milli-Q Synthesis Apparatus, Millipore (Bedford, CA, 

USA) was used at all times. 

 

The ANAGRADE® grade glucopyranoside and maltopyranoside detergents series were purchased 

from ANATRACE (Maumee, OH, USA).  When required, detergents stock solutions 10% (w/v) were 

prepared, divided into aliquots and stored at -20 ºC until further required. 

 

Phosphate-Buffered Saline (PBS) was prepared according to Sambrook (235), (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 2 mM NaH2PO4, pH 7.4). 

 

2 M imidazole stock solution, pH 7.4 was prepared by dissolving 27.2 g imidazole in 150 mL of 

MilliQ water. After adjusting the pH to 7.4 with HCl, the solution was brought to a final volume of 

200 mL. Following filter sterilization through a 0.22 m filter, the solution was stored at room 

temperature until further required. 

 

The BeadBeater, supplied with 50 mL rotor chamber, Teflon propeller, refrigerating jacket and 0.5 

mm acid washed glass beads was purchased from BioSpec Products Inc. (Bartlesville, OK, USA). 
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The Mini-Extruder, the lipids and the electron-etched polycarbonate membrane (0.2 mm pores) 

were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 

 

Purification of the detergent solubilised mCST was performed using Profinity resin, using standard 

conditions as per supplier’s instructions (Bio-Rad). Bio-Beads SM2 was also purchased from Bio-

Rad (Hercules, CA, USA).  

 

 

5.2.2.  Isolation of Golgi enriched Fractions 

5.2.2.1. Expression of the mCST-His6 in Pichia pastoris KM71H 

The over-expression of the C-terminally His6 tagged mCST was performed as previously described. 

Briefly, a single colony of KM71H P. pastoris cells transformed with plasmid pPICZ-B-CST was used 

to inoculate a 10 mL BMGY culture in 100 mL baffled flasks. Following overnight incubation at 23 

ºC with shaking (220 rpm) the culture was transferred to a 4 L baffled flask containing 1 L BMGY 

and further incubated at 23 °C, at 220 rpm until an OD600 of between 2 and 6 was reached. Cells 

were subsequently collected by centrifugation at 1,500 x g, 5 min and re-suspended in 200 mL of 

BMMY to induce protein expression. After 24 h incubation at 20 ºC with shaking (250 rpm), the 

cells were collected by centrifugation (1,500 x g, 5 min, 4 ºC) washed once with an ice-cold 10 mM 

sodium azide solution and either used immediately or frozen at -20 ºC till further required. 

 

5.2.2.2. Cell lysis and isolation of GeF-I by differential centrifugation 

The mechanical cell lysis of P. pastoris cells was performed by means of a BeadBeater according to 

the manufacturer’s instructions in a 50 mL rotor chamber fitted with a Teflon propeller. Briefly, 

frozen methanol-induced KM71H P. pastoris cells were thawed on ice and resuspended in ice cold 

lysis buffer (10 mM Tris-HCl, 0.8 M sorbitol, 1 mM EDTA, 1 mM PMSF), supplemented with 

Complete EDTA Free Protease Inhibitors Cocktail (Roche), at a ratio of 25 mL /10 g of frozen cells. 

The cell suspension was then transferred to the ice-cold 50 mL rotor chamber half-filled with ice-

cold glass beads. The rotor chamber was then assembled into the provided cooling jacket filled 

with a crushed ice-water mixture, and transferred onto the BeadBeater motor. Cell lysis was 
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obtained by operating the BeadBeater motor, cycling between 15 sec operation and 1 min resting 

to avoid sample heating, for a total of 4 cycles. At this stage, the cell homogenate was retrieved 

from the rotor chamber and transferred into an ice-cold 50 mL tube. Residual glass beads and 

unbroken cells were collected by centrifugation at 1,500 x g, 10 min, 4 ºC. The supernatant was 

then transferred into a clean ice-cold 50 mL tube and spun at 10,000 x g, 10 min, 4 ºC. The 

resulting post-nuclear fraction was transferred into an Ultra-Clear ultracentrifugation tube and 

centrifuged at 100,000 x g, 1 h, 4 ºC. The pellet, representing the GeF-I fraction, was resuspended 

with ice-cold lysis buffer, divided into aliquots, snap-frozen into liquid nitrogen and stored at -80 

ºC until further required. 

 

5.2.3.  Identification of solubilisation conditions 

5.2.3.1. Detergent mediated solubilization 

GeF-I prepared as described in Section 5.2.2.2. were used to identify mCST solubilisation and 

purification conditions. GeF-I (2 mg/mL) were suspended in 0.5 mL of solubilisation buffer (50 mM 

NaHPO4 pH 8, 300 mM NaCl, 10% glycerol, 5 mM imidazole, 1 mM PMSF, supplemented with 

EDTA-Free protease inhibition cocktail) in the presence of the relevant detergent at a 

concentration equal to 10 times their CMC (Table 1). Following incubation at 4 ºC with gentle 

stirring for 1 h the solubilisation reaction was transferred to a Thick Wall Polycarbonate 

Ultracentrifuge tube and centrifuged at 100,000 x g, 1 h, 4 ºC. After removing the supernatant 

containing the soluble fraction, each pellet was resuspended in 0.1 mL of 0.1% (w/v) SDS to 

ensure its complete solubilisation. UM and DDM were also tested in solubilisation trials at a final 

concentration of 1% (w/v).  
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TABLE 5.1: Detergents used in this study, their Critical Micellar Concentration (CMC) and micellar 

aggregation number. 

Detergent name Abbreviation CMC %/(mM) 
Aggregation 

number 

n-Heptyl -D-glucopyranoside* HG  1.9  (70)  

n-Octyl -D-glucopyranoside OG  0.53 (18) 78 

n-Nonyl -D-glucopyranoside NG  0.2 (6.5)  

n-Decyl -D-glucopyranoside DG  0.07 (2.2)  

n-Dodecyl -D-glucopyranoside DDG  0.0066 (0.19)  

n-Octyl -D-maltopyranoside* OM 0.89 (19.5) 47 

n-Nonyl -D-maltopyranoside NM 0.28 (6) 55 

n-Decyl -D-maltopyranoside DM  0.087 (1.8) 69 

n-Undecyl -D-maltopyranoside UM  0.029 (0.59) 74 

n-Dodecyl -D-maltopyranoside DDM  0.0087 (0.17) 78-149 
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Glycodeoxycholic acid GDA/GDC 1 (2.1)  

#
 The required volume of the relevant 10% (w/v) detergent stocks solutions was added to a 1.5 mL 

Eppendorf centrifuge tube and dried overnight into a Christ Alpha 1-4 Freeze Dryer.  

 

5.2.3.2. Protein quantitation 

Protein quantitation was performed using the BCA Protein Quantitation from Pierce 

Biotechnology (Rockford, IL, USA), using bovine serum albumin as standard as described in 

Section 2.2.4., (Page 49). 

 

5.2.3.3. SDS-PAGE and Western Blotting 

SDS-PAGE fractionation and Western Blotting were performed as described in Section 2.2.5., 

(Page 49). 

 

5.2.4.  Identification of purification condition using Ni-NTA spin columns 

Small scale purification trials were performed using Ni-NTA Spin columns (Qiagen, Hamburg, 

Germany) essentially according to the manufacturer’s instructions.  After detergent-mediated 

solubilisation of GeF-I as described in Section 5.2.3, the soluble fraction obtained following 

centrifugation at 100,000 x g was loaded onto a Ni-NTA spin column pre-equilibrated with 

solubilisation buffer. All detergents were employed at a concentration equal to 10× CMC, while 

UM and DDM were also tested at a concentration of 1% (w/v.). Three wash steps were then 

performed: 1) solubilisation/equilibration buffer; 2) solubilisation buffer supplemented with 20 

mM imidazole; 3) solubilisation buffer supplemented with 40 mM imidazole. Elution was 

performed with the relevant solubilisation buffer supplemented with 250 mM imidazole. Protein 

content was determined performed as per Section 2.2.4. SDS-PAGE and Western blotting were 

performed as described in Section 2.2.5. (both Page 49).  

 

5.2.5.  Evaluation of biological activity after detergent-mediate solubilisation   

 and purification by Ni-NTA spin columns 
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5.2.5.1. Phosphatidylcholine liposome preparation 

PC liposomes were prepared using the Avanti Polar Lipids Mini-Extruder, according to the 

manufacturer’s instructions. Briefly, after removing chloroform from the PC solution by overnight 

freeze-drying, the lipid cake was re-hydrated at room temperature for one hour with mCST 

transport assay buffer (10 mM Tris-HCl pH 7, 2 mM MgCl2) with gentle stirring, at a final 

concentration of 30 mg/mL. At this stage, the lipid suspension was extruded 11 times through a 

0.2 m electron-etched polycarbonate membrane. The liposomes so prepared were either 

immediately used or snap frozen in liquid nitrogen and stored at -20 ºC until further required. 

 

5.2.5.2. Liposome detergent titration 

Liposome-detergent titration was performed essentially according to Lichtenberg (435). PC 

liposomes prepared were resuspended at a final concentration of 4 mg/mL and 150 L aliquots 

were dispensed into a flat bottom 96-well plate. NM, DM, UM and DDM (prepared as 10% (w/v) 

stock solutions in MilliQ water) were added at 5 L increments to the liposome solution, 

compensating the variation of sample volume with buffer. The liposome-detergent mixture was 

allowed to incubate overnight at 25 °C with gentle shaking. The solubilisation efficiency of each 

detergent was determined spectrophotometrically by measuring the turbidity of the solution at 

540 nm in a Victor3 Multilable reader (PerkinElmer). 

 

 

5.2.5.3.  Bio-Beads activation 

One gram of Bio-Beads was added to 50 mL of HPLC grade methanol. Following gentle stirring at 

room temperature for one hour, the methanol was removed and the beads were rinsed twice 

with an equal volume of MilliQ water.  The beads were used immediately or stored at 4 ºC in the 

presence of a minimum amount of MilliQ water to prevent them from drying out.  

 

5.2.5.4. Reconstitution of the mCST protein into artificial PC liposomes 

After solubilisation and purification performed as described in Sections 5.2.3. and 5.2.4. (Page 139 

and 141, respectively), the mCTS was reconstituted into artificial PC liposomes that were 



 

 152 

preliminarily incubated with the relevant detergent at concentrations equal to RSAT, RSOL and  RINT. 

One hundred g of purified mCST was used for each reconstitution trial with a lipid to protein 

ratio of 100:1 (w/w). After combining the purified protein with the detergent-proteoliposome 

suspension, the mixture was allowed to equilibrate at room temperature with gentle stirring for 1 

h. At this stage detergent removal was achieved by the addition of two by 100 mg aliquots of 

methanol activated Bio-Beads at one hour intervals and incubated at room temperature. After 

adding a 200 mg aliquot of Bio-Beads, detergent removal was allowed to proceed overnight at 4 

°C. The reconstituted proteoliposomes were collected and used in CMP-Neu5Ac transport assays. 

 

5.2.5.5. CMP-Neu5Ac translocation assays in Phosphatidylcholine-mCST    

 proteoliposomes 

The mixed PC-mCST proteoliposomes were used in CMP-Neu5Ac transport assays according to 

Tiralongo et al. (164), and as described in Section 2.2.7.2., (Page 52). 

 

 

5.2.6.  Large-scale IMAC affinity purification of the mCST and investigation of   

 oligomeric state by size exclusion chromatography 

5.2.6.1. IMAC affinity Chromatography 

Large-scale purification of the mCST was performed after solubilisation and purification with NM 

using a Ni-Profinity resin. Briefly, 100 mL of  PBS supplemented with 1 mM PMSF, EDTA-free 

protease inhibitors cocktail (Roche) and 2.8% NM, were used to solubilise GeF-I prepared after 

mechanical cell lysis of P. pastoris cells as described in Section 5.2.2.2. (Page 138) at a final 

concentration of 2 mg/mL.  Solubilisation was performed at 4 ºC with gentle stirring. After 1 h, the 

solubilisation reaction was transferred to Ultra-Clear Ultracentrifugation tubes and the soluble 

and insoluble fractions were separated by centrifugation at 100,000 x g, 4 ºC.  After 1 h, the 

supernatant containing the solubilised  mixed mCST-NM micelles was loaded onto 2 mL of Ni-

Profinity resin (pre-equilibrated with the same solubilisation buffer), at a flow rate of 1 mL/min. 

The unbound proteins were eluted by washing the column with solubilisation buffer until the 

absorbance at 280 nm returned to baseline level. At this stage, the column was washed with 10 

column volumes each of solubilisation buffer supplemented with 20 and 40 mM imidazole, 

followed by elution with 250 mM imidazole in the presence of 0.5% (w/v) NM. After protein 
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quantitation (performed as described in Section 2.2.4., Page 49), purification and recovery of the 

mCST were assessed by SDS-PAGE and Western Blotting as described in Section 2.2.5., (Page 49). 

The eluted fraction containing the mCST was then concentrated using a Millipore Centricon device 

(NMWCO 10K), pre-incubated with 10 mM Tris-HCl, 2 mM MgCl2 and 0.4% NM to minimize 

protein adsorption to the filter membrane. Elution samples were concentrated in such a way that 

the NM concentration in the sample would not be higher than 10X CMC and dialyzed overnight 

against the same buffer supplemented with 0.4% (w/w) NM. 

 

5.2.6.2. Characterization of the mCST oligomeric state by size exclusion    

 chromatography 

Size exclusion chromatography analysis of the purified mCST was performed using a Superdex 200 

10/300 column on a AKTA Purifier FPLC System (GE Healthcare). The column was equilibrated 

with PBS supplemented with 5% glycerol and 0.4% NM, and calibrated using LMW standards, also 

purchased from GE Healthcare. 

. 

5.2.7.  1H STD NMR of mixed phosphatidylcholine:mCST liposomes with CMP  

 and CMP-Neu5Ac 

5.2.7.1. Liposome preparation 

Proteoliposome preparation was essentially performed as described in Section 5.2.5.1., (Page 41), 

with the exception that D2O and Tris-d11 were employed. After overnight lyophilisation, the PC 

cake was re-hydrated with transport assay buffer prepared with D2O and deuterated Tris-d11 and 

the pH of the solution was adjusted using DCl. The 10% (w/v) NM stock solution was also 

prepared in D2O. After re-hydrating the lipid at room temperature for one hour with gentle 

stirring, the suspension was extruded through a 0.2 m polycarbonate electron etched membrane 

eleven times. The extruded liposomes were then solubilised by adding NM stock solution to the 

final concentration equal to RSOL and left overnight at 25 ºC with gentle stirring. The solubilised 

liposomes were then used for reconstitution of the mCST transport protein as previously 

described (Section 5.2.5.4., Page 142) employing purified mCST that underwent buffer exchange 

to the deuterated Tris buffer in D2O by means of centrifugal ultrafiltration. 
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5.2.7.2. 1H STD NMR 

All NMR experiments were performed on a Bruker 600 Ultrashield™ at 285 K, equipped with a 

standard triple resonance CryoProbe. Unless otherwise specified, 20 mM Tris-d11 buffer, 

supplemented with 2 mM MgCl2, in D2O (pH 7.5) was used for all acquisitions. STD spectra were 

acquired using 100 g equivalent transport protein reconstituted into artificial PC liposomes, 

using a saturation time of 3 s and a total of 750 scans, in a total volume of 300 L in Shigemi tubes 

(Shigemi Co., Tokyo, Japan). The protein signals were saturated using a Gaussian pulse train 

cascade for 3 s at an on-resonance frequency of -1 ppm and off-resonance of 30 ppm. A 

WATERGATE sequence was used to suppress residual HDO signal. The on- and off- resonance 

spectra were stored and processed separately and the subtraction of the on-resonance and the 

off-resonance spectrum resulted in the STD NMR spectrum. A protein to ligand molar ratio of 

1:100 was used at all times. The CMP:CMP-Neu5Ac competition experiment was performed by 

treatment of proteoliposomes to equimolar amounts of ligands. 
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5.3.  Results  

5.3.1.  Detergent solubilisation screening 

In order to identify solubilisation and purification conditions that preserve the mCST ability for 

CMP-Neu5Ac translocation, a panel of both non-ionic and ionic detergents was used to solubilise 

the mCST from Golgi-enriched membranes isolated from methanol-induced P. pastoris (GeF-I). 

After detergent-mediated solubilisation and separation of the soluble and insoluble fractions by 

centrifugation at 100,000 x g, the distribution of the mCST was determined by SDS-PAGE and 

Western blotting. As shown in Figure 5.1, none of the glucoside detergents were able to solubilise 

the mCST when used at a concentration equal to 10× their CMC.  

 

Figure 5.1: Detergent-mediated solubilisation of the mCST from P. pastoris GeF-I with n-alkyl -D-

glucopyranoside. Lane 1: HG, insoluble fraction; Lane 2: HG, insoluble fraction; Lane 3: OG, soluble fraction; 

Lane 4: OG, insoluble fraction; Lane 5: NG, soluble fraction; Lane 6: NG: insoluble fraction; Lane 7: DG, 

insoluble fraction; Lane 8: DG, soluble fraction; Lane 9: DDG: insoluble fraction; Lane 10: DDG: insoluble 

fraction.  

 

The ionic detergent GDA was also tested for its ability to solubilise the mCST from P. pastoris GeF-

I. However, as shown in Figure 5.2, when GDA was used at concentrations of 2% and 4% (w/v), 

only partial solubilisation could be obtained as observed by the essentially equal distribution of 

the mCST between both soluble (Lanes 1 and 3) and insoluble (Lanes 2 and 4) fractions. 

 

 

Figure 5.2: Detergent-mediated solubilization of the mCST from P. pastoris GeF-I with GDA used at a final 

concentration of 2% ( Lane 1 and 2) and 4% (Lanes 3 and 4). As shown GDA allows partial solubilisation of 
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the mCST when used at these concentrations, with the mCST being detectable in both soluble and soluble 

fractions (Lanes 1-3 and lanes 2-4, respectively).  

 

The solubilisation of the mCST from GeF-I was also performed with maltoside detergents, also 

used at a final concentration equal to 10× CMC. As shown in Figure 5.3 only the short alkyl chain 

maltosides (HM, OM, NM and DM) appear to be able to solubilise the mCST efficiently (Panel A) 

while long alkyl chain maltosides (UM, DDM, TM and TTDM) are unable to do so (Panel B).  

 

Figure 5.3: Detergent-mediated solubilisation of the mCST from P. pastoris GeF-I with n-alkyl -D-

glucopyranoside. Panel A: Lane 1: HM, soluble fraction; Lane 2: HM, insoluble fraction; Lane 3: OM, soluble 

fraction; Lane 4: OM, insoluble fraction; Lane 5: NM, soluble fraction; Lane 6: NM: insoluble fraction; Lane 

7: DM, soluble fraction; Lane 8: DM, insoluble fraction; Panel B: Lane 9: UM: insoluble fraction; Lane 10: 

UM: soluble fraction; Lane 11: DDM, soluble fraction; Lane 12: DDM, insoluble fraction; Lane 13: TDM, 

soluble fraction; Lane 14: TDM, insoluble fraction; Lane 15: TTDM, soluble fraction; Lane 16: TTDM, 

insoluble fraction. 

 

Since NM has a relatively high CMC (0.28%), solubilisation trials were performed using this 

detergent at a concentration ranging between 1 and 10× CMC (0.28 to 2.8%, w/v). Following 

solubilisation, soluble and insoluble fractions were separated by centrifugation at 100,000 x g 

followed by SDS-PAGE and Western Blotting. As shown in Figure 5.4 an efficient solubilisation of 

the mCST could be achieved only when the detergent was used at a concentration equal to 10× 

CMC. 
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Figure 5.4: Titration of mCST solubilization performed using NM at concentrations equal to 1, 2, 4, 6, 8 and 

10× CMC. Only the highest concentration of detergent is capable of efficient mCST solubilisation (Lane 11) 

with no mCST detectable in the relevant insoluble fraction (lane 12). 

While this investigation was underway, Newstead et al.  published the purification of NSTs after 

solubilisation with 1% DDM. Therefore, the solubilisation of mCST from GeF-I using UM and DDM 

both at a concentration of 1% was tested. As shown in Figure 5.5, both detergents were able to 

efficiently solubilise the mCST when used at these concentrations (35× and 115× the detergents’ 

CMC, respectively). 

 

 

Figure 5.5: mCST solubilisation trials performed with UM (Lanes 1-2) and DDM (Laness 3-4) used at a final 

concentration of 1% (v/w). The mCST can be detected as anti-His6 mAb in the soluble fractions (Lanes 1 and 

3). 

 

5.3.2.  Small-scale purifications 

To assess if it was possible to purify the mCST by IMAC after solubilisation with either NM, DM, 

UM or DDM, small-scale purification trials were set up using Ni-NTA spin columns, according to 

the supplier’s instructions. NM, DM were used at 10× CMC, while basing on the results described 

in Section 5.3.1 (Figure 5.5), UM and DDM were used at a concentration of 1% (w/v). The mCST 

distribution between the purified fractions was assessed by both Coomassie Brilliant Blue staining 

and, after Western Blotting, by immunodetection with anti-His6 mAb as previously described 
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(Section 2.2.5., Page 49). As shown in Figure 5.6 the elution fractions are highly enriched in the 

mCST: the transporter can easily be detected both by Coomassie stain and by Western Blotting as 

an intense anti-His6 mAb reactive band just above 30 kDa, in agreement with what has been 

previously observed. 

As shown in Figure 5.6, anti-His6 mAb reactive bands of higher molecular weight can be also be 

detected. These anti-mAb-His6 reactive species probably represent mCST aggregates formed 

during the migration of the sample in the stacking gel, a well known phenomenon that happens 

especially when hydrophobic proteins are analysed by SDS PAGE (436). 

 

Figure 5.6: Small-scale purifications of mCST performed using Ni-NTA spin columns according to the 

suppliers’ instructions with (A): NM; (B): DM; (C): UM; (D): DDM. The elution fractions were fractionated by 

means of SDS-PAGE and detected with both Coomassie Blue stain (left panels) and Western blot (right 

panels). 

 

Based on these results, it is possible to conclude that the mCST can be partially purified after 

solubilisation with four of the tested maltosides, namely NM, DM, UM and DDM.  

However, before being able to perform structural studies after detergent-mediated solubilisation 

and purification of the mCST, it is necessary to ensure that the solubilisation preserves the 
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transporter activity. To this point, after solubilisation with NM, DM, UM and DDM the mCST was 

reconstituted into PC liposomes and tested for its ability for CMP-Neu5Ac translocation. 

 

5.3.3. Evaluation of biological activity after solubilisation and reconstitution of the 

transport system in phosphatidylcholine (PC) liposomes. 

5.3.3.1. Liposome detergent titrations 

Since there was not precedent of reconstitution of the mCST in liposomes upon solubilisation and 

purification with maltoside detergents, to standardize the amount of detergent required for the 

reconstitution of the solubilised mCST in proteoliposomes, pre-formed PC liposomes were 

incubated with increasing concentrations of NM, DM, UM and DDM. The progression of the 

detergent-mediated liposome solubilisation was monitored spectrophotometrically by measuring 

the turbidity of the solution at 540 nm.  As shown in Figure 5.7, the PC liposome–detergent 

solubilisation curves show the expected three-stage pattern according to what has been 

previously observed for other lipid-detergent systems (437). In particular, in stage I, liposomes 

absorb detergent until they are completely saturated with it but they still retain their structural 

integrity RSAT. In stage III, by means of the addition further detergent the liposomes will eventually 

be converted in lipid-detergent micelles, RSOL. At intermediate detergent concentrations (RINT), 

partially soslubilised liposome can form alternative structures, depending on the nature of the 

lipid and the detergent employed. 
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Figure 5.7: PC liposome detergent titration curves. incubated with increasing concentrations of NM, DM, 

UM, DDM. The liposome solubilisation was monitored spectrophotometrically at 540 nm and allowed to 

identify detergent concentrations responsible for liposome phase-transition, namely RSAT, RINT and RSOL. 

 

 

 

 

 

5.3.3.2.  Reconstitution of the mCST into phosphatidylcholine liposomes and   

 substrate translocation assay. 

The reconstitution of the mCST into artificial PC liposomes was performed using liposome 

preparations pre-incubated with NM, DM, UM and DDM at concentrations equal to RSAT, RSOL and 

RINT. The mixed mCST-PC liposomes so obtained were used to set up substrate translocation 

activity assays as described by Tiralongo et al. (164). Interestingly, CMP-Neu5Ac translocation 

could only be observed when NM was employed for the solubilisation and purification of the 

mCST and only when reconstitution of the mCST took place after complete solubilisation of the PC 

liposomes (Figure 5.8) (ie when using a detergent concentration equal to RSOL). CMP-Neu5Ac 
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translocation could not be detected when NM was used at concentration equal to RSAT and RINT 

(data not shown). 
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Figure 5.8: CMP-Neu5Ac translocation assays performed after reconstitution of the NM solubilised and 

purified mCST into artificial phosphatidylcholine liposomes). 

 

CMP-Neu5Ac translocation was inhibited by the preliminary incubation of the PC:mCST liposomes 

with the competitive inhibitor CMP. Preincubation of the PC:mCST liposomes with DIDS also 

abolish substrate translocation as previously observed (164), essentially to diffusion levels. 

 

 

 

5.4.   Purification of the mCST by Immobilised Metal Affinity    

 Chromatography 

After identifying solubilisation and purification conditions that preserved the mCST substrate 

translocation activity, a quantitative purification of the mCST was performed as described in 

Section 5.2.6., (Page 143). 

As shown in Figure 5.9 A, the mCST can be purified essentially to homogeneity after a single 

purification step where the mCST appear as a single band of size just above 30k Da after silver 
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staining. Also, the same band strongly reacts with anti His6 mAb of approximately same size (5.9 

B). 

 

 

Figure 5.9: SDS-PAGE (Panel A) and Western Blot (Panel B) of the fractions obtained after solubilisation and 

purification of the mCST with NM, by means of Ni-Profinity IMAC resin. Lanes 1: Flow throughs, Lanes 2 and 

3: Wash 1; Lanes 4 and 5: wash 2, Lanes 6: Elutions.  

 

After solubilization and purification, the purified mCST-His6 was analysed by SEC using a Superdex 

200 10/300 column, with the obtained chromatogram shown in Figure 5.9. SDS-PAGE and 

Western Blotting allowed to identify fractions that were positive for the anti His6 mAb (Figure 

5.10). These fractions were therefore pulled together and re-analysed by means of SDS-PAGE, also 

confirming the presence of a band of molecular size just as previously observed.  

More importantly, following calibration of the gel filtration column with five proteins of known 

molecular weight, it was possible to determine that after solubilisation and purification in the 

presence of NM, the mCST is a monomer of apparent molecular weight of 55 kDa. Because the 

mCST construct has a Mw of approximately 38 kDa, the difference can be ascribed to the 

presence of both lipid co-purifying with the mCST after NM solubilisation and to NM molecules 

that keep the mCST molecules in solution. 
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Figure 5.10: An aliquot of the elution fraction as shown in Figure 5.8 was analysed by means of Superdex 

200 10/300 Global gel filtration column, calibrated with a set of five known proteins. The fractions reactive 

with the anti His6 mAb were collected and analysed by SDS-PAGE and Western blot (respectively right and 

left inserts).  

 

 

5.5.   Investigation of purified mCST by STD NMR spectroscopy  

5.5.1.  Identification of experimental conditions 

As previously described in Chapter 4 (Section 4.3.2.2., Page 105), the Neu5Ac moiety of CMP-

Neu5Ac strongly interacts with the mCST, receiving an average saturation level comparable to 

what received by the CMP moiety of the ligand. To further characterize the binding of the Neu5Ac 

moiety of CMP-Neu5Ac to the transporter, mCST purified as described in Section 5.2.6, was 

complexed with both CMP and CMP-Neu5Ac and subjected to STD NMR investigations (The 

structures of both ligands are reported below). However the intensity of the detergent signals 

resulted in large subtraction artefacts with no STD effect being detected and therefore this 

experimental set up was not longer pursued. The STD NMR spectra of the PC:mCST:CMP and 

PC:mCST:CMP-Neu5Ac complexes (Figure 5.11 B and Figure 5.12 B, respectively) clearly reveal 

that both ligands interact with the PC:mCST preparations. In order to ascertain if these 
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interactions were specific for the recombinant mCST, control STD NMR spectra were acquired 

using pure PC liposome preparations in complex with CMP-Neu5Ac (Figure 5.12).  

 

 

 

 

 

 

Figure 5.11: 
1
H (A) and STD (B) NMR spectra of PC:mCST liposomes in the presence of CMP 
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Figure 5.12: 
1
H (A) and STD (B) NMR spectra of PC:mCST liposomes in the presence of CMP 

 

As shown in Figure 5.13 (Panel B) when CMP-Neu5Ac was complexed with pure PC liposomes no 

STD effect could be detected, definitively indicating that the STD signals are not due to a 

nonspecific lipid-hydrophobic interaction-mediated saturation, but are specific and dependent on 

the reconstitution of the mCST into the PC liposomes. Furthermore, to assess that the STD effects 
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were not due to the nonspecific binding of ligands containing a sugar moiety to the transport 

protein mCST-PC proteoliposomes were complexed with glucose (Figure 5.14). 

  

Figure 5.13: 
1
H (A) and STD (B) NMR spectra of PC: liposomes in the presence of CMP-Neu5Ac. No ligand 

STD effect signals can be observed clearly indicating that the liposomes do not transfer their saturation to 

the ligands by means of a nonspecific interaction with CMP-Neu5Ac. 

 

Again, as shown in Figure 5.14 B, no STD effect could be detected in these conditions confirming 

that the STD effect observed for the mCST-PC:CMP and mCST-PC:CMP-Neu5Ac complexes are 

protein mediated and specific. Also, these preliminary experiments indicated that mCST-PC mixed 

proteoliposomes could be used for further characterization of mCST-ligands interactions at the 

molecular level. 
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Figure 5.14: 
1
H (A) and STD (B) NMR spectra of PC liposomes in the presence of Glucose. No ligand STD 

effect signals can be observed clearly indicating that the liposomes do not transfer their saturation to the 

glucose by means of nonspecific interaction.  

 

5.5.2.  Characterization of the mCST ligands interactions at the molecular level 

CST and UGT share approximately 45% amino acid identity. Nevertheless, CST appears to have 

absolute substrate specificity, as indicated by the inability of UDP-Gal to compete with CMP-

Neu5Ac in translocation assays. It would therefore appear that CST is incapable of UDP-Gal 

translocation: however, the possibility of UDP-Gal-mCST interactions could not be excluded, 

especially if the similarities between uracyl and cytidine are considered. To definitively assess if 

UDP-Gal is able to bind the CST, mCST-PC mixed proteoliposomes were complexed with UDP-Gal 

prior to STD NMR. The 1H NMR and STD spectra of UDP-Gal complexed with PC:mCST 

proteoliposomes is shown in Figure 5.15 (panels A and B, respectively). As shown, no STD effect 

could be detected, clearly indicating that the CST is not only unable to translocate UDP-Gal, but 

indeed it is also unable to bind to it. 
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Figure 5.15: 
1
H NMR (A) and STD NMR spectra  (B) of mixed mCST-PC proteoliposomes complexed with 

UDP-Gal. As shown, in Panel B, the lack of STD signals cleary indicates that UDP-Gal is unable to bind the 

mCST. 

 

The STD spectra of CMP and CMP-Neu5Ac in complex with mCST-PC proteoliposomes (Figure 5.11 

and Figure 5.12, Panels B) allowed the calculation of the relative STD effects for epitope mapping 

for both ligands according to the formula ASTD = (I0 x Isat) /I0 = ISTD / I0, reported in Figure 5.16.  

 

 

 

Figure 5.16: Relative STD NMR values of CMP-Neu5Ac (A) and CMP (B). The STD NMR spectrum of the 

PC:mCST:CMP-Neu5A (Figure 5.11 Panel B) complex was used to calculate the relative STD NMR effects for 
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CMP-Neu5Ac. The STD NMR spectrum of the PC:mCST:CMP (Figure 5.12 Panel B) complex was used to 

calculate the relative STD NMR effects for CMP. 

 

Interestingly, the combined saturation received by the nucleotide moiety in CMP-Neu5Ac is 

similar to the saturation received by CMP alone (53% vs. 52%), further confirming what was 

previously described in Chapter 4. The same applies to the Neu5Ac moiety of CMP-Neu5Ac which 

receives a 45% saturation in PC:mCST complexes. Again, this result confirms what was previously 

observed when GeF-I was complexed with CMP-Neu5Ac (Section 4.3.2) unequivocally indicating 

that the Neu5Ac moiety is close to the protein once the ligand is bound.  

Equally importantly, the fact that CMP-Neu5Ac receives the same saturation when complexed 

both with GeF-I and PC:mCST, that is before and after solubilisation and purification, confirms 

that the NM mediated solubilisation and purification of the mCST preserves its functionality, as 

also indicated by the CMP-Neu5Ac translocation assay. 

 

 

TABLE 5.2 CMP and CMP-Neu5Ac group relative STD 

Ligand Cyt + Rib Neu5Ac 

 mCST-PC GeF-I mCST-PC GeF-I 

CMP (CMP-Neu5Ac) 53 48 45 44 

CMP  52 46 n.a. n.a. 

Table 5.3: relative saturation effects analysed for both CMP and CMP-Neu5Ac when administered for STD 

NMR in the presence of either liposomes or GeF-I. Relative STD values are calculated using the H1’ ribose 

saturation intensity as 100%. 

 

Previous studies indicates that the mCST is able to translocate -linked sialosylnucleosides such as 

KI-8110 (Figure 1.13, Page 38) while the naturally occurring CMP-activated sialic (CMP-Neu5Ac, 

CMP-Neu5Gc and CMP-KDN) have a  glycosidic linkage. To verify if this promiscuity of 

recognition of both  and  is indeed imposed by a CMP moiety-guided locking mechanism, 

Neu5Ac was complexed with PC:mCST prior being administered for NMR investigation (Figure 
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5.17). The comparison of the relative abundances of the  and  anomers in solution however 

clearly indicates that there is a six-fold excess of  anomer versus . Such relative excess could 

partially explain why no -Neu5Ac STD effects can be observed.  
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Figure 5.17: 
1
H NMR (Panel A) and

 
STD NMR (Panel B) spectra of Neu5Ac administered for NMR 

investigation in the presence of mixed mCTS-PC liposomes. STD effects for the H3s( ) and NHAc( ) derived 

STD signals can be detected. The - and -anomers of Neu5Ac are alsos indicated and their relative 

abundance determined by signal integration. 

 

 

 

 

5.6.  Discussion 

As anticipated in Section 1.8, the ultimate goal of this research project is to gain structural 

information of the mCST at the molecular level by means of 2D crystallography, information that 

can be exploited for synthesis of novel, more potent anti-metastatic drugs. To this point, the 

identification of solubilisation and purification conditions that preserve the structure-function 
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integrity of the mCST are paramount.  As previously discussed, the identification of such 

conditions is a time consuming process involving the screening of a panel of detergents for their 

solubilisation and purification efficiency, followed by functional assay to verify its ability of CMP-

Neu5Ac translocation.  

Since the ultimate goal of the project is the crystallization of the transporter, and given the always 

increasing number of detergents today available, the choice of detergent to use to solubilise and 

purify the mCST was driven by the empirical observation of which detergents have so far been 

most successfully used for the crystallization of trans-membrane proteins. According to the 

Membrane Protein Data Bank (http://www.mpdb.tcd.ie/index.asp), these are the glucosides and 

maltosides detergents and they were therefore employed. In order to standardize the 

experimental conditions to employ, all detergents were initially tested at a concentration equal to 

10X CMC. Among the detergent tested, none of the glucosides were able to solubilise the mCST 

while, while among the maltosides, only the short alkyl chain ones were able to solubilise the 

mCST efficiently, the mCST was essentially insoluble when UM, DDM, TM and TTDM were 

employed at a concentration equal to 10X CMC. Among the maltosides able to solubilise the mCST 

from Pichia GeF-I, HM and OM were not longer pursued due to the impracticability arising from 

their extremely high CMC. Moreover, although GDA was previously successfully used for the 

solubilisation and purification of the GDP-Man transporter from L. donovani microsomes, it was 

unable to efficiently solubilise the mCST from the Pichia’s GeF-I. Such observations further 

confirm that the bulkier and more hydrophilic polar heads of the maltosides are required to keep 

the mCST in solution after solubilisation than the corresponding glucosides. Furthermore, the GDA 

inability to efficiently solubilise the mCST indicates that solubilisation conditions have to be 

identified and tuned on a case by case manner even in the case of proteins like mCST and GDP-

Man that belonging to the same family of transporter, could be structurally related. Following the 

publication by Newstead et al. that NSTs among which the human CST (hCST) could be solubilised 

and purified using 1% DDM (173), led us to investigate the possibility to solubilise the mCST from 

P. pastoris GeF-I using UM and DDM at this concentration. Altogether this preliminary 

solubilisation screening led to the identification of four detergents that could be tested in mCST 

purification trials, NM, DM, UM and DDM. 

There are today several experimental approaches that allow the study trans-membrane protein-

ligands interactions, with the choice of method essentially dictated by the nature of the protein, 

its abundance, its physiological status and the availability of substrate and/or inhibitors (342).  

http://www.mpdb.tcd.ie/index.asp
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In order to investigate if the NM, DM, UM and DDM detergents identified during the preliminary 

solubilisation trials were able to preserve the structure-function integrity of the solubilised mCST, 

they were employed in small scale purification trials in combination with IMAC spin columns. As 

shown in Figure 5.6, the four detergents allowed for the purification of the solubilised mCST, 

clearly indicating that although the size of the detergent micelle increases with the increasing 

length of the maltoside’s alkyl chain, the His6 tag is not hindered and it is still available to be 

immobilised on the affinity resin. 

It is today well known that detergents affect the reconstitution of membrane proteins into 

liposomes depending both on the protein and the lipid employed (435,437-442). For example, 

when TX-100 was tested in reconstitution experiments of the lactose transport protein LacS, it 

was be able to induce reconstitution of the transporter into liposome (prepared with E. coli lipids 

and l-α-phosphatidylcholine from egg yolk in a ratio of 3:1 (w/w)) that were preliminarily 

equilibrated on a wide detergent range (443). Based on the three-stages liposome solubilisation 

model by Lichtenberg et al. (435), reconstitution could in fact take place both at detergent 

concentrations equal to RSAT and RSOL  and at any intermediate concentration (RINT). In particular, 

the amount of Triton X-100 employed did not affect the transporter ability to translocate lactose 

and it was able to induce protein integration in an highly asymmetric orientation with the protein 

molecules having the same orientation within the lipid bilayer (443). However, reconstitution of 

the Ca2+-ATPase into liposomes having the same composition above described for the LacS 

transporter, could only take place when detergent C12E8 and DDM were employed at 

concentrations equal to RSAT. Moreover, when DDM was employed, the protein showed an equal 

distribution between right-side-out and inside-out orientation within the lipid bilayer (478,479).  

Among the detergents tested, NM was the only detergent that upon mCST solubilisation and 

purification allowed detection of CMP-Neu5Ac translocation after reconstitution of the 

transporter into PC liposomes.  Furthermore, the NM-mediated complete solubilisation of the PC 

liposomes was required to obtain efficient reconstitution of the mCST; the NM-mCST mixed 

micelle was unable to mediated mCST reconstitution into partially NM-destabilized liposomes. 

Furthermore no CMP-Neu5Ac translocation activity could be detected when DM, UM and DDM 

were employed for both solubilisation-purification and reconstitution of the mCST in PC 

liposomes.  

Although it has been previously shown that DDM is able to determine the reconstitution of a 

trans-membrane protein in alternative orientations as in the case of LacS (478,479) if this was the 

case when DM, UM and DDM were employed in the mCST reconstitution trials, the nature of the 
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transporter as simple mobile carrier with its binding side alternating between both sides of the 

Golgi membrane, should have allowed to bypass the mixed inside-out and right-side out 

orientation of the mCST within the PC membranes (162). Furthermore, even if longer alkyl chains 

detergents such as DDM are commonly acknowledged to be better mimics the lipid bilayer of the 

plasma membrane, it must be remembered that the membranes of the Golgi apparatus are 

approximately 20% thinner that the plasma membrane (444). It is not improbable that during 

solubilisation the shorter alkyl chain maltosides such as NM better mimics of the lipid 

environment of the Golgi membrane than the longer alkyl chain ones, preserving the mCST 

structural integrity. Alternatively NM might be able to preserve those lipids that by being strictly 

associated with the mCST co-purify with the transporter and are required for its activity.  

As shown in Figure 5.8, the scale-up purification of the mCST after solubilisation with NM allowed 

us to purify the transporter essentially to homogeneity by means of a single purification step 

(Figure 5) with yields of approximately 1 mg/L of mCST.  

This purification yield is comparable to what previously observed by Newstead et al., with the 

added advantages that (i) engineering a stabilising TAG such as the GFP was not necessary and (ii) 

such yields could be obtained without requiring scale up of expression to fermentors levels. 

Altogether these results support the validity of the choice of P. pastoris as expression host for the 

mCST.  

More importantly, when the NM-solubilised and purified transporter was analysed by SEC, the 

mCST-lipid-NM complex had a molecular weight of approximately 55 kDa. This result is in 

agreement with what was previously observed  when the hCST-lipid-DDM complex was also 

analysed by SEC, with an observed molecular weight of 63 kDa (173). In both cases the difference 

between the molecular weight of the mCST-lipid-detergent micelles and the molecular weight of 

the mCST polypeptide alone can be ascribed to the molecular weight of the detergent molecules 

that co-purify with the transporter.  

Even more importantly, by combining the ability of the NM-solubilised and purified mCST to 

translocate CMP-Neu5Ac together with the observation that the mCST is a monomer in solution, 

it allows for the first time to speculate that the structural-functional unit of this NST is indeed a 

monomer. This is in contrast with the previous published reports indicating that the NSTs are 

organized either as dimers (139-141) or hexamers as in the case of the GDP-Man transporter from 

L. donovani (156), as the organization of the NST in multimolecular assemblies when embedded in 

the Golgi lipid bilayer can not be excluded. Nevertheless, based on the results just discussed, such 

oligomeric organization does not appear to be required for the NST activity, or at least for the 
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mCST. Furthermore, the reconstitution of the mCST in a lipid bilayer required for the 2D 

crystallization of the transporter (that will be described in Chapter 6) will be able to answer this 

question unequivocally.  

STD NMR spectroscopy has previously been used to investigate trans-membrane protein ligand 

interactions after reconstituting the protein of interest in artificial PC liposomes. A typical 

example is represented by the heterodimeric  receptor IIb 3, a platelet-specific integrin that is 

responsible for binding the RGD sequence in proteins such as fibronectin (383). Furthermore, the 

epitope map of CMP-Neu5Ac obtained when GeF-I:CMP-Neu5Ac was subjected to STD NMR 

investigation clearly revealed that the Neu5Ac moiety of the ligand receives a relative saturation 

level comparable to that received by the nucleotide moiety. Such a result is in striking contrast 

with previous reports indicating that the nucleotide moiety of the ligand drives the NS binding to 

NSTs, while the sugar does not contribute to such interaction (161,164). In order to further 

investigate and characterize the binding of Neu5Ac to the mCST, mCST was reconstituted into 

artificial PC liposomes and subjected to STD NMR spectroscopy investigation after complexation 

with both CMP and CMP-Neu5Ac. As shown, both ligands interacts with the mCST in a highly 

specific manner, since no STD effect could be detected when CMP-Neu5Ac was complexed with 

PC liposomes deprived of the mCST. Although the overall STD effects observed for PC:mCST:CMP-

Neu5Ac and PC:mCST:CMP were less intense than what was previously observed for the 

corresponding GeF-I complexes (probably because of a less efficient spin diffusion and 

consequently weaker saturation transfer within the liposomes), the epitope maps generated after 

complexing these ligands with the PC:mCST  are essentially identical to what was previously 

observed. Therefore it is possible to further confirm that although in striking contradiction to 

what so far it has been commonly acknowledged, Neu5Ac does indeed play a crucial role in CMP-

Neu5Ac binding to the transporter. The mCST ability to bind Neu5Ac alone was further 

investigated by subjecting PC:mCST:Neu5Ac to STD NMR spectroscopy investigation. As per all the 

reducing sugars in aqueous solutions, anomerization typically leads to a mixture of both  and  

anomers until an equilibrium between the two forms is reached. In the case of Neu5Ac this ratio, 

that is specific for each sugar, is represented by 86% -Neu5Ac and 14% -Neu5Ac. When 

PC:mCST are complexed with this anomeric mixture of  and -Neu5Ac, the lack of -Neu5Ac STD 

effects could induce one to conclude that the transporter does select for the  anomer. Its ability 

to bind -linked sialylsialosides, as previously observed (164), could be imposed by the locking 

mechanism of the nucleotide moiety, the rotational freedom of the phosphodiesteric bond 

between the nucleotide and the sugar moeities of the ligand, togehter with the exceptional 

plasticity of the transport protein. In order to answer this question in a definitive manner, - and 
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-Neu5Ac methyl glucosides-in which the anomerization of the sugar is made impossible-will 

need to be tested both individually and in competition experiments. 

As anticipated in Section 1.4, despite the high amino acid identity between the CST and UGT, both 

NSTs show an absolute substrate specificity as determined by means of substrate translocation 

competition assays. Although as shown in Figure 4.10 (Panel D), while CMP-Neu5Ac is unable to 

bind to any endogenously proteins expressed in GeF-wt, UDP-Gal is able to bind to GeF-wt, very 

likely to its relevant UDP-Gal transporter. Nevertheless, the still largely uncharacterized NSTs in P. 

pastoris do not allow us to exclude the probability that as observed in C. elegans, humans and 

Droshophila, (143,144,145) multiple NSTs could be able to translocate UDP-Gal. In these 

condition, an STD NMR competition experiment conducted by complexing GeF-I:CMP-Neu5Ac 

with an equimolar amount of UDP-Gal might not have allowed us to definitively answer the 

question wether UDP-Gal is able to bind to the CST. At this purpose, the PC:mCST system 

represented an ideal experimental set up to investigate potential mCST:UDP-Gal interactions. 

However, as shown in Figure 5.14, no STD effects could be detected when UDP-Gal was 

complexed with PC:mCST, definitively indicating that the CST in unable bind UDP-Gal. As discussed 

in Section 4.1.3 GeFs offer some striking advantages for the investigation of trans-membrane 

protein ligand interactions at the molecular level in physiological like conditions. However due to 

the biological and biochemical complexity of the GeF system together with the limited 

characterization of the organism from where they are extracted, the reconstitution of a trans-

membrane protein of interest in PC liposomes might be still required, indicating the 

complementary nature of the two investigational approaches. 

 

In the previous Sections, the identification of mCST solubilisation and purification conditions were 

presented. Furthermore, for the first time, the structural functional unit of any known NST was 

reported being a monomer in solution. To verify that this is also the case when the mCST is 

embedded in a lipid bilayer and aiming to gain structural insight of the CST that could be used for 

the synthesis of novel potent antimetastatic drugs, the reconstitution of the mCST in two 

dimensional crystals will be presented in the following Chapter. 

 

 

 



 

 177 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 178 

 

 

 

 

This Page Intentionally Left Blank 

 

 

 

 

 

 

 

 

 

Chapter 6 
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Two-dimensional (2D) crystallization of the murine  

CMP-Neu5Ac transporter (mCST): Preliminary results 

 

 

6. 1.  Introduction  

6.1.1.  Structure determination of a trans-membrane protein in a lipidic   

  environment 

As previously discussed in Chapter 4, a much utilized approach for the structural investigation of 

trans-membrane proteins involves the over-expression and purification of their soluble receptor 

or catalytic domains whose structure is then investigated by X-ray crystallography (445,446). This 

approach however does not account for the contribution of either the protein’s trans-membrane 

domains or the lipid environment in which the membrane proteins are naturally embedded. 

Moreover it is not applicable to those trans-membrane proteins whose structural integrity and 

function are intrinsically dependent on the lipid membrane, such as transporters.  

Due to the importance of the lipid environment for trans-membrane protein topology, oligomeric 

state and activity (272,399,447-449), it is preferable to perform structural investigations of trans-

membrane proteins either in their natural lipid environment, ‘in situ’, or after reconstitution into 

an artificial lipidic environment (450). In situ structural investigation can be performed if a trans-

membrane protein that is naturally expressed in high abundance forms crystalline or 

paracrystalline lattices. For example, the bacterial Surface Layer Proteins (SLPs) (451,452), 

bacteriorhodopsin (bR) (453) and the eukaryotic acquaporin 0 (AQP0) (454,455) naturally form in-

situ highly ordered 2D arrays that are suitable for structural investigation. Alternatively the 

formation of such highly-ordered 2D arrays in disordered membrane expressing high levels of a 

particular trans-membrane protein can be induced by removing excess lipid by means of 

phospholipase A2, with the intrinsic advantage that the protein of interest is not removed from its 

native environment (456,457). However, generally, trans-membrane proteins are expressed at 

low levels even when employing over-expression systems, therefore solubilisation and 

purification are required before being able to perform any structural study (458). Among the most 
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commonly used techniques employed for the structural investigation of membrane protein in a 

lipid environment there are: 

Freeze Fracture (FF) in combination with electron microscopy (459). FF is based on physically 

breaking a rapidly frozen biological sample with a liquid nitrogen-cooled microtome. The exposed 

surfaces are shadowed by evaporating platinum or carbon under vacuum to obtain a so called 

‘replica’ that is then examined by means of Transmission Electron Microscopy (TEM). Electron 

microscopy resolution limit is the limiting factor of this investigational approach (magnification in 

the hundreds of thousands). While the technique is suitable to study overall super-molecular 

organization, it does not allow the elucidation of structural details at the molecular level. 

Atomic Force Microscopy (AFM) (460). AFM, also referred to as Scanning Force Microscopy (SFM), 

was first introduced in the late 1980s. The technique is based on an ultra-fine probe situated at 

the end of a flexible cantilever that is moved across the surface of the sample. A combination of 

both physical and chemical forces between the sample surface and the probe tip induces 

deflections in the cantilever along the x, y and z axis: these are recorded and converted into an 

image of the sample surface. As result, a three dimensional topographic image of the sample 

surface can be obtained at magnification up to 1,000,000 ×. The technique has a tremendous 

resolution power, in the order of 0.1 to 1 nm along the x-y axes, while it can reach atomic 

resolution along the z axis (0.01 nm)  

Nuclear Magnetic Resonance (NMR) Spectroscopy. NMR has been applied to the structural 

elucidation of isotopically-labelled membrane proteins in solution as mixed protein-detergent 

micelles following solubilisation and purification (461,462). Due to the complexity of protein 

backbone and amino acids lateral chains assignment, the technique has been successfully used to 

resolve the structure of proteins up to 30-40 kDa (463,464). However more recently, thanks to the 

development of more powerful magnets and of Magic Angle Spinning Solid-State Nuclear 

Magnetic Resonance (MAS SSNMR), the study of membrane proteins by NMR has further 

expanded (430,465) and the structure of oligomeric membrane proteins such as the tetrameric 

gated-potassium channel KscA has been reported (466).  

Lipid Cubic Phase (LCP). Protein crystallization is performed by mixing detergent solubilised 

protein with a lipid in solid form (monoglycerides of fatty acids) (467), typically but not 

exclusively, monoolein. In its original experimental set-up protein crystallization is induced by 

adding precipitating agents to the complex monoglyceride-protein-detergent mixture, causing its 

dehydration. As a result, the lipid forms a three-dimensional sponge-like network (the cubic 

phase) into which membrane proteins can freely diffuse, nucleate and eventually crystallize 
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(467,468). The introduction of lipids that are liquid at room temperature nowadays allows LCP 

crystallisation trials to be set up using either  sitting or hanging drops (469).  

Although several advances have been made since these techniques were initially introduced, their 

limitations suggest that a more general approach for the structural investigation of membrane 

protein in a lipid environment is required, with electron crystallography representing such 

method (450).  

 

6.1.2.  Electron crystallography of trans-membrane proteins 

Electron crystallography of membrane proteins allows for the determination of the structure of 

membrane proteins embedded in two-dimensional lipid membrane crystals by means of high 

resolution imaging and structure determination by computer image processing (470).  Electron 

crystallography has been made possible thanks to the pioneering work of Aaron Klug and co-

workers who, since 1962, realized that recorded real-space images of a highly-ordered biological 

structure-such as Tobacco mosaic virus particles-could be Fourier transformed. The resulting 

complex-valued Fourier transforms give access to the amplitudes and phases of the protein 

structure therefore allowing the construction of the 3D structure of the specimen from a digitized 

image (471-475). Klug’s work set the foundations for the structural investigation of membrane 

proteins by electron crystallography, culminating with the publication of the first structure of a 

membrane protein obtained by electron crystallography in the mid 1970’s by Unwin and 

Henderson (453). 

To obtain structural information at high resolution, the information redundancy contained in 

many identical motifs has to be exploited in order to allow image averaging. For molecules of MW 

< 0.5 MDa, this is achieved by inducing a precise alignment of identical molecules having the same 

conformation into a highly-ordered array, that is a 2D crystal (476). The low molecular weight 

elements of which proteins are made of (C, N, H, and O) only weakly diffract the electrons, 

resulting in low signal to noise ratio and poor contrast images;  furthermore to extrapolate 

meaningful information, the structural integrity of the specimen is paramount (477). The 

introduction of negative staining partially overcame these problems: by embedding the specimen 

in a solution of heavy atoms the double goal of fixing the specimens (structure preservation) and 

obtaining more intense electron diffraction was achieved. However, the necessity to air dry the 

negatively-stained specimen and the localised precipitation of the heavy atoms did not allow a 

significantly improved resolution (477,478).  



 

 182 

These technical limitations, that altogether contributed to the classification of electron 

crystallography as a low resolution technique, were eventually by-passed with the introduction of 

sample vitrification and analysis by cryo-electron microscopy (479). The specimen is no longer 

negatively stained but frozen by plunging it in liquid ethane at a temperature of approximately -

150 ºC. The water associated with the sample freezes in an amorphous-vitreous state without 

producing ice crystals therefore preserving the structure of the specimen virtually intact. To 

preserve such frozen states, TEM analysis must also take place at low temperatures, ranging 

between 90 K and 4 K depending on the nature of the refrigeration system, liquid nitrogen or 

liquid helium respectively (477). While such rapid freezing method preserves the specimen 

structure, the lack of contrast agent (i.e. heavy atoms as in negative staining) produces TEM 

images with extremely high noise. Again, in order to obtain structural information having 

statistical relevance, a large number of specimens must be analysed, combined and averaged 

(476). To this objective, 2D crystals of membrane proteins are required.  

These can be prepared essentially according to two experimental strategies: 1) by reconstituting 

the membrane protein on a lipid monolayer or 2) by reconstituting the membrane protein into a 

lipid bilayer. In both methods, the crystallization is induced by removing the excess detergent 

from a ternary complex lipid-protein-detergent mixture. 

 

6.1.2.1. Crystallization by reconstitution on a lipid monolayer 

The 2D crystallization of trans-membrane proteins by reconstitution on a lipid monolayer is 

performed by adding a solution of the detergent-solubilised membrane protein of interest to a 

pre-formed lipid monolayer. This is prepared by spraying the lipids at the air interface of a 

buffered droplet: because of their superficial tension, the lipids will form a film one molecule 

thick, with their polar heads submerged in the droplet and their hydrophobic tails exposed 

towards the atmosphere (480). The interaction between the protein and the lipid can be 

nonspecific, for example guided by electrostatic interactions. Alternatively, the polar head of the 

lipid can carry a functionalised group that can be used to induce specific lipid-membrane protein 

interactions. The interaction of the protein with the lipid molecules is favoured by removing the 

excess detergent from the droplet, usually by means of Bio-Beads (517) leaving however enough 

lateral mobility to allow the protein molecules to organize into 2D crystalline arrays (516,518). By 

doing so, localised protein concentrations in the range of 500–1,000 mg/mL can be obtained even 

from a dilute protein solution (10-100 mg/mL) (481).  
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6.1.2.2. Stuctural investigation of the  mCST: 2D crystallization by reconstitution   

 into a lipid bilayer 

The 2D crystallization of trans-membrane protein by reconstitution into a lipid bilayer is 

performed by mixing together detergent-solubilised lipids and purified detergent-solubilised 

membrane protein (as Lipid Detergent Protein Complexes, LDPC).  

Figure 6.1: Schematic representation (top) and TEM images (bottom) showing the formation of 2D crystals 

from soluble LPDCs (Panel A). The progressive detergent removal from the crystallisation reaction induces 

the lateral association of LPDCs to associate into linear string (Panel B and C), whose subsequent 

aggregation leads a highly-ordered 2D crystal (Panel D). Reproduced without permission from Hankamer et 

al. (482). 

 

The progressive detergent removal from the reaction mixture induces the organization of the 

lipids into a bilayer into which detergent-depleted membrane protein-lipid complexes can 

reconstitute (Figure 6.2A). Favourable protein-protein interactions might then induce the 

organization of the membrane protein molecules into linear strings (Figure 6.1B)  that eventually 

aggregate in a highly-ordered 2D array, ie a 2D crystal (Figure 6.1C and D) suitable for structural 

investigation by electron microscopy (483). 

When compared to the 3D crystallographic approach, electron crystallography of membrane 

proteins offers some striking advantages. Firstly, only small amounts of protein are generally 

s2566871
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required, allowing the structural study of those membrane proteins that can be obtained only in 

small quantities or that are difficult to crystallize in 3D (450,484-486). The vesicular 2D crystals 

can be used for functional studies as they essentially are liposome in which the protein 

reconstitutes in a highly-ordered manner (46,47). Furthermore, it is possible to study 

conformational changes associated with ligand binding, in what is generally referred to as time-

resolved electron crystallography. This can be achieved by incubating or spraying the 2D crystal 

with a ligand solution or a buffer having a different composition and/or pH, and trapping the 

eventually induced conformational changes by quickly freezing the 2D crystal in liquid ethane. By 

timing the sample freezing after inducing the conformational change, it is possible to trap 

intermediate conformational states, prior to the TEM analysis. Such an approach has been 

successfully employed to investigate the light cycle of bR, or the pH dependence of the 

conformations of both the acetylcholine receptor and a Na+/H+ antiporter from M. jannaschii 

(8,42(487,488).  Because 2D crystallization and TEM analysis provides an opportunity for 

structural membrane protein structural investigation in physiological-like conditions, the 

structural information obtained are more likely to represent the structure of the protein of 

interest in the cell, avoiding artifacts induced by the 3D crystallization of a membrane protein in 

detergent micelles, in which a membrane protein can assume un-natural orientations (49-51).  

Since its introduction in the 1970s, electron crystallography has been successfully used for the 

structural investigation of several trans-membrane proteins, at a resolution in the range 4-8 Å. 

Although this resolution does not allow the visualisation of amino acid lateral chains, (<4 Å 

required) it does enable the identification of secondary structure elements and the oligomeric 

state of the proteins (450). In recent years however, the 3D reconstruction of Aquaporin 0 and bR 

at atomic resolution have been obtained (489). Aquaporin in particular was resolved at an 

unprecedented resolution of 1.9 Å, allowing the identification not only water molecules 

entrapped within the channel formed by the protein, but also lipid molecules that co-purify and 

crystallise with the protein (489,490).  

Among the membrane proteins whose structures have recently been investigated by means of 

electron crystallography there are ion antiporters such as the E. coli Nah Na+/H+ exchanger (491), 

the urea transporter from A. pleuropneumoniae (492), the mammalian ABC transporter MsbA 

(493), and the aquaporin Aqp 4 (494). For these reasons, electron crystallography was chosen to 

investigate the structure of the mCST aiming to gain information that would allow elucidation of 

the organization of the NST family of proteins in a lipid environment. The preliminary results 

obtained with the 2D crystallization of the mCST will be presented in the following Sections. 
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6.2.  Material and methods 
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6.2.1.  Reagents 

All reagents were purchased from Sigma-Aldrich (St. Louis, Florida, USA) or MP Biomedical (Solon, 

OH, USA) unless otherwise specified and were of the highest purity available or Molecular Biology 

Grade.  

Strong cupper carbon-coated grids, 200 mesh, were purchased from ProSciTech (Brisbane, Qld, 

Australia). All lipids were purchased from Avanti Polar Lipids Inc., (Alabaster, AL, USA). Dialysis 

buttons were purchased from Hampton Research (Aliso Vejo, CA, USA). SnakeSkin Pleated Dialysis 

Tubing (10,000 MWCO) was purchased from Pierce (now Thermo Scientific Inc, Rockford, IL, USA). 

Magnetic beads (1 mm diameter) were purchased from Consolidated Bearings (Eagle Farm, Qld, 

Australia). 

Milli-Q water (18.2 MΏ) produced with a Milli-Q Synthesis apparatus, Millipore (Bedford, CA, USA) 

was used at all times. 

 

6.2.2.  Purification of the mCST  

Purification of the mCST from methanol induced Golgi Enriched Fractions, GeF-I, was performed 

as previously described in Chapter 5, Sections 5.2.6.1., (Page 143). 

 

 

6.2.3.  2D crystallization of the mCST 

6.2.3.1. Preparation of liposomes  

Liposome stocks were prepared according to the manufacturer’s instructions. Briefly, the dry 

lipids were dissolved in chloroform in a round bottom flask at a final concentration of 10 mg/mL 

and gently stirred at room temperature to obtain a uniform solution. After removing the bulk of 

the chloroform by means of rotary evaporation, to ensure complete removal of any residual 

solvent, the lipids were then placed overnight on a vacuum pump. The dry lipid cake was then 

hydrated with MilliQ water to a final concentration of 2 mg/mL, and gently stirred at room 

temperature for 1 h. The lipids were then divided into 50 L aliquots, snap frozen in liquid 

nitrogen and stored at -20 ºC until required. 
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6.2.3.2. Bio-Beads activation 

Bio-Beads were activated by incubation in methanol as described in Section 5.2.5.3. Briefly, 1 g of 

Bio-Beads was added to 50 mL of HPLC grade methanol. Following gentle agitation at room 

temperature for 1 h, the methanol was removed and the beads were rinsed twice with an equal 

volume of MilliQ water.  The beads were used immediately or stored at 4 ºC in the presence of a 

minimum amount of MilliQ water to avoid them drying out. 

 

6.2.3.3. Two-dimensional crystallization of the mCST 

The mCST two-dimensional crystallization trials were set up using an incomplete factorial 

crystallization screening provided by Prof. Ben Hankamer and Dr. Michael Landsberg (Institute for 

Molecular Bioscience, UQ, St. Lucia, Qld) in a final volume of 50 L (Table 6.1). Briefly, 25 L of 

each buffer were transferred to a sterile 0.5 mL Eppendorf tube. After adding the relevant lipid at 

the indicated ratio, the solution was stirred at room temperature for 2 h by means of 2 magnetic 

stirring beads (1 mm diameter) to ensure complete lipid solubilisation. At this stage, 25 L of the 

purified protein (2 mg/mL) was added and the ternary lipid-detergent-protein mixture was further 

stirred also at room temperature. After 2 h, 10 mg of activated Bio-Beads were added to each 

sample to remove the detergent and induce crystallization. Following incubation for a further 4 h 

with gentle stirring, the beads were removed and the samples were either stored at 4 ºC until 

required or immediately used to prepare specimens for TEM analysis. 
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TABLE 6.1: Incomplete Factorial Crystallization Screening conditions 

Experiment Lipid† LPR Detergent* Buffer
§
 Salt

†
 Temperature (ºC) 

1 DMPC 0.15 C8E5 MES, pH 6.5 Sodium Sulphate 22  

2 DOPC 0.15 OG MES, pH 6.5 Ammonium Sulphate 4 

3 POPC 0.75 OTG HEPES, pH 7.5 Sodium Acetate 4 

4 E. coli 0.75 OTG HEPES, pH 7.5 Calcium Acetate 4 

5 Egg PC/Egg PA 0.55 TX-100 MES, pH 6.5 Sodium Acetate 22 

6 POPC 0.15 OG Na Citrate, pH 5.5 Magnesium Acetate 22  

7 E. coli 0.35 OG Tris, pH 8.5 Ammonium Citrate 22  

8 DOPC 0.55 DDM Na Citrate, pH 5.5 Calcium Ascorbate 22  

9 POPC 0.55 C8E5 MES, pH 6.5 Zinc Acetate 22/37
 
 

10 Egg PC/Brain PS 0.35 OTG MES, pH 6.5 Magnesium Sulphate 22 

11 Egg PC/Brain PS 0.15 C8E5 Na Citrate, pH 5.5 Ammonium Citrate 22/37   
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12 Egg PC/Egg PA 0.15 OTG Na Citrate, pH 5.5 Sodium Citrate 22/37  

13 E. coli 0.35 C8E5 Na Citrate, pH 5.5 Sodium Ascorbate 4 

14 POPC 0.35 C8E5 HEPES, pH 7.5 Sodium Citrate 22 

15 POPC 0.15 DDM Na Citrate, pH 5.5 Ammonium Acetate 22/37  

16 DOPC 0.35 C8E5 Na Citrate, pH 5.5 Magnesium Acetate 22 

17 E. coli 0.15 TX-100 Citrate, pH 5.5 Zinc Chloride 4 

18 DOPC 0.15 TX-100 Tris, pH 8.5 Sodium Citrate 22/37   

19 E. coli 0.75 C8E5 MES, pH 6.5 Ammonium Chloride 22 
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 TABLE 6.1: Incomplete Factorial Crystallization Screening conditions (cont.) 

Experiment Lipid
†
 LPR Detergent

*
 Buffer

§
 Salt

†
 Temperature (ºC) 

20 DMPC 0.75 OG Na Citrate, pH 5.5 Zinc Sulphate 4 

21 DOPC 0.75 DDM HEPES, pH 7.5 Magnesium Sulphate 4 

22 E. coli 0.55 DDM MES, pH 6.5 Sodium Citrate 4 

23 DMPC 0.15 OTG MES, pH 6.5 Calcium Ascorbate 22 

24 DOPC 0.75 OG HEPES, pH 7.5 Sodium Ascorbate 4 

25 POPC 0.35 TX-100 MES, pH 6.5 Calcium Chloride 22/37   

26 DMPC 0.75 DDM HEPES, pH 7.5 Ammonium Citrate 22 

27 DMPC 0.35 DDM Tris, pH 8.5 Magnesium Chloride 4 

28 Egg PC/Egg PA 0.35 OTG Tris, pH 8.5 Calcium Ascorbate 22/37  

29 Egg PC/Egg PA 0.35 OG MES, pH 6.5 Zinc Chloride 22 

30 DMPC 0.55 OG Tris, pH 8.5 Ammonium Acetate 22/37  
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31 Egg PC/Egg PA 0.55 OTG Na Citrate, pH 5.5 Zinc Chloride 4 

32 Egg PC/Brain PS 0.55 DDM HEPES, pH 7.5 Magnesium Chloride 22/37  

33 Egg PC/Brain PS 0.55 TX-100 Na Citrate, pH 5.5 Zinc Sulphate 4 

34 Egg PC/Egg PA 0.75 TX-100 Tris, pH 8.5 Magnesium Sulphate 22/37  

35 Egg PC/Brain PS 0.75 TX-100 MES, pH 6.5 Zinc Chloride 22/37 

36 Egg PC/Egg PA 0.55 DDM HEPES, pH 7.5 Ammonium Citrate 22/37 

37 POPC 0.55 C8E5 Tris, pH 8.5 Calcium Ascorbate 4 

38 Egg PC/Brain PS 0.35 OG Tris, pH 8.5 Sodium Acetate 4 
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TABLE 6.1: Incomplete Factorial Crystallization Screening conditions (cont.)  

Experiment Lipid
†
 LPR Detergent* Buffer

§
 Salt

‡
 Temperature (ºC) 

39 E. coli  0.75 DDM Tris, pH 8.5 Magnesium Sulphate 22/37  

40 DOPC 0.75 OTG MES, pH 6.5 Zinc Chloride 22 

41 POPC 0.15 TX-100 HEPES, pH 7.5 Magnesium Ascorbate 22/37  

42 Egg PC/Brain PS 0.35 OG HEPES, pH 7.5 Calcium Ascorbate 22 

43 DMPC 0.75 TX-100 Tris, pH 8.5 Ammonium Citrate 22 

44 Egg PC/Egg PA 0.55 C8E5 HEPES, pH 7.5 Sodium Chloride 22 

45 POPC 0.15 DDM Na Citrate, pH 5.5 Magnesium Sulphate 4 

46 DOPC 0.55 OTG  Tris, pH 8.5 Ammonium Sulphate 22/37  

 

(†)DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine; E. coli: Phosphatidylethanolamine: 57.5%, Phosphatidyl glycerol: 15.1%, Cardiolipin: 9.8%, Unknown; 17.6%; Egg PC/Brain PS: 1,2-Diacyl-sn-

glycero-3-phosphocholine/1,2-Diacyl-sn-glycero-3-phospho-L-serine; Egg PC/Egg PA: 1,2-Diacyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphate; (*)  C8E5:  Pentaethylene glycol monooctyl ether; OG: n-octyl β-D-glucopyranoside; OTG: n-octyl β-D-1-thioglucopyranoside; DDM: n-

dodecyl β-D-maltoside; TX-100: 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol. 
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6.2.4.  Preparation of the specimens for TEM analysis 

The 2D crystallization samples prepared as described in Section 6.2.3. (Page 174), were then 

prepared for TEM analysis by means of uranyl acetate staining. Briefly, after glow discharging the 

carbon-coated grids for 30 s, 5 L of each 2D crystallization trial was applied to a discharged grid 

and allowed to adsorb for 45 s. The specimens were then stained with 50 L of 2% uranyl acetate 

solution for 30 s. After rinsing the grids with MilliQ water to remove excess staining solution, they 

were left to dry undisturbed at room temperature. 

 

6.2.5.  Analysis of the 2D samples by TEM 

The analysis of the 2D specimens was performed by Dr. Michael Landsberg at the Institute for 

Molecular Bioscience (UQ, St. Lucia, Qld, Australia) using a Tecnai Transmission Electron 

Microscope, operated at 120 kV. 

 

6.2.6.  Optimization of crystallization condition 

6.2.6.1. Incubation with phospholipase A2  

Bee venom phospholipase A2 (PLA2) treatment of 2D crystallization samples was performed as 

previously described (456). Ten microliters of the previously prepared 2D samples were diluted in 

90 L of a low salt buffer (1 mM Tris-HCl pH 7.5, 1 mM CaCl2), and PLA2 was added to a final 

concentration of 1.2 U/mL. The reaction mixtures were loaded into 0.1 mL dialysis buttons sealed 

with 10,000 MWCO SnakeSkin Dialysis Tubing and dialysed overnight against 40 mL of the same 

low salt buffer. Samples were subsequently transferred into an ultracentrifuge tube and collected 

by centrifugation at 100,000 x g, 1 h, 4 ºC. The resulting pellet was resuspended with 10 L of the 

low salt buffer and used to prepare specimens for TEM analysis as described in Sections 6.2.4 and 

6.2.5. 

 

6.2.6.2. Tuning of lipid content 

Lipid to Protein Ratio tuning was investigated by setting up crystallization trials using two LPRs 

below and two LPRs above the value originally included in the corresponding crystallization 

condition (Table 6.1), at 0.1 increments, as shown in Table 6.2. 
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The crystallization samples were prepared as previously described in Section 6.2.3. (Page 174) and 

6.2.4. (Page 179), however detergent removal was performed by means of dialysis. Briefly, 25 L 

dialysis buttons were filled with the crystallization sample and sealed with 10,000 MWCO 

SnakeSkin Dialysis Tubing. Each dialysis button was then placed into a well of a 6-well plate, and 

10 mL of the relevant buffer without detergent was added to each well. After dialyzing for 48 h at 

room temperature, the samples were removed from the buttons and used to prepare specimens 

for TEM as previously described in Section 6.2.3 and 6.2.4. 

 

 

TABLE 6.2: LPR tuning experiments. The LPR employed in the original experimental set-up are 

indicated in bold. 

 

 

Experiment LPR 

5 0.35 0.45 0.55 0.65 0.75 

13 0.15 0.25 0.35 0.45 0.55 

19 0.55 0.65 0.75 0.55 0.65 

21 0.55 0.65 0.75 0.85 0.95 

25 0.15 0.25 0.35 0.45 0.55 

26 0.55 0.65 0.75 0.55 0.65 
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6.3.  Results and discussion 

6.3.1.  Incomplete factorial 2D crystallization screening of the mCST 

The successful 2D crystallization of trans-membrane proteins still is a trial and error approach in 

which the effects of alternative experimental conditions have to be optimised until a high quality 

crystal is obtained.  In order to ‘rationalize’ the 2D crystallization approach of the mCST, an 

incomplete factorial crystallisation screening kit prototype provided by Prof. B. Hankamer and Dr. 

Michael Landsberg was utilised.  

This prototype crystallization platform is formulated by combining  different lipids (POPC, DMPC, 

PS/PA, E. coli and PO/PA), LPRs (0.15, 0.35, 0.55 and 0.75), pH (6.5, 7.5 and 8.5), counter cations 

(Mg2+, Na+, NH4
+, Zn2+, Ca2+), counter anions (SO4

2-, Cl-, ascorbate, citrate, acetate) and  incubation 

temperatures (4 ºC, 25 ºC and 25/37 ºC ramping) (Table 6.2). If each one of these parameters was 

to be varied independently -as a complete crystallization screen requires- an impractical 6,000 

crystallization conditions had to be tested, according to the formula 5 (lipids)  x  4 (LPRs)  x 3 (pHs)  

x 5 (anions)  x 5 (cations) x 3 (temperatures)  x 5 (detergents). Because the detergent is removed 

during 2D crystallization, it might be thought not to be of primary importance for the outcome of 

the crystallization trials (495): even so, a total number of 1,200 crystallization trials would need to 

be set up. Instead, based on the conditions that so far have been most successfully reported to 

produce diffracting membrane protein 2D crystals, a subset of 46 crystallization conditions was 

identified (Table 6.1) and therefore utilised for the 2D crystallisation of the mCST.  

A preliminary analysis of the crystallization trials performed by TEM after negative staining with 

uranyl acetate revealed that none of the initial 46 crystallization conditions tested resulted in a 

highly-ordered mCST crystal lattice suitable for structural investigation. The specimens were 

indeed characterised by a large degree of polymorphism, from protein-lipid precipitation and 

aggregation (Figure 6.2), to small liposomes (Figure 6.3), to large flattened liposomes (Figure 6.4).  

The images acquired for all the 46 conditions tested are reported in Appendix A2. 
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Figure 6.2: Crystallization condition n. 1 (DMPC, LPR 0.15, 50 mM MES, pH 6.5 and 25 mM Sodium Sulphate) 

analysed at a magnification of 3,900× (left panel). The arrows indicate large protein/lipid complex 

precipitates. Bar: 5,000 nm. Insert: detail, magnified (right panel). 

 

 

Figure 6.3: Crystallization condition n. 2 (DOPC, LPR 0.15, 50 mM MES, pH 6.5, 25 mM Ammonium Sulphate) 

analysed at a magnification of 26,000× (left panel). Bar: 200 nm. The magnified insert (right panel) shows 

the presence of both liposomes (white arrows) and proteoliposomes (black arrows) on a grainy background, 

probably representing detergent-lipids soluble complexes.  
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Figure 6.4: Crystallization condition n. 7 ( E. coli, LPR 0.35, 50 mM Tris, pH 8.5 and 25 mM Ammonium 

Citrate) analysed at a magnification of 3,900× (left panel). Bar 5,000 nm. A large proteoliposome has 

collapsed generating flattened overlaid sheets (black arrows), as highlighted in the magnified insert (right 

panel). 

Nevertheless, the analysis of the specimens at a magnification of 3,900× revealed that 

approximately 50% of them contained large collapsed proteoliposomes resulting in flattened 

sheets, similarly to what is shown in Figure 6.4. Moreover, when these flattened sheets were 

analysed at the higher magnifications of 49,000× and 97,000× it was possible to detect short 

strings of closely packed protein molecules, mostly randomly dispersed within the specimen. Such 

linear strings of transporter molecules were particularly evident in conditions 5, 13, 19, 21, 25 and 

26. An example of such string formations is reported in Figures 6.5 and 6.6, showing such a 

formation at a magnification of 97,000 × and 59,000×.  
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Figure 6.5: 2D crystallization condition n. 13, analysed at a magnification of 97,000×. Randomly-dispersed 

short linear strings of mCST are enclosed by white ellipses. 

 

 

 

 



 

 185 

 

Figure 6.6: 2D crystallization condition n. 5, analysed at a magnification of 59,000×. Randomly-dispersed 

short strings of mCST are enclosed by white ellipses. Please note similarity between the string structures 

shown in this picture with what shown in Figure 6.1. The outcome of this crystallization trials suggests an 

incomplete detergent removal from the crystallization reaction. 

 

Interestingly, the comparison of these crystallization conditions revealed that slightly acidic to be 

required for the formation of the short mCST strings observed in these conditions, as shown in 

Table 6.3. 

 

TABLE 6.3: Crystallization conditions resulting in strings of mCST  

Condition 
Lipid LPR Detergent Buffer pH Counter ions Temperatur

e 

5 Egg PC/Egg PA 0.55 TX-100 50 mM MES 6.5  25 mM Sodium Acetate 22 °C 

13 E. coli 0.35 C8E5 
50 mM Na 

Citrate 
5.5 25 mM Sodium Ascorbate 4 °C 

19 E. coli 0.75 C8E5 50 mM MES, 6.5 
25 mM Ammonium 

Chloride 
22 °C 
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21 DOPC 0.75 DDM 
50 mM 

HEPES, 
7.5 

25 mM Magnesium 

Sulphate 
4 °C 

25 POPC 0.35 TX-100 50 mM MES 6.5 25 mM Calcium Chloride 22/37 °C 

26 DMPC 0.75 DDM 50 mM HEPES 7.5 25 mM Ammonium Citrate 22 °C 

 

6.3.2.  Optimization of the mCST crystallization condition 

6.3.2.1. Incubation with phospholipase A2 

Since the preliminary screening of 2D specimens allowed the identification of six crystallization 

conditions originating large sheets in which the mCST molecules showed a modest degree of 

organization, a first attempt to increase the order of the packing of the mCST molecules in these 

crystals was performed by incubating them with phospholipase A2 from bee venom (PLA2). This 

enzyme has been previously used to induce order in both natural and artificial 2D crystals by 

digesting the accessible excessive lipid (456,457). Because the by-products of PLA2 digestion (fatty 

acid and isolecitin) might act as solubilising agents and damage the 2D samples, PLA2 digestion 

was accompanied by continuous dialysis to remove the PLA2 digestion by-products. The TEM 

analysis of the specimens prepared after PLA2 digestion however, showed that PLA2 digestion did 

not significantly improve either the morphology or the organization of the CST in the lipid bilayer.  

 

6.3.2.2. Tuning of the lipid to protein ratio 

A subsequent attempt to improve the quality of the packing of the mCST molecules in the lipid 

bilayer was performed by finely tuning the LPR employed, according to what is reported in Table 

6.2 and removing the detergent by means of dialysis rather than Bio-Beads.  Among the six 

conditions tested, an adapted condition 25 employing a LPR of 0.25, showed the formation of 

large tubular structure in which a higher order of the mCST packing could be observed.  

A more detailed analysis of the TEM image of this specimen (Figure 6.7) revealed that the tubular 

structures sit on a much larger flattened proteoliposome into which short strings of mCST can also 

be observed. Furthermore, it is possible to observe many rice-grain shaped proteoliposomes 

(dashed black boxes) some of which show a multi-layered structure, very likely favoured by 

protein-protein interactions (red dashed arrows). As shown in Figure 6.7 in Tubules 1 and 2 the 

mCST is organised in multiple and highly-orders strings, which however appear to have a random 
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distribution, a phenomenon usually referred to as mosaic arrangement (476). Nevertheless the 

degree of order in which the mCST is organized is better than it was before (Figures 6.5 and 6.6), 

representing a significant advance compared to the initial screenings. 

Furthermore, given that the organization into string is a prerequisite to the formation of larger 

sheet suitable for structural investigation, condition 25 represents a suitable starting point to 

further optimise mCST crystallization that will result in extended highly-ordered and densely-

packed large sheets (1 m x 1 m). The curvation effect leading to the formation of tubules is very 

likely due both to the large headgroup area of lipids such as POPC used in condition 25 and the 

fluidity of the double lateral chains. The formation of tubular crystals is not however detrimental 

per se, indeed it represents a significant improvement towards the formation of highly-ordered 

2D mCST crystals. In fact tubular crystals often tend to collapse and spontaneously form flattened 

sheets; alternatively they can be converted into flat sheets by adding infinitesimal amounts of 

detergent to the 2D specimen.  Furthermore, having enough membrane protein, 2D crystal 

formation can be attempted by using a combination of lipids whose 3D geometry counterbalance 

each other’s curvature effect, resulting in flattened structure (Hankamer, personal 

communication).  

 

 

 

 

Figure 6.7 (next Page): TEM images of the 2D sample obtained from a modified condition 25 (POPC, LPR 

0.25, TX-100, 50 mM MES, pH 6.5, 25 mM calcium chloride, 22/37 °C) showing large tubular formations 

numbered 1-4 (Panel A). Panels B, C, D, E show the magnified 2D mCST tubules (3, 4, 1 and 2, respecively). 

Small rice-grain like proteoliposomes can also be observed (dashed black frames, Panels C and D), some of 

which show a multi-layered organization (red arrow, Panel C). The tubular crystals sit on a extended 

flattened proteoliposome sheet, also showing localized mCST organization into short strings. Localised but 

highly ordered mCT molecules arranged into strings can be observed throughout the tubules.  
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The approach described herein for the 2D crystallizion of the mCST resulted in the identification of 

a particular promising crystallization condition in which the mCT was not only organized in 

favourable tubular structures but also showed localized highly-ordered arrangement. This 

approach for the de novo crystallization of a trans-membrane protein appears to be quite 

promising and a powerful tool. By testing crystallization conditions using different lipids, 

detergents, LPR, buffers and salts it allows a significant number of experimental parameters to be 

varied that based on literature are among the most crucial parameters affecting the outcome of 

2D crystallization trials. 

The presence of different tubular structures (i.e. extended and rice-grain) appears to indicate the 

possibility of alternative protein-protein arrangements. Furthermore the presence of the rice-

grain-like tubules, appears to suggest that although dialysis was employed to reduce the rate at 

which the detergent is removed from the cystallization reaction, its removal was still too quick, 

eventually resulting in the inability of these tubule seeds to ‘mature’ into larger structures. This 

result confirms the importance of the detergent removal rate during crystallization and suggests 

that a much finer tuning in the detergent removal rate is required at this stage of the 

crystallization process. 

To this end, three alternative experimental approaches could be employed: 

1) Removing detergent by controlled addition of Bio-Beads. Defined amounts of beads could be 

added to the crystallization reaction in a timely manner. By doing so, the detergent removal rate 

can be tuned by combining both the effect of employing alternative amounts of Bio-Beads to the 

crystallization reaction and performing subsequent additions at different time intervals. 

2) Removing detergent by dialysis. Since dialysis is to date the detergent removal method that has 

provided the highest quality diffracting 2D crystals, it could be possible to reduce the detergent 

removal rate even further by either selecting a dialysis membrane having a molecular cut-off 

lower that the n-Nonyl -D-maltopyranoside molecular weight (MW 468). This approach could be 

eventually combined with low temperature dialysis to further reduce the detergent removal rate. 

Alternatively, to also ensure complete detergent removal from the crystallisation trials, Bio-Beads 

could be added to the buffer reservoir during dialysis, therefore ensuring the presence of a 

detergent gradient from the 2D crystallization sample towards the outer environement. 
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Chapter 7 

 

Conclusions 

 

The primary objectives of this investigation were four fold. Firstly, the identification of expression 

conditions that would allow production of functional CMP-Neu5Ac transporter (CST) amenable for 

both functional and structural studies. Secondly, the identification of detergent-mediated 

solubilisation and purification conditions of the CST. Thirdly, the identification of an 

investigational strategy alternative (and complementary) to the CMP-Neu5Ac translocation assays 

to invetigate CST:ligand interactions at the molecular level. Forthly, crystallise the mCST within a 

lipid bilayer in order to investigate both its organization and to obtain 3D structural information 

by means of electron crystallography. 

 

In order to identify expression conditions for obtaining functional CST in quantities sufficient for 

both structural and functional studies, both prokaryotic and eukaryotic expression hosts were 

employed, namely E. coli, L. lactis and P. pastoris. The CST was previously over-expressed in E. coli 

where it could be retrieved from inclusion bodies. Following inclusion bodies purification, 

solubilisation and renaturation, the CST could be reconstituted into artificial PC liposomes. 

However it had a 10-fold lower affinity for the substrate in comparison with both S. cerevisiae 

expressed HA-tagged muring CMP-Neu5Ac transport protein and rat liver Golgi CMP-Neu5Ac 

transport protein. Since the early steps of protein secretion and membrane integration overlap 

(261,262), to minimise formation of inclusion bodies a secretional expression strategy was 

employed. For this purpose three mCST constructs were prepared in which the mCST coding 

sequence was fused with signal peptides of E. coli secreted or trans-membrane proteins, thus 

permitting the translocation of the polypeptide chain at least across the inner membrane 

(239,240). Such strategy aimed to target the mCST to E. coli Sec dependent translocation 

machinery, minimising the formation of inclusion bodies and permitting refolding within a 

membrane environment that could allow the production of properly folded and therefore 

functionally active CST suitable for both structural and functional studies.  
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The three alternative expression vectors containing leader peptides or fusion tags employed are 

the pFLAG-ATS (OmpA leader peptide), the pET22-b(+) (pelb leader peptide) and the pMAL-2E 

(Maltose Binding Protein).  

The pET22-b(+) based expression system did not allow expression the mCST under any of the 

several conditions tested. The N-terminally tagged MBP-CST, although expressed, appeared as a 

complex mixture of both full length and degraded products, as detected by SDS-PAGE and 

Western Blotting, and it was therefore not longer persued.  

The pFLAG-ATS based system allowed expression of mCST that appeared as a protein band of 

approximatively 32 kDa after SDS-PAGE and Western blotting, in agreement with what was 

previously observed. More interestingly, the so expressed mCST was targeted to E. coli’s inner 

membrane and it was able to translocate CMP-Neu5Ac. 

The specific CMP-Neu5Ac transport activity associated with the inner membrane fraction 

following the formation of mixed proteoliposomes (8.3 ± 1.8 nmol/mg/min) was found to be 

approximately 750-fold higher than that previously reported for mCST isolated from E. coli 

inclusion bodies (0.68  ±  0.20 nmol/mg/h) (162). Such difference in specific activity very likely 

reflects both the difficulties associated with recovering functional protein from inclusion 

bodies and the importance of the membrane environment for correct membrane protein 

folding, stability and activity. In particular, the differences in the CMP-Neu5Ac specific 

transport activity observed in intact spheroplasts (16 ± 2 nmol/mg/min) from what it was 

observed in mixed proteoliposomes and in both Golgi-reconstituted liposomes and S. 

cerevisiae over-expressing the mCST  it is very likely to reflect the importance of the lipid 

composition of the membrane in which a transmembrane protein is embedded. Although 

promising, the difficulty of obtaining intact spheroplasts limited the applicability of such an 

expression system.  

In the attempt to by-pass the need of spheroplast formation, the Gram-positive bacteria L. 

lactis with a single cellular membrane was also investigated as host for the over-expression of 

the mCST. Although this expression host as been predominantly used for the heterologous 

expression of prokaryotic membrane proteins, the possibility to set-up whole-cell-based 

functional assays without requiring spheroplasting made it an interesting alternative 

expression host to the more commonly used E. coli. Unfortunately, when expressed as C-

terminally His6 tagged protein, the CST appeared as a protein band of approximatively 28 kDa, 

smaller that expected. A CST molecular species of similar size has previously been observed 
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when the mCST was expressed in both E. coli, S. cerevisiae and COS cells, with the size of the 

construct compatible with lack of the first 19 amino acids and the preferential utilization of 

Met20 as translational start codon. Although such truncated CST construct appeared to be 

targeted to the cellular membrane, when tested for CMP-Neu5Ac translocation ability, no 

substrate could be accumulated, probably suggesting a role for this string of amino acids in 

the structure-function stabilization of the transport protein. 

As an alternative to both E. coli and L. lactis, the methylotrophic yeast P. pastoris was then 

investigated as host for the expression of the mCST. P. pastoris is an attractive system for the 

expression of heterologous proteins, characterized by high cell density and high protein 

expression levels. Furthermore, because it lacks sialic acid metabolism, its an ideal 

background-free host for the expression of the CST. When expressed as C-terminally His6-

tagged protein, the mCST could be detected as a protein band of approximatively 32 kDa, in 

agreement with what was previously observed for similar size constructs. Furthermore when 

Golgi-enriched fractions obtained from induced P. pastoris cells were employed to set up 

CMP-Neu5Ac translocation assays, the transporter was capable of substrate accumulation 

with substrate specific acitivies comparable to what previously observed. More interestingly, 

it was possible to directly employ Golgi-enriched fractions obtained from parental, un-

induced and induced P. pastoris cells for STD NMR investigation and therefore to study 

CST:ligand interactions at the molecular level without requiring preliminary solubilisation and 

purification. 

By means of such investigational methodology, for the first time it was possible to observe 

that the sugar moiety of CMP-Neu5Ac interacts with the CST. Such result was further 

confirmed by means of CMP-Neu5Ac relative saturation epitope maps, revelaing that the 

sugar moiety of CMP-Neu5Ac receives essentially the same saturation of the nucleotide 

moiety of the ligand. Such result overturns the commonly accepted knowledge that only the 

nucleotide moiety of nucleotide sugars (among which CMP-Neu5Ac) plays a pivotal role in 

NST:NS interactions. Furthermore, by complexing CMP-Neu5Ac with Golgi-enriched fractions 

obtained from induced P. pastoris cells that were preliminarly incubated with Cys, Tyr, His, 

Arg and Lys modifiying agents, it has been possible-also for the first time-to start to identify 

amino acids (or groups of amino acids) that are responsible for mCST:CMP-Neu5Ac 

interactions, to characterise such interaction the molecular level and to start elucidating 

substrate specificity of the transport proteins. Disulfide bonds in particular appear to play a 
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crucial stabilising role for the overall 3D strucutre-function of the mCST as detected by the 

complete loss of CMP-Neu5Ac binding upon their reduction and alkylation. Basic amino acids 

such as Lys and Arg also appear to play a crucial role in substrate binding. Where Lys 

modification appears to reduce the overall CMP-Neu5Ac binding to the transporter, Arg 

modification targets with high selectivity the interactions between the CST and the NHAc 

group at C5 of the Neu5Ac moiety, as observed by the complete loss of STD effect at this level 

after modification with phenylglyoxal. Nevertheless, the residual CMP-Neu5Ac binding 

observed after Arg modification might reflects the low stringency of CST:CMP-Sialic acid 

interaction at this level, a property that allows the transporter to translocate all the natural 

occuring CMP-activated sialic acids (Neu5Ac, Neu5Gc and KDN) and which differ from one 

onther just by the nature of the substitution at the C5. 

To further dissect the ability of the mCST to bind Neu5Ac as shown by GeF:CMP-Neu5Ac STD 

NMR experiments, the mCST was solubilised, purified and reconstituted into PC liposomes 

prior to being subjected to STD NMR investigation.  

To this end, a panel of detergents was screened for their ability to solubilise the transport 

protein and preserve its functionality, resulting in the identification n-nonyl -D-maltoside as 

the detergent of choice. With its short alkyl chain, this detergent probably better resembles 

the lipids found in the Golgi membrane (which is thinner than the cellular membrane) and has 

a stabilising effect on the mCST. After solubilisation with n-nonyl -D-maltoside the mCST can 

be purified to homogeniety by combining IMAC with size exclusion chromatography. 

Furthermore, after reconstitution into PC liposomes, the n-nonyl -D-maltoside detergent-

solubilised mCST is capable of substrate translocation. This result, together with the 

observation that upon detergent-mediated solubilisation the mCST is a monomer in solution, 

allows for the first time to speculate that the structure-functional unit of the CST (and 

possibly of the nucleotide sugar transporter family of proteins) is a monomer. STD-NMR 

experiments performed with mCST:CMP-Neu5Ac complexes after reconstituting the 

transporter in PC liposomes confirmed that Neu5Ac moiety of the ligand binds to the CST. 

Furthermore relative saturation epitope maps were comparable to what previously obtained 

for GeF-I:CMP-Neu5Ac complexes, also confirming that liposome solubilisation with n-nonyl 

-D-maltoside preserves the structure-function of the mCST. Unfortunately when Neu5Ac was 

complexed with mixed PC:mCST liposomes for STD NMR investigation it was not possible to 

defenitively ascertain if the transporter selects for either the  or the  anomer of the sugar, 
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due to the higher relative abundance of the  anomer in solution. At this purpose, one could 

employ equimolar amounts of methyl-glucosides of Neu5Ac.  

To verify that the monomeric state of the CST in solution corresponds to the oligomeric state 

of the transporter in a lipid environment, and to gain three dimensional information that 

could be exploited for the design of new putative antimetastasis drugs, two-dimensional 

crystallization trials of the mCST were set up. Two-dimensisonal crystallization is a particularly 

interesting approach for the crystallization of proteins that-such as trans-membrane proteins-

are either difficult to crystallise by means of the three-dimensional approach or that are 

difficult to produce, requiring as little as 20 to 50 g of protein per crystallization condition. 

To this point, an incomplete factorial crystallization screening kit prototype provided by Prof. 

Ben Hankamer and Dr. Michael Landsberg (University of Queensland, St. Lucia, Qld) was 

employed. This kit prototype contains 46 unique crystallization conditions that have been 

identified from the literature as the ones originating high-quality two-dimensional crystals. 

Furthermore this approach allows one to scout a variety of parameters that are known to 

affect two-dimensional crystallization, namely lipid nature, lipid to protein ratio, buffer 

composition and pH and detergent removal rate.  

The preliminary observation of the crystallization specimens by transmission electron 

microscopy revealed a high degree of polymorphism, ranging from protein precipitate to 

small liposomes and proteoliposome to large proteoliposomes collapsed in flattened sheets. 

Six of these conditions in particular revealed the presence of randomly dispersed short strings 

of mCST and they were further optimized, with the aim to increase the order of the mCST 

packing within the lipid membrane. A first optimization round involved a finer tuning of the 

lipid to protein ratio employed in each of the six conditions. Furthermore, dialysis was 

employed as the detergent removal method as an alternative to Bio-Beads to ensure a slower 

and more uniform detergent removal rate over time. Among them, Condition 25 employing a 

lipid to protein ratio of 0.25 resulted in tubular structures in which the mCST is organised in 

small randomly dispersed two-dimensional arrays. Although the level of order of the mCST 

molecules in these tubules is still not sufficient to extrapolate structural information, this 

result represents a dramatic improvement towards the two-dimensional crystallization of the 

mCST. The presence of small rice-grain-like tubular proteoliposomes seems to suggest that 

the detergent-removal rate must be further reduced to allow a higher-order organization of 

the mCST within the lipid membrane.  
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To this point, a second optimization round will be undertaken, in which detergent removal 

will be performed by the timely addition of Bio-Beads to the crystallization reaction. In 

parallel, the detergent removal will also be performed again by low-temperature dialysis, 

aiming to reduce the diffusion rate of the detergent from the crystallization reaction to the 

outer media. 
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Appendix A1: The multiple protein sequence alignment was constructed using the ClusterW2 

algorithm available through EMBL-EBI (www.ebi.ac.uk/Tools/msa/ clustalw2/). The amino acid 

sequence alignment of five diverse CSTs (M. musculus, C. griseus, H. sapiens, B. taurus and S. 

salar) and three UGTs (H. sapiens, B. taurus and M. musculus) is shown (Fig. A1). The M. musculus 

CST’s trans-membrane domains predicted by the membrane topology model by Echardt et al. 

(171) are numbered TM1 to TM10. The human CST sequences capable to confer CST-Neu5Ac 

translocation activity to the human UGT according to Aoki et al., are underlined (150). 

 

        TM1 

           

M. musculus CST    Q61420 ------------------MAPAREN-----VSLFFKLYCLAVMTLVAAAYTVALRYTRTT 38 

C. griseus CST     O08520 ------------------MAQAREN-----VSLFFKLYCLAVMTLVAAAYTVALRYTRTT 38 

H. sapiens CST P78382 ------------------MAAPRDN-----VTLLFKLYCLAVMTLMAAVYTIALRYTRTS 38 

B. taurus CST Q3SZP1 ------------------MAAPREN-----VNLLFKLYCLAVMTLVAAAYTVALRYTRTS 38 
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H. sapiens UGT P78381 MAAVGAGGSTAAPGPGAVSAGALEPGTASAAHRRLKYISLAVLVVQNASLILSIRYARTL 61 

B. taurus UGT Q58DA6 MAAVGSGGSTATAGPGAVSAGALEPGTSSAAHRRLKYISLAVLVVQNASLILSIRYARTL 61 

M. musculus UGT Q9R0M8 MAAVGVGGSTAAAGAGAVSSGALEPGSTTAAHRRLKYISLAVLVVQNASLILSIRYARTL 61 

                                               . :      .   :*  .* *:.:  *   : :**:**  

 

       TM2                             TM3 

                                                        

M. musculus CST Q61420 A-EELYFSTTAVCITEVIK-LLISVGLLAKETGSLGRFKASLSENVLGSPKELAKLSVPS 96 

C. griseus CST O08520 A-KELYFSTTAVCVTEVIK-LLISVGLLAKETGSLGRFKASLSENVLGSPKELMKLSVPS 96 

H. sapiens CST P78382 D-KELYFSTTAVCITEVIK-LLLSVGILAKETGSLGRFKASLRENVLGSPKELLKLSVPS 96 

B. taurus CST Q3SZP1 D-KELYFSTTAVCITEVIK-LLLSVGILAKETGNLGRFKASLRENVLGSPKELMKLSVPS 96 

S. salar CST B5DFY6 SSTAMYFSTTAVCVTEVIK-LFLSLGMLTKEAGSFGRLKASIVEHVFQSPKELLKLSVPS 95 

H. sapiens UGT P78381 P-GDRFFATTAVVMAEVLKGLTCLLLLFAQKRGNVKHLVLFLHEAVLVQYVDTLKLAVPS 120 

B. taurus UGT Q58DA6 P-GDRFFATTAVVMAEVLKGLTCLLLLFAQKRGNVKHLVLFLHEAVLVQYMDTLKLAVPS 120 

M. musculus UGT Q9R0M8 P-GDRFFATTAVVMAEVLKGLTCLLLLFAQKRGNVKHLVLFLHEAVLVQYVDTLKLAVPS 120 

                               :*:**** ::**:* *   : ::::: *.. ::   : * *: .  :  **:*** 

 

 

                          TM3               TM4                TM5 

                                 

M. musculus CST  Q61420 LVYAVQNNMAFLALSNLDAAVYQVTYQLKIPCTALCTVLMLNRTLSKLQWISVFMLCGGV 156 

C. griseus CST O08520 LVYAVQNNMAFLALSNLDAAVYQVTYQLKIPCTALCTVLMLNRTLSKLQWVSVFMLCGGV 156 

H. sapiens CST P78382 LVYAVQNNMAFLALSNLDAAVYQVTYQLKIPCTALCTVLMLNRTLSKLQWVSVFMLCAGV 156 

B. taurus CST Q3SZP1 LVYAVQNNMAFLALSNLDAAVYQVTYQLKIPCTALCTVLMLNRTLSKLQWISVFMLCGGV 156 

H. sapiens UGT P78381 LIYTLQNNLQYVAISNLPAATFQVTYQLKILTTALFSVLMLNRSLSRLQWASLLLLFTGV 180 

B. taurus UGT Q58DA6 LIYTLQNNLQYIAISNLPAATFQVTYQLKILTTALFSVLMLNRSLSRLQWASLLLLFTGV 180 

M. musculus UGT Q9R0M8 LIYTLQNNLQYVAISNLPAATFQVTYQLKILTTALFSVLMLNRSLSRLQWASLLLLFTGV 180 

                ::*::***: ::*:*** **.:********  ***  ******:**:*** *: :*  ** 
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                      TM5                  TM6                   TM7 

                                           

M. musculus CST  Q61420 TLVQWKPAQAS-KVVVAQNPLLGFGAIAIAVLCSGFAGVYFEKVLKSSDTSLWVRNIQMY 215 

C. griseus CST O08520 ILVQWKPAQAT-KVVVEQSPLLGFGAIAIAVLCSGFAGVYFEKVLKSSDTSLWVRNIQMY 215 

H. sapiens CST P78382 TLVQWKPAQAT-KVVVEQNPLLGFGAIAIAVLCSGFAGVYFEKVLKSSDTSLWVRNIQMY 215 

B. taurus CST Q3SZP1 ILVQWKPAQAT-KVVVEQNPLLGFGAIAVAVLCSGFAGVYFEKVLKSSDTSLWVRNIQMY 215 

H. sapiens UGT P78381 AIVQAQQAGGGGPRPLDQNPGAGLAAVVASCLSSGFAGVYFEKILKGSSGSVWLRNLQLG 240 

B. taurus UGT Q58DA6 AIVQAQQAGGGGPRPLDQNPGVGLAAVVASCLSSGFAGVYFEKILKGSSGSVWLRNLQLG 240 

M. musculus UGT Q9R0M8 AIVQAQQAGGSGPRPLDQNPGAGLAAVVASCLSSGFAGVYFEKILKGSSGSVWLRNLQLG 240 

                  :** . . .     : *.   *: *:. : :.**********:**.*. *:*:**:*:  

 

                         TM7                       TM8 

                                  

M. musculus CST  Q61420 LSGIVVTLAGTYLSDGAEIQEKGFFYGYTYYVWFVIFLASVGGLYTSVVVKYTDNIMKGF 275 

C. griseus CST O08520 LSGIVVTLVGTYLSDGAEIKEKGFFYGYTYYVWFVIFLASVGGLYTSVVVKYTDNIMKGF 275 

H. sapiens CST P78382 LSGIIVTLAGVYLSDGAEIKEKGFFYGYTYYVWFVIFLASVGGLYTSVVVKYTDNIMKGF 275 

B. taurus CST Q3SZP1 LSGIVVTLVGVYLSDGAEIKEKGFFFGYTYYVWFVIFLASVGGLYTSVVVKYTDNIMKGF 275 

H. sapiens UGT P78381 LFGTALGLVGLWWAEGTAVATRGFFFGYTPAVWGVVLNQAFGGLLVAVVVKYADNILKGF 300 

B. taurus UGT Q58DA6 LFGTALGLVGLWWAEGTAVTHRGFFFGYTPAVWGVVLNQAFGGLLVAVVVKYADNILKGF 300 

M. musculus UGT Q9R0M8 LFGTALGLVGLWWAEGTAVASQGFFFGYTPAVWGVVLNQAFGGLLVAVVVKYADNILKGF 300 

                * *  :   * : ::*: :  :***:**   *  *::  :.*** .:*****:***:*** 

                      

 

                             TM9            TM10 

                        

M. musculus CST  Q61420 SAAAAIVLSTIASVLLFGLQITLSFALGALLVCVSIYLYGLPR----------------- 318 

C. griseus CST O08520 SAAAAIVLSTIASVMLFGLQITLSFAMGALLVCISIYLYGLPR----------------- 318 

H. sapiens CST P78382 SAAAAIVLSTIASVMLFGLQITLTFALGTLLVCVSIYLYGLPR----------------- 318 

B. taurus CST Q3SZP1 SAAAAIVLSTIASVMLFGLQITLTFALGTLLVCVSIYLYGLPR----------------- 318 

H. sapiens UGT P78381 ATSLSIVLSTVASIRLFGFHVDPLFALGAGLVIGAVYLYSLPRGAAKAIASASASASGPC 360 
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B. taurus UGT Q58DA6 ATSLSIVLSTVASIRLFGFHVDPLFALGAGLVIGAVYLYSLPRGAAKAIASASAPTSGPC 360 

M. musculus UGT Q9R0M8 ATSLSIVLSTVASIRLFGFHLDPLFALGAGLVIGAVYLYSLPRGAVKAIASASA--SGPC 358 

                          ::: :*****:**: ***:::   ** *: :*  ::* *.**:                  

 

 

 

M. musculus CST  Q61420 --QDTTSIQQ-EATSKE--RIIGV-------------- 337 

C. griseus CST O08520 --QDTTCIQQ-EATSKE--RVIGV-------------- 337 

H. sapiens CST P78382 --QDTTSIQQGETASKE--RVIGV-------------- 338 

B. taurus CST Q3SZP1 --QDTTSIQQGETDSKQ--RVIGV-------------- 338 

H. sapiens UGT P78381 VHQQPPGQPPPPQLSSHRGDLITEPFLPK-LLTKVKGS 397 

B. taurus UGT Q58DA6 THQQPPGQPPPPQLSSHHGDLSTEPFLPKSVLVK---- 394 

M. musculus UGT Q9R0M8 IHQQPPGQPPPPQLSS-RGDLTTEPFLPKSVLVK---- 391 

                               ::.           

 

 

 

Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens 

at three different magnifications. 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens 

at three different magnifications (cont.). 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens 

at three different magnifications (cont.) 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens at 

three different magnifications (cont.) 

 

11 

   

12 

   

13 

   

14 

   

15 

   

Condition 3,900 × 26,000 × 59,000 × 



 

 202 

 

 

Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens at 

three different magnifications (cont.) 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens at 

three different magnifications (cont.) 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens at 

three different magnifications (cont.) 
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens 

at three different magnifications (cont.)        
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Appendix A2: Transmission Electron Microscopy images of the mCST 2D crystallization specimens at 

three different magnifications (cont.) 
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Appendix A3: Membrane proteins analysed by electron crystallography 
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  Protein 

Protein 

Resolution 

2D 

Resolution 

3D 

PDB/EBI  

ID 

Reference 
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Ion Channels 

 

AmtB - Amonium gas ion channel 12.0    (496) 

Annexin A5 – Ca2+ specific ion channel 6.5    (497) 

MscL - mechanosensitive ion channel 15.0     (498) 

Potassium 

Channels 

KcsA potassium channel 6.0    (499) 

KirBac3.1 potassium channel 9.0    (500) 

MloKI - Cyclic Nucleotide-Modulated K+-Channel 16.0   (501) 

Ion 

Antiporters 

 

 

 

C1C-ecl - chloride proton anti porter from E. coli 6.5    (502) 

NhaA - Na+- H+ antiporter from E.coli 

4.0    (503) 

 7.0   (504) 

7.0    (491) 

      NhaP I - Na+- H+ antiporter from M. jannaschii 

6.0    (488) 

 7.0   (505) 

 Phospholipase A 7.4    (506) 

Major Facilitator 

Superfamily 

(MSF) 

 Lactose Permease 20.0    (507) 

OxlT – Oxalate Transporter 

6.0    (508) 

3.4    (509) 

 

 

 

Transporters 

 

 

 

 

 

BetP - Glycine betaine uptake system 7.5    (510) 

CTRI - Copper Transporter  6.0   (511) 

UT - Urea transporter: A. pleuropneumoniae  24.0   (492) 

CtrA3 – Copper Transporting P-type ATPase  7.0   (512) 

Mannitol transporter enzyme II 5.0    (513) 

MelB - Melibiose permease 8.0    (514) 

GalP - Galactose Permease 18.0    (515) 

ABC Transporters 

MsbA - ABC transporter  20.0   (493) 

EmrE – Multidrug Efflux transporter 

7.0    (516) 

7.0    (517) 

 7.5 EMD-1087 (518) 

 7.0   (516) 

BmrA – Multidrug ABC Transporter 20.0    (519) 

Pgp – P glycoprotein 20.0    (520) 

Aquaporins AqpO - Waterchannel from eye lenses  3.0  lSOR (521) 
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Appendix A3: Membrane proteins analysed by electron crystallography (cont.) 

 1.9  2B60 (522) 

 2.5   (523) 

Aqpl - Waterchannel from red blood cells 

20.0    (562,563) 

 6.0   (524,525) 

 3.8  IFOY (526) 

 4.0   (527) 

 3.7  IIH5 (528) 

 3.5  IH6I (529) 

Aqp2 - mammalian waterchannel  4.5   (530) 

Aqp4 - mammalian waterchannel (Aqp4M23) 

 3.2  2057 (531) 

 2.8  2ZZ9 (494) 

Aqp9 – mammalian glycerol and water channel 7.0    (532) 

AqpZ – E. coli waterchannel 8.0    (533) 

SOPIP2;1 – Plant aquaporin waterchannel  5.0   (534) 

AtTIP3;1 –Plant vacuole membrane aquaporin 7.7    (535) 

GlpF – E. coli glycerol channel 6.9       (536) 

 

  Protein 

  

Protein 

Resolution 

2D 

Resolution 

3D 

PDB/EBI  

ID 

Reference 

Mithoc. OMP TspO – Polytopic mitochondrial OMP  10.0   (537) 

ADP/ATP Car  Anc2 – ADP/ATP transporter (bovine mitochondrial) 18.0   (538) 

GGCX Vitamin K dependent G-glutamyl carboxylase 12.0    (539) 

Bacterial 

Rhodopsins 

Bacterioshodopsin – Light driven proton pump 

 3.5  1BRD (540) 

 3.5  2BRD (541) 

 3.0  lAT9 (542) 

 3.0  2AT9 (543) 

 3.2  1FBB (544) 



 

 210 

 3.2  1FBK (545) 

 3.5   (546) 

  Halorhodopsin – Light driven chloride pump 

6.0    (547) 

 7.0  (548) 

Mammalian 

Rhodopsins 

  Metarhodopsin I  5.5  EMD-1079 (549) 

   Bovine Rhodopsin 

9.0    (550) 

9.5    (551) 

5.0    (552) 

Squid Rhodopsin 

8.0    (553) 

 8.0   (554) 

Sensory Rhodopsin 6.9   (555) 

Translocases 

  Sec YEG - bacterial core protein translocase 

9.0    (556) 

 8.0   (557) 

YidC - membrane insertase 10.0    (598) 

MAPEGs 

MGSTl (rat Microsomal Glutathione-S 

Transferase I) 

3.0    (558) 

3.0    (559) 

3.0    (560) 

 6.0   (561) 

 6.0   (562) 

 3.2  2H8A (604) 

  MPGES I (h.s. Microsomal Prostaglandin E2      Synthase I)  3.5  3DWW (563) 

   LTC( 4)S - Leukotriene C4 Synthase 

4.5   (564) 

7.5   (515) 

Photosynthesis 

proteins 

(Bacteria) 

  RC - Photosynthetic reaction center 20.0    (565) 

  LHI - Light harvesting complex I 8.5    (566) 

LHI-RC - Light harvesting complex I with 

photosynthetic reaction center 

25.0    (567) 

16.0    (568) 

10.0    (569) 

8.5    (570) 

9.0    (571) 
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Appendix A3: Membrane proteins analysed by electron crystallography (cont.) 

LH1-RC-PufX 

26.0    (572) 

8.5    (573) 

Gatric H+/K+ ATPAse 14.0    (574) 

 Protein Resolution Resolution PDB/EBI  Reference 
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  Protein 

  

2D 3D ID 

Photosynthesis 

proteins 

(Bacteria 

LH2 Light harvesting complex 2 

18.0    (575) 

7.0    (576) 

6.0    (567) 

10.0    (577) 

Photosynthesis 

Proteins 

(Plants) 

  PS I- Photosystem I 

20.0    (578) 

15.0    (579) 

  PS II – Photosystem II 

20.0    (580) 

20.0    (581) 

 8.0   (582) 

9.0    (583) 

6.0    (584) 

  LHC I – Light Harvesting chlorophyll a/b –  

  protein    complex 

3.7    (585) 

 6.0   (586) 

3.4    (587) 

 3.4   (588) 

  LHC I Light Harvesting Complex II 18.0    (575) 

Electron transport 

chain 

Cytochrome b6 f complex 

8.0    (589) 

9.0    (590) 

Cytochrome bc 1 complex 

25.0    (591) 

 16.0   (592) 

Cytochrome b0 6.0    (593) 

Cytochrome c oxidase 25.0    (594) 

Cytochrome c reductase 25.0    (595) 

Beta barrel 

membrane 

proteins 

FhuA - Porin 

15.0    (538) 

8.0    (596) 

Maltoporin 25.0     (597) 

KdgM, KdgN, NanC – Outer membrane proteins 7.0    (598) 

OmpG – Monomeric Porin 6.0    (599) 

PhoE Porin 2.8.0    (600) 

Gap junctions Connexin Gap Junction Channel alphaCx43 

 7.5   (601) 

 7.5  (602,603) 

7.5    (604) 
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