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Chapter 1                                 

General introduction 

 
   Oligosaccharides are composed of simple sugars and it has been thought for many 

years that the sugar has only a role as the energy source for living cells. However, 

significant development of molecular cell biology makes it increasingly clear that the 

molecular mechanisms of various phenomena in our body are controlled by the 

‘sugar’-chain. For example, sugar chains exist on the cell membranes as glycoproteins 

and glycolipids, and are participating in vital life phenomena, such as hormonal 

adjustment, immune regulation, differentiation, interaction between cells, and 

fertilization. Moreover, it is known that sugar chains function as receptors for 

pathogenic bacteria, viruses, and lymphocytes (Fig. 1-1). Therefore, now, the notion 

that sugar chain is essential for the living cells and participates in various physiological 

functions, is widely accepted. Based on the development of science on sugar, sugar 

technology become an important field in Biotechnology. 

   I studied on following two topics about sugar technology in this thesis, and the first 

topic is on bacterial polysaccharides. Streptococci are responsible for a large number of 

important diseases of man and animals. The pyogenic group are major pathogens, but 

many of the other species are commonly involved in disease, often as opportunistic 

pathogens. Streptococci are gram-positve bacteria, and streptococcal cells are usually 

spherical or ovoid in shape and are arranged in chains or pairs. Some streptococcal 

species form capsules. In particular, Streptococcus pneumoniae and Streptococcus 

agalactiae possess various capsular polysaccharides, giving rise to many type-specific 
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antigenic varieties. Capsular polysaccharides of these species play important roles in 

their pathogenesis (1, 2). Other streptococci called “Oral Streptococci” are commonly 

found in the oral cavity and upper respiratory tract of man and other animals. Although 

the mouth appears to be their main habitat, many of the species have also been isolated, 

on occasions, from other sites and from a variety of clinical infections. Interest in the 

oral streptococci has increased significantly in recent years, partly because some of 

species are known to be important opportunist pathogens in other parts of the body, and 

partly because of the association of certain species (notably Streptococcus mutans) with 

dental caries (3). 

   One group of oral streptococci, Streptococcus anginosus group, is resident 

bacterium in the mouth and constitute a part of the oral bacterial flora. This group is 

divided into Streptococcus anginosus, Streptococcus intermedius and Streptococcus 

constellatus (4-7). These species are relatively-avirulent. However, like other oral 

streptococci, these species have been known to invade tissues elsewhere than their 

normal habitat and cause opportunistic infectious diseases in such cases as 

immune-compromised hosts (8-10). Therefore, interest in these streptococci has been 

increasing in recent years. It has been found that each species could infect 

characteristically different sites other than the oral cavity (11). S. anginosus might infect 

genitourinary apparatus and, in recent years, the relationship to esophageal cancer has 

been presented (12, 13). S. intermedius is involved in the refractory periodontal disease 

and the serious abscesses of brain and liver (8, 11, 14-17). The structural and chemical 

characteristics of their biofilms, which act as barriers to antibiotics, and the molecular 

basis related to the film formations are of clinical importance. 

   In Chapter 2, I performed a cloning of the complete capsular polysaccharide 
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synthesis (cps) gene clusters involved in biofilm formation of S. anginosus ATC33397, 

and clarified gene orientation in the cluster. Subsequently I compared it with those of 

other streptococci to find structural similarities and differences in the context of lateral 

gene transfer among oral streptococci. In addition, I constructed a recombinant E. coli 

strain expressing S. anginosus cpsE gene to demonstrate that the biochemical role of the 

gene is glucosyltransferase. I also constructed a cpsE disruptant to confirm the role of 

the gene in the biofilm formation and the cell growth. 

   The second topic is on the sugar modification of useful proteins produced by 

recombinant DNA technology. Since the glycosylation and folding of therapeutic 

proteins may affect their functions and stability, the common procedure for the 

production of recombinant proteins is mammalian cell culture using Chinese hamster 

ovary (CHO) cells that enable proper folding and glycosylation (18, 19). However, the 

costs associated with scaling these systems up for mass-production are extremely high 

(20). Hence, an effective production procedure with a good cost performance for 

therapeutic proteins is desired. 

   Transgenic animal bioreactors represent a powerful tool to address the growing need 

for recombinant pharmaceutical proteins (21-23). The mammary gland of livestock 

species such as goats, sheep and cows, has generally been selected to produce valuable 

recombinant proteins in transgenic animal bioreactors and their high-level productivities 

at commercially feasible level, more than 1 mg/ml of milk, have been reported with 

some proteins (23). However, mammary gland bioreactors have several shortcomings: 

the requirement of a large area for breeding and long term generation times. Indeed, it 

requires the relatively long interval from birth to first lactation and the discontinuous 

nature of the lactation cycle (24). 
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   The use of transgenic avian species such as chickens and quails is an attractive 

alternative method for the large-scale production of therapeutic proteins (25-27). Major 

benefit in this system is that single hen can produce a large number of eggs (up to 330 

eggs per year), each including much protein in eggs (~7.6 g) (28). Some of the 

advantages of chicken as a transgenic bioreactor are the small space requirement for 

breeding, the glycosylation pattern similar to humans (29). Furthermore, recombinant 

proteins produced by transgenic avian are free from several infectious diseases such as 

the prion-related diseases. 

   We previously reported production of erythropoietin, TNF receptor fused to Fc 

fragment, and single-chain immunoglobulin in eggs laid by genetically manipulated 

chickens . In egg white, however, incomplete addition of terminal sugar such as sialic 

acid and galactose was found on N-linked glycans of both exogenous and endogenous 

proteins (Fig. 1-2) (30-32). This could be a disadvantage since the loss of these terminal 

sugars deteriorates the physiological and/or functional stability of recombinant proteins 

purified from chicken egg white for pharmaceutical usage. 

   In Chapter 3, we first investigated galactosyltransferase expression and enzymatic 

activity in magnum where the majority of egg white proteins are produced. In magnum, 

despite its high secretion capacity, lower !1,4-galactosyltransferase I (GalT1) 

expression and poor galactose-transfer activity were observed. Thus, we reasoned the 

lack of GalT1 for the incomplete glycosylation of egg white proteins, and generated 

transgenic chickens expressing GalT1. In golgi fraction prepared from magnum of the 

transgenic chickens, significant galactosyltransferase activity was detected compared to 

wild type chicken. The series of analyses revealed the drastic improvement of 

galactosylation to native egg white protein as well as exogenous single chain 
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immunoglobulin. 
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Fig. 1-1. Examples of the roles of cell surface sugar-chains in mediating molecular 
recognition events. The bottom of the figure represents plasma membrane of a 
mammalian cell. Cells can interact through the multivalent binding of sugar-chain on 
glycoproteins to receptors on cognate cells (A). Cell surface sugar-chains are exploited 
by bacterial pathogens for adhesion and colonization (B). Viral pathogens also exploit 
cell surface sugar-chain before invasion (C). Glycolipids, including tumor-associated 
antigens, present sugar-chains that can be recognized by antibodies (D). 
Glycoprotein-based tumor antigens, such as mucin-like molecules on epithelial-derived 
cancers, also serve as immunogenic epitopes for antibody binding (E). 

B 
C 

A 

D E 
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Fig. 1-2. Incomplete glycosylation on N-glycan of model antibody (scFvFc) in egg 
white proteins. Sugar residures are indicated as follows: Fuc, Fucose; GN, 
N-acetylglucosamine; Man, Mannose; Gal, Galactose; Sia, N-acetylneuraminic acid. 
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Chapter 2                                 
Organization of the capsule biosynthesis gene locus of the oral streptococcus 

Streptococcus anginosus 

 

Introduction 
 

   Viridans group streptococci are the primary colonizers of the human tooth surface 

(1). These bacteria attach to salivary components and form a biofilm that covers the 

mineral surface through growth and interactions with other bacteria. The capsular 

polysaccharides (CPSs) of these oral streptococci are known to contribute to biofilm 

formation on the human tooth surface. In this pathway, the CPSs function as receptors 

for the lectin-like adhesin protein of other dental plaque inhabitant, Actinomyces 

naeslundii (2, 3), which leads to colonization by these bacteria. The presence of the 

N-acetylgalactosamine (GalNAc) !1-3 galactose (Gal) or Gal!1-3GalNAc CPS motif is 

essential for these interactions (2, 4, 5). The former type is designated as type Gn, while 

the latter is designated as type G. The structures of the CPSs of many oral streptococci 

including Streptococcus sanguinis, S. gordonii, S. oralis, and S. mitis have been 

identified (6-8). These receptor polysaccharides have been divided to 6 groups named 

1Gn, 2Gn, 2G, 3G, 4Gn, and 5Gn based on their structural characteristics. The CPS 

synthesis (cps) genes of several oral streptococci have also been reported (3, 4, 9). 

These genes tend to be found in cps gene clusters such as those of S. pneumoniae and S. 

agalactiae, some strains of which cause meningitis (10-17). The typical structure of the 

cps cluster consists of four common regulatory genes in front of a large operon, 
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glycosyltransferase genes for the synthesis of lipid-linked repeating units, a flippase 

gene for the transport of the repeating units to the outer surface of the membrane, and a 

polymerase gene for forming polysaccharides from the repeating units.  

   S. anginosus is another oral streptococcus that is found in the mouths of healthy 

individuals, predominantly on the surface of the teeth and in the throat, nasopharynx, 

and feces (18). This strain has been referred to as S. milleri, S. constellatus, and S. 

intermedius. Generally, streptococci are classified based on their reactivity against 

Lancefield grouping serum (18). Most S. anginosus strains are known to react with 

group F antiserum. However, unlike other oral streptococci such as S. gordonii and S. 

oralis, the structures of the CPS of S. anginosus and their synthesis genes are still 

unclear. In this study, we isolated the cps gene cluster of S. anginosus and analyzed its 

structure and function. 
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Materials and Methods 

 
   Bacterial strains, media, and plasmids   S. anginosus ATCC 33397 was 

purchased from the American Type Culture Collection. This strain was cultured in 

Brain Heart Infusion Broth (Nissui, Tokyo) under 5% CO2 at 37˚C. The insertional 

mutant of this strain, in which the cpsE gene was mutated, was cultured in the presence 

of erythromycin (2 µg/ml). Escherichia coli DH5" and JM109 were used as the hosts 

for the genomic DNA library and expression plasmids, respectively. All E. coli clones 

were routinely grown in Luria-Bertani broth containing ampicillin (50 µg/ml). 

   DNA manipulation   The DNA manipulation was performed according to 

standard procedures. Chromosomal DNA was isolated as reported previously for S. 

agalactiae (10). To detect and isolate the cps genes of S anginosus, we used the cpsIaE 

gene of S. agalactiae Ia as a probe. The probe was amplified from the genomic DNA of 

S. agalactiae using primers (5'-CAATCAAATGACAGGGCTAAT-3' and 

5'-TAAAACTAAGGCGTCGCTT-3') and labeled with ["-32P] dCTP using the 

BcaBESTTM labeling kit (Takara, Kyoto). PCR was performed with KOD -Plus- DNA 

polymerase (Toyobo, Osaka) according to the manufacturer's instructions. Southern 

hybridization was performed using low stringency buffer (5 x SSC, 20% formamide, 

and 0.1% SDS) at 42˚C. Inverse PCR was performed as described previously (16). 

Briefly, chromosomal DNA (5 µg) was digested with restriction enzymes, and the 

cleaved DNA was then self-ligated at 4˚C for 16 h at a concentration of 1 µg/ml. PCR 

was performed with KOD -Plus- using 50 ng of ligated DNA and 0.2 µM of appropriate 

primers. Each inverse PCR product was sequenced to permit the design of primers for 
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the subsequent rounds of PCR. 

   DNA sequencing   The DNA sequences of both strands of each PCR product 

were determined using an ABI 310 automated DNA sequencer (Applied Biosystems, 

Foster City, CA). The sequencing data were compared with those in the DDBJ, EMBL, 

and GenBank databases using the BLAST network service at the National Center for 

Biotechnology Information (National Institute of Health, Bethesda, MD). Multiple 

sequence alignments were performed using GENETYX (Software development Co., 

Tokyo).  

   Construction of the expression plasmid   To construct the expression plasmid, 

pE, the cpsE gene was directly amplified with chromosomal DNA from S. anginosus 

ATCC 33397 using primers (5'-CATGAGCTCGATTAGCATTTAGGAGTAGGGA-3' 

and 5'-CATGGTACCAGTAGAACTACTTCGCTCCG-3', restriction sites are 

underlined). The resultant PCR products were digested with restriction enzymes to 

cleave the recognition sites within each primer sequence and ligated into the pBluescript 

II SK (+) vector (Stratagene, La Jolla, CA). In consequence, the plasmid, pE, in which 

the cpsE gene was under the control of the lac promoter of the pBluescript II SK (+) 

plasmid was obtained and was then introduced into E. coli JM109. The membranes of 

recombinant E. coli cells were isolated 2 h after induction with 1 mM IPTG for the 

preparation of CpsE protein, as described previously (10, 19). 

   Glycosyltransferase assay   After the enzyme reaction between the membrane 

fraction of the recombinant E. coli JM109 and UDP-[14C]glucose had finished, the 

reaction product (lipid carrier) was extracted with extract solution (1.5 ml chloroform, 

25 ml methanol, 23.5 ml water, and 0.183 g KCl) and analyzed using a liquid 

scintillation counter to assess the enzyme activity of the cpsE gene product, as described 
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previously (10, 17, 19). E. coli JM109 cells harboring pFGH, the pBluescript II SK (+) 

plasmid containing the cpsF to cpsH genes and the truncated cpsE gene, were used as a 

negative control. 

   Construction of an insertional mutant   To produce an insertional mutant of 

cpsE, the 5'- and 3'- regions of the gene were amplified using primers 

(5'-CATGGTACCATACACCACCGATTGGACTG-3' and 

5'-CATCTCGAGACTGCATAAAAAGCACTGT-3' for the 5'- region, and 

5'-CATCTGCAGGTTGGACCATTTGGTCAG-3' and 

5'-CATGGATCCATCAAAGTGCCCCCAAG-3' for the 3'- region, restriction sites are 

underlined) and then introduced into the pBluescript II KS vector. Then, the 

erythromycin resistance gene (ermC) was amplified from the pTV32-OK streptococcal 

vector (20) and inserted between the 5'- and 3'- regions of cpsE. The temperature 

sensitive replication initiator gene (repA-ts) and the replication origin of the 

broad-host-range lactococcal plasmid (21, 22) were also amplified from pTV32-OK 

using primers (5'-CATTCTAGATTTCGTTTAGTTATCGGCA-3' and 

5'-CATGGGCCCAAAATAAAAACCCCCTTCG-3') and introduced into the vector. 

The constructed plasmid was then introduced into S. anginosus by electroporation, and 

allelic exchange mutagenesis was performed as described previously (23, 24). The 

transformants were obtained at 30˚C by erythromycin selection, and the temperature 

was shifted to a nonpermissive temperature (40˚C) in order to select the insertional 

mutants. The replacement of cpsE was confirmed by detecting the insertion of ermC 

and the truncation of cpsE. The location of the ermC gene in the insertional mutant was 

verified by the amplification of specific PCR products across the upstream and 

downstream boundaries of the ermC insertion, using primers for upstream and 
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downstream chromosomal sequences that were extraneous to those present in knockout 

plasmid construct. 

   ELISA   CPS production of S. anginosus was analysed by ELISA using antiserum 

prepared from a rabbit. The antiserum was prepared by six times of intravenous 

injections of formaldehyde (0.4%)-fixed S. anginosus to the rabbit. An ELISA plate was 

coated with 10 µg/ml poly-D-lysine. Wild type and mutated strains of S. anginosus were 

placed on the plate. After drying up the plate, it was treated with 5% acetic anhydride in 

saturated sodium carbonate to quench non-reacted amino groups of poly-lysine. 

Blocking reaction was performed using PBS containing 5% skim milk. As a primary 

antibody, the antiserum against S. anginosus was used at a dilution of 1:200,000. As a 

secondary antibody, horse radish peroxidase-conjugated goat antibody against rabbit 

IgG (sc-2030, Santa Cruz, CA, USA) was used at a dilution of 1:5,000. All animal 

experiments were performed according to the ethical guidelines for animal 

experimentation of Nagoya University. 

   Nucleotide sequence accession number   The sequence reported here was 

submitted to the GenBank database through DDBJ under accession no. AB643814. 
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Results and Discussion 

 
   Cloning of the cps genes from S. anginosus   In order to clone the cps genes of 

the S. anginosus ATCC 33397 strain, a DNA fragment containing a section of the 

cpsIaE gene of S. agalactiae type Ia, which codes for a glucosyltransferase that 

transfers glucose onto a lipid carrier, was used as a probe (10). Since this gene is known 

to be present in the majority of the so far characterized cps gene clusters of streptococci 

(14, 15), we thought that it might be useful as a probe for detecting a novel cps operon 

of S. anginosus. We performed Southern hybridization against the chromosomal DNA 

of S. anginosus with low stringency and found a specific DNA fragment that showed 

similarity to the cpsIaE gene on the S. anginosus chromosome (Fig. 2-1A). This 2 kb 

HindIII DNA fragment was cloned into the pBluescript II SK (+) vector. As a result of 

the sequencing of this fragment, we found that the gene shares homology with the 

cpsIaE gene of S. agalactiae (56% at the amino acid level) and named it cpsE. Using 

the inverse PCR method and colony hybridization, we were able to isolate the whole cps 

operon from S. anginosus ATCC 33397. 

   DNA sequence analysis   The DNA sequence of the fragment, which was 23,804 

nucleotides long, was completely determined on both strands using overlapping clones 

that covered the cps gene locus. Sequence analysis detected 24 ORFs, which were 

designated nrdD, orfW, orfX, orfY, nrdG, cpsA to cpsN, orfO to orfR, and polI. 

Homology analysis indicated that the central 14 genes from cpsA to cpsN were 

associated with CPS synthesis (Table 2-1). These cps genes were in the same 

orientation and were separated by short distances. Potential –35 (TTAACT) and –10 
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(TATAAT) promoter sequences were identified upstream of cpsA. A putative 

Rho-independent transcription terminator sequence was found downstream of cpsN (!G 

= –24.5 kcal/mol) (Fig. 2-1B). These observations suggest that the 14 ORFs from cpsA 

to cpsN constitute one polycistronic operon and that transcription starts from cpsA. A 

possible Shine-Dalgarno sequence was identified just upstream of the potential 

initiation codon of each ORF. All ORFs except for cpsB were preceded by ATG codons. 

cpsB was preceded by a TTG codon. The mean G+C content of the sequenced area was 

33.5%. The percentage G+C content of the cps cluster agreed well with that of the 

chromosomal DNA of S. anginosus (34-39%) (18). 

   The amino acid sequence of each ORF was deduced, and an overview of all cps 

genes and several genes in their flanking regions together with their properties and 

translation products are shown in Table 2-1. The cpsA gene product showed a high 

degree of similarity to the CpsIaA (50% identity) protein of S. agalactiae type Ia (10) 

and the Wzg (79% identity) protein of S. gordonii 38 (4, 9). The streptococcal CpsA 

proteins are thought to be involved in the transcriptional regulation of the cps genes. 

However, the mechanism by which these membrane-bound transcription factors 

regulate their transcription is still unclear. 

   The cpsB to cpsD genes were also found downstream of cpsA, as is the case in other 

streptococci. These gene products also showed high degrees of similarity to the 

corresponding gene products of other streptococci (Table 2-1). These genes have been 

suggested to play important roles in the accumulation of polysaccharides on the cell 

surface through tyrosine phosphorylation and dephosphorylation of CpsD (25). 

   The cpsE gene product showed high similarity to those of another oral streptococcus, 

S. gordonii 38 (59%), and a lactic acid streptococcus, S. thermophilus 5. Furthermore, it 
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showed a close similarity to the CpsIaE (56% identity) protein of S. agalactiae type Ia 

(10). CpsIaE was suggested to be a glucosyltransferase that catalyzes the linkage 

formation between the first sugar (glucose) and a lipid carrier based on the results of 

glycosyltransferase assays (10); thus, the CpsE of S. anginosus might also transfer 

glucose to the cell surface lipid carrier. 

   The gene product encoded by cpsF showed close similarity to those of the wchF 

genes of S. pneumoniae 7f (82%), S. gordonii 38 (82%), and S. oralis 34 (82%) (Table 

2-1). Moreover, it also showed high similarity to the product of the Eps5F gene of S. 

thermophilus 5. Since both the WchF and Eps5F proteins are considered to be 

rhamnosyltransferases based on the structures of their polysaccharides and sequence 

similarity (4), the CpsF of S. anginosus probably plays the same role. CpsG shares 

homology with the WcwA protein of S. pneumoniae 7f, the WefA proteins of S. 

gordonii 38 and S. oralis 34, and the Eps5G protein of S. thermophilus 5 (3, 4). Thus, it 

is expected to be an "-1,3-GalNAc transferase or "-1,3-galactosyltransferase. 

   CpsH showed moderate homology to the serine acetyltransferases of 

Flavobacterium johnsoniae UW101 and Pseudomonas entomophila L48. Although this 

enzyme is known to catalyze the CoA-dependent acetylation of the hydroxyl group of 

serine during cysteine biosynthesis, the functions of those of F. johnsoniae and P. 

entomophila have still not been clarified. Furthermore, the central part of CpsH also 

shares homology with the galactoside acetyltransferase of E. coli (26). Thus, it is 

possible that the CpsH of S. anginosus acetylates certain sugars in its CPS. 

   The gene product encoded by cpsI showed similarity to several putative 

glycosyltransferases involved in the biosynthesis of the CPSs of streptococci (Table 

2-1). Thus, it might be a glycosyltransferase; however, its substrate specificity cannot be 
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elucidated from the currently available data. Compared to other cps genes, cpsJ was 

very short, and the protein encoded by this gene was composed of only 65 amino acids, 

which was similar to the N-terminal sections of other streptococcal glycosyltransferases, 

such as the Eps5K protein of S. thermophilus 5 and the WcwG protein of S. pneumoniae 

7f (14, 15). Since this truncated protein seems to be too small to encode an active 

glycosyltransferase, its function is unclear. 

   CpsK is expected to possess !-1,6-galactofuranose transferase activity because of its 

high similarity to the Eps6N protein of S. thermophilus 6 (59%), the WcrH protein of S. 

pneumoniae 36 (59%), and the WefE protein of S. gordonii 38 (56%) (Table 2-1). In 

other streptococci with galactofuranose transferases, UDP-galactopyranose mutase 

genes whose products catalyze the conversion of UDP-galactopyranose to 

UDP-galactofuranose are found in the proximal region of the galactofuranose 

transferase gene locus (4, 14, 15). In the case of S. anginosus, we were also able to 

detect the corresponding gene that was located beyond the cpsL gene and designated it 

cpsN. The product of this gene showed very high similarity (85-90%) to the 

UDP-galactopyranose mutases of other streptococci. Overall, these data indicate that the 

CPS of S. anginosus contains galactofuranose (Galf) as its fifth sugar. According to the 

similarity of the cps gene products to those of other genes, the unit structure of S. 

anginosus CPS seems to be similar to Galf!1-6X-GalNAc(or Gal)"1-3Rha!1-4Glc (X 

is unknown), although detailed analyses will be required to determine its precise 

structure.  

   CpsL and CpsM were supposed to be CPS polymerase and repeating unit transporter, 

respectively, based on their homology with the polysaccharide polymerase (Wzy) and 

repeat unit transporter (Wzx) of S. gordonii 38 and S. oralis 34, respectively (3, 4). 
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   Function of cpsE   We next investigated the function of CpsE protein using the 

glycosyltransferase assay and by producing an insertional mutant. Since the homology 

analysis suggested that the cpsE of S. anginosus codes for a glucosyltransferase, we 

confirmed this using radiolabeled UDP-glucose. The cpsE gene of S. anginosus was 

amplified and introduced downstream of the lac promoter of the pBluescript II SK (+) 

plasmid, and the resultant expression plasmid, pE, was then introduced into E. coli 

JM109 cells (Fig. 2-2A). For the glucosyltransferase assay, the membrane fraction of 

the recombinant E. coli was used as a source of enzymes and acceptors, as described 

previously (10). As a negative control, we used E. coli JM109 cells containing pFGH, 

the similar pBluescript II SK (+) derived plasmid lacking the cpsE gene. As shown in 

Fig. 2-2B, the E. coli harboring the cpsE gene of S. anginosus incorporated significant 

amounts of radioactivity from [14C]glucose. However, the negative control displayed 

weak activity, possibly due to the endogenous glucosyltransferase of E. coli. This result 

indicated that the CpsE of S. anginosus possesses glucosyltransferase activity, as is the 

case for those of other streptococci. 

   To confirm that the cps operon of S. anginosus plays essential roles in the synthesis 

of CPS, we produced an insertional mutant of cpsE by allelic exchange mutagenesis. 

Allelic replacement of the cpsE gene was achieved by using a knockout plasmid 

containing an erythromycin resistance gene (ermC) flanked by homologous regions of 

the 5'- and 3'- sections of the cpsE gene and a temperature sensitive origin of replication 

(Fig. 2-3A). This plasmid was introduced into S. anginosus, and the bacteria containing 

the plasmid were cultured at 40˚C (nonpermissive temperature) in the presence of 

erythromycin. In this condition, homologous recombination between the genomic cpsE 

gene and the plasmid harboring 5'- and 3'- sections of the gene takes place, and the 
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double cross over event results in loss of the cpsE gene. This recombination event 

should be specific and occur at the unique site in the genome, since the insertion of the 

ermC sequence in the cpsE gene was confirmed by colony PCR of the genome of 

mutated strain. The mutated strain showed significantly reduced buoyancy in liquid 

culture, as reported previously (23) (Fig. 2-3B). The quantity of CPS was analyzed by 

ELISA using antiserum against S. anginosus ATCC 33397. Knockout of cpsE by allelic 

exchange resulted in reduced CPS production (Fig. 2-3C). Since the cpsE mutant should 

lose the ability to produce CPS, the residual signal detected by the antiserum seemed to 

be against other surface substances such as proteins or other polysaccharides. This result 

suggested that the cps genes cloned in this study are not pseudogenes but play essential 

roles in the synthesis of the CPS of S. anginosus. 

   Flanking region of the cps operon   The lateral transfer of cps genes between 

closely related streptococci is well established in S. pneumoniae and is of primary 

importance to the ongoing evolution of new CPS serotypes (27). Oral streptococci are 

also thought to be readily transformable (28). In this regard, it would be interesting to 

know the location of the cps cluster in the S. anginosus chromosome. Like S. gordonii 

38 and S. sanguinis SK36, we found nrd genes for DNA synthesis such as a 

ribonucleoside triphosphate reductase activator (nrdG) gene upstream of the cps genes 

in S. anginosus. However, no penicillin binding protein 2A gene (pbp2A) was detected 

downstream of the cps operon, unlike in S. gordonii 38 and S. sanguinis SK36 (Fig. 

2-1B). Recently, a draft genome sequence of S. anginosus ATCC 33397 was reported in 

a database. The DNA sequence of the cps operon that appeared in the database 

completely matched that determined in this study except for a few bases. From the 

database sequence, it is clear that recA is located upstream of the cps gene and that rpsS 
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and rpoA,B are located downstream of the cps cluster in S. anginosus (Fig. 2-4A). 

Different from S. anginosus, the cps genes were found downstream of the dexB gene in 

S. oralis and S. pneumoniae (Fig. 2-1B). 

   At present, the complete genome structures of more than 50 streptococci including 

13 S. pneumoniae and 3 S. agalactiae strains are held on databases. In these genomes, 

the relative chromosomal locations of dnaA, deoD, nrdG, purC, and leuB are well 

conserved (Fig. 2-4B). Based on this fact, we compared the locations of the cps genes in 

these streptococci. In Fig. 2-4B, the typical chromosome structures of streptococci are 

shown. Almost all S. pneumoniae strains display similar cps gene cluster locations, and 

the cluster also resides in a similar chromosomal position among S. agalactiae strains. 

In the oral streptococcus S. gordonii Challis CH1, the cps genes were found 

downstream of nrdG, and rpoA,B and rpsS were located downstream of the cps cluster. 

Although the complete genome structure of S. anginosus has not been determined, these 

results suggest that the chromosomal location of the cps cluster of S. anginosus ATCC 

33397 might be the same as that of S. gordonii Challis CH1. A comparison of the 

chromosomal structures of S. gordonii Challis CH1 and S. sanguinis SK36 revealed that 

the cps cluster resided just downstream of nrdG in both strains, but the locations of the 

rpoA,B and rpsS genes were different. The cps genes of another oral streptococcus, S. 

oralis Uo5, were located near dexB, which was very similar to their location in S. 

pneumoniae D39. As shown in Fig. 2-4B, S. agalactiae A909 and S. thermophilus JIM 

8232 showed similar cps cluster locations; i.e., near deoD. Overall, these results indicate 

that, as far as we know, cps genes are located in three different chromosomal positions 

in streptococci, and the cps genes of S. anginosus, S. gordonii, and S. sanguinis are 

located in the same position, suggesting that these three streptococci are genetically 
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very similar. The cps genes of S. oralis reside at a different chromosomal site, and their 

location was very similar to that of S. pneumoniae, suggesting that S. oralis is 

genetically similar to S. pneumoniae but is more distantly related to other oral 

streptococci. It is worth noting that the polysaccharide synthesis genes of another oral 

streptococcus, S. mutans, are located differently. This bacterium does not have a typical 

cps operon consisting of regulatory genes, glycosyltransferases, flippase and 

polymerase observed in many streptococci. Instead, different sets of genes are used for 

polysaccharide formation (29, 30), although a part of glycosyltransferases showed 

moderate similarity to other streptococcal cps genes. Probably, this group of bacteria 

has taken these genes from different origin during evolution. 

   In S. pneumoniae, 90 different serotypes have been found (31), which is reflected by 

the structures of their CPSs. This indicates that each strain of the same species has a 

different CPS. Thus, genetic exchange such as the recombination of the sugar 

transferase genes in the cps cluster might be responsible for the diversity of CPSs. In 

fact, the homology of the sugar transferases of S. sanguinis and S. anginosus is very low 

although the chromosomal locations of their cps gene clusters were very similar. 

However, the regulatory proteins of these two strains, CpsA-D, also share similarities. 

   In this paper, we isolated and analyzed a cps gene cluster of S. anginosus, whose 

CPS structure has not been studied. Although further analyses will be required for 

determining its precise structure, our study clarified chemical structure and 

characteristic of the CPS of S. anginosus to a certain extent. Among streptococci, S. 

pneumoniae has been well known as a pathogen causing pneumonia. Although many 

streptococci are harmless commensals, several species such as S. agalactiae and S. 

pyogenes could occasionally be detected as pathogenic microbes. Since harmless 
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streptococci have a possibility to cause diseases, even if it seems to be low, it is 

important to study structure of CPS, cps genes and its genomic locus of streptococci 

whose CPS has not been clarified. Recent reports revealed that the S. anginosus is also 

an important pathogen for abscess formation and could cause esophageal cancer (32, 

33). Therefore, our results may contribute to clinical treatment and prevention of 

diseases caused by S. anginosus. Furthermore, this study would be useful for clarifying 

CPS structure and its synthesis genes of closely related streptococci such as S. 

intermedius and S. constellatus. 
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(Continued from the previous page) 
 
Fig. 2-1. Cloning of the cps operon from S. anginosus. Southern blot analysis of the 
HindIII-digested genomic DNA of S. anginosus ATCC 33397 (lane 1) and S. agalactiae 
Ia (lane 2) (A). A restriction map of the cps locus of S. anginosus ATCC 33397 (B). 
The locations of ORFs and the direction of transcription are shown by the arrows. 
Putative pseudogenes are shown by the arrows without contour lines. Gene designations 
are indicated below the arrows. The sites of putative promoters and terminators are 
marked. The DNA probe used for colony hybridization is shown above the cpsIaE gene 
of S. agalactiae Ia. The corresponding (homologous) genes in each bacterium are 
highlighted with the same pattern. The cps loci of other streptococci are shown below 
that of S. anginosus. Restriction sites are indicated as follows: H, HindIII; E, EcoRI; V, 
EcoRV; X, XbaI; S, SpeI. 
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Table 2-1. Properties of the ORFs in the cps locus of S. anginosus and their homologies with the gene products of other bacteria. 

ORF Nucleotide position 
in sequence 

Protein 
size (aa) Homologue Organism Amino acid 

identity (%) Proposed function Reference / 
accession no. 

nrdD <1..84 >27 nrdD S. gordonii str. Challis substr. CH1  ribonucleoside-triphosphate reductase CP000725 
   nrdD S. sanguinis SK36  anaerobic ribonucleoside triphosphate reductase CP000387 
orfW 93..233 46 SGO_2032 S. gordonii str. Challis substr. CH1 76  CP000725 
   SSA_2229 S. sanguinis SK36 75  CP000387 
orfX 293..790 165 SGO_2031 S. gordonii str. Challis substr. CH1 59 acetyltransferase, GNAT family CP000725 
   SSA_2228 S. sanguinis SK36 61 acetyltransferase (GNAT) family, putative CP000387 
orfY 800..1303  167 SGO_2030 S. gordonii str. Challis substr. CH1 57 acetyltransferase, GNAT family CP000725 
   SSA_2227 S. sanguinis SK36 57 acetyl transferase, putative CP000387 

nrdG 1308..1913 201 nrdG S. gordonii 38 91 anaerobic ribonucleotide triphosphate reductase  
activator protein (9) 

     nrdG S. sanguinis SK36 89 organic radical activating chaperone, putative CP000387 
cpsA 2260..3711 483 wzg S. gordonii 38 71 putative transcriptional regulatory protein (9) 
   cpsA S. sanguinis SK36 67 LytR family transcriptional regulator CP000387 
   eps5A S. thermophilus 5 56  AF454496 
   wzg S. pneumoniae 7f 63 integral membrane regulatory protein CR931643 
   wzg S. oralis 34 65 putative transcriptional regulator AB181234 
cpsB 3714..4445 243 wzh S. gordonii 38 80 putative phosphotyrosine-protein phosphatase (9) 
   eps5B S. thermophilus 5 60  AF454496 
cpsC 4454..5149 231 wzd S. gordonii 38 69 putative regulatory protein (9) 
   eps5C S. thermophilus 5 56  AF454496 
cpsD 5162..5857 231 wze S. gordonii 38 68 putative protein-tyrosine kinase (9) 
   eps5D S. thermophilus 5 59  AF454496 
cpsE 5880..7253 457 eps5E S. thermophilus 5 59 undecaprenylphosphate glucosyl transferase AF454496 
   wchA S. pneumoniae 7f 56 undecaprenylphosphate glucosephosphotransferase CR931643 
   wchA S. gordonii 38 59 undecaprenyl-phophate glucose-1-phosphate (9) 
   cpsIaE S. agalaciae Ia 56 glucosyltransferase (10) 
cpsF 7291..8463 390 eps5F S. thermophilus 5 84 rhamnosyltransferase AF454496 
   wchF S. pneumoniae 7f 82 !-1,4-rhamnosyltransferase CR931643 
   wchF S. gordonii 38 82 !-1,4-rhamnosyltransferase (9) 
   wchF S. oralis 34 82 !-1,4-rhamnosyltransferase AB181234 
   cps8R S. agalaciae VIII 71 !-1,4-rhamnosyltransferase AY375363 
cpsG 8467..9633 388 eps5G S. thermophilus 5 74 GlcNAc transferase AF454496 
   wcwA S. pneumoniae 7f 71 "-1,3-galactosyltransferase CR931643 
   wefA S. gordonii 38 70 "-1,3-GalNAc transferase (9) 
   wefA S. oralis 34 71 "-1,3-GalNAc transferase AB181234 
   wefA Oenococcus oeni ATCC BAA-1163 38 GalNAc transferase AAUV01000058 
cpsH 9630..10175 181 Fjoh_0294 Flavobacterium johnsoniae UW101 43 serine acetyltransferase-like protein CP000685 
   PSEEN2446 Pseudomonas entomophila L48 34 serine O-acetyltransferase CT573326 
cpsI 10252..11220 322 eps5I S. thermophilus 5 49 glucosyl transferase AF454496 
   wcwF S. pneumoniae 7f 54 putative !-1,6-GalNAc transferase CR931643 
   CBY_4178 Clostridium butyricum 5521 28 glycosyl transferase, group 2 family protein ABDT01000024 
cpsJ 11231..11428 65 eps5K S. thermophilus 5  rhamnosyl transferase AF454496 
   wcwG S. pneumoniae 7f  putative "-1,4-rhamnosyltransferase CR931643 
cpsK 11518..12573 351 eps6N S. thermophilus 6 59 putative Galf transferase AF454497 
   wcrH S. pneumoniae 36 59 putative glycosyl transferase CR931708 
   wefE S. gordonii 38 56 !-1,6-galactofuranose transferase (9) 
   wefE S. oralis 34 56 !-1,6-galactofuranose transferase AB181234 
cpsL 12694..13839 381 wzy S. oralis 34 54 polysaccharide polymerase AB181234 
   wzy S. gordonii 38 52 polysaccharide polymerase (9) 
cpsM 13843..15258 471 eps6L S. thermophilus 6 75 repeating unit transporter AF454497 
   wzx S. pneumoniae 36 73 flippase Wzx CR931708 
   wzx S. gordonii 38 73 heptasaccharide repeat unit transporter (9) 
cpsN 15267..16361 364 eps6M S. thermophilus 6 90 UDP-galactopyranose mutase AF454497 
   glf S. pneumoniae 36 89 UDP-galactopyranose mutase Glf CR931708 
   glf S. gordonii 38 86 UDP-galactopyranose mutase (9) 

orfO 17449..16913 178 BcAH187_ 
pCER270_0187 Bacillus cereus AH187 43 phosphoglycerate mutase family protein DQ889676 

orfP 17600..20149 849 spr0075 S. pneumoniae R6  cell wall surface anchor family protein AE007317 
   SGO_1182 S. gordonii str. Challis substr. CH1  LPXTG cell wall surface protein CP000725 
orfQ 20247..20933 228 rr08 S. pneumoniae R6 77 DNA-binding response regulator AE007317 
   SGO_1181 S. gordonii str. Challis substr. CH1 74 DNA-binding response regulator CP000725 
orfR 20935..21966 343 hk08 S. pneumoniae R6 61 sensor histidine kinase AE007317 
   SGO_1180 S. gordonii str. Challis substr. CH1 62 histidine kinase CP000725 
polI 22265..>23804 >513 polI S. gordonii str. Challis substr. CH1  DNA polymerase I CP000725 
     polA S. sanguinis SK36  DNA polymerase I CP000387 
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Fig. 2-2. Overview of the plasmids used in the glycosyltransferase activity assays. LP is 
the lac promoter of the pBluescript II SK (+) plasmid. In pFGH, amino acids 1-360 of 
CpsE were deleted (A). Incorporation of [14C]glucose into the glycolipid fraction of the 
membranes of E. coli JM109 clones expressing streptococcal cps genes (B). 
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Fig. 2-3. Reduced CPS synthesis in a cpsE knockout strain. A knockout plasmid 
containing a temperature-sensitive replication initiator protein gene (repA-ts), a 
replication origin (ori+), and an erythromycin resistance gene (ermC) flanked by the 5'- 
and 3'- sequences of cpsE was created. Then, allelic exchange mutagenesis was 
performed (A). Allelic replacement of cpsE resulted in reduced CPS production, as 
demonstrated by the reduced buoyancy of the mutant cells in liquid culture (B) and the 
amount of CPS detected by ELISA (C). 
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Fig. 2-4. Chromosomal location of the cps gene cluster.  Arrangement of the 
downstream and upstream genes of the cps cluster in S. anginosus (A) (accession no. 
AFIM01000060, AFIM01000039, and AFIM01000034). Chromosomal location of the 
cps gene clusters in typical streptococci (B): S. gordonii Challis CH1 (accession no. 
CP000725); S. sanguinis SK36 (accession no. CP000387); S. agalactiae A909 
(accession no. CP000114); S. oralis Uo5 (accession no. FR720602); S. pneumoniae D39 
(accession no. CP000410); and S. thermophilus JIM 8232 (accession no. FR875178).  
The polysaccharide polymerase genes in the cps gene clusters are underlined. 
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Chapter 3                                 

Genetic modification of a chicken expression 

system for the galactosylation of therapeutic 

proteins produced in egg white 

 

Introduction 
 

   A variety of protein therapeutics including antibodies, cytokines, and enzymes, are 

produced in mammalian cell culture systems, such as Chinese hamster ovary (CHO) 

cells. Rapidly increasing demand for protein therapeutics has been encouraging the 

establishment of mass production platforms, which have several advantages, including 

higher protein productivity, a shorter timescale for setting and scaling up, and a lower 

cost. Transgenic chickens could be one of the platforms satisfying these needs, because 

of their rapid maturation, ease of and small space requirements for breeding, and daily 

high protein production in eggs. Because many therapeutics are glycoproteins 

depending at least partly on N-glycosylation for their biological functions, the capacity 

for N-glycosylation is an essential function for these platforms.  

   The importance of N-glycans and their sugar contents has been studied, especially 

for therapeutic antibodies, and there have been a number of attempts to ‘humanize’ 

N-glycans (Chiba and Akeboshi 2009; Jefferis 2009; Raju 2008; Sethuraman and 

Stadheim 2006). An example of the effect of glycan content on biological activity is 

antibody-dependent cellular cytotoxicity (ADCC). Although a majority of the N-glycans 
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in the Fc region of serum IgG and recombinant IgG produced in CHO cells are 

fucosylated with an "1,6-linkage to the core N-acetylglucosamine (GlcNAc) (Raju et al. 

2000; Shinkawa et al. 2003), non-fucosylated IgG shows an increased affinity for 

Fc#RIII and an improved ADCC (Shields et al. 2002). Thus, genetic modifications of 

CHO cells have been conducted to improve the ADCC of recombinant antibodies, in 

which "1,6-fucosyltransferase expression was repressed, or 

!1,4-N-acetylglucosaminyltransferase III (GnTIII) was overexpressed (Davies et al. 

2001; Imai-Nishiya et al. 2007; Umaña et al. 1999).  GnTIII catalyzes the addition of a 

bisecting GlcNAc to the N-glycan of IgG, and the presence of the bisecting GlcNAc 

reduces the core fucose content of IgG (Ferrara et al. 2006).  

   In CHO cells, an "2,3-linked N-glycolylneuraminic acid, not observed in humans, is 

detected at the termini of N-glycans. These glycoforms might cause an immune 

response (Padler-Karavani et al. 2008), thus, genetically modified cells have been 

developed to overcome such problems and produce humanized glycans on therapeutic 

protein molecules. In contrast, the chicken has advantages for glycosylation. Since 

chickens essentially add N-acetylneuraminic acid for the terminal sialic acid of glycans, 

they have the potential to produce therapeutics having humanized glycans, with reduced 

or no undesired immune reactions (Raju et al. 2000). In addition, recombinant 

antibodies produced in egg white are naturally not core-fucosylated (Kamihira et al. 

2009; Zhu et al. 2005), suggesting that they would have higher ADCC than 

CHO-produced antibodies (Zhu et al. 2005). Despite these advantages, a draw back of 

this platform is that exogenously expressed antibodies and erythropoietin in egg white 

mainly possess galactose-less, GlcNAc terminated N-glycans (Kamihira et al. 2009; 

Kodama et al. 2008; Zhu et al. 2005). In addition, it was suggested that egg-white 



Tsunashima, H. 

 40 

antibody contains increasing amounts of high-mannose-type and hybrid-type N-glycans 

(Zhu et al. 2005), which are terminated by mannose. Among 11 major glycans detected 

with a recombinant antibody produced in egg white, 6 or 7 structures were of the 

complex-type, 4 or 3 were of the hybrid-type and 1 was of the high-mannose-type (Zhu 

et al. 2005). We also analyzed the N-glycan structure of a recombinant antibody and a 

single-chain Fv antibody fused to an Fc fragment (scFvFc) that were produced in egg 

white and found that among 9 major glycans, 3 to 5 structures were of the hybrid-type 

(less than 26%) and the others were complex-type glycans for scFvFc (75-94%; 

Kamihira et al. 2009). The content of hybrid-type glycans was higher with the 

recombinant antibody produced in egg white (30-48%; Kamihira et al. 2009). Within 

the major glycan species, high-mannose-type glycans were not detected in these 

analyses. These reports suggested that a considerable proportion of glycans ended with 

GlcNAc.  

   The Fc-glycan of human IgG is mainly of the biantennary complex-type with 

heterogeneity due to sialylation and galactosylation. It was reported that, different from 

other serum proteins, about 10% of the Fc-glycan of human serum IgG and less than 5% 

of the Fc-glycan of recombinant antibodies produced by CHO cells are sialylated (Raju 

2008). Zhu et al. (2005) analyzed the monosaccharide content of chicken- and 

CHO-produced recombinant antibodies, and found that the chicken-produced antibodies 

contained 17-fold less galactose. In addition, it has been implied that the galactose 

residue of N-glycan is important for complement-dependent cytotoxicity (CDC) 

(Hodoniczky et al. 2005; Raju 2008; Tsuchiya et al. 1989). Thus, we planned to 

generate a genetically manipulated (GM) chicken that exogenously expresses 

galactosyltransferase (GalT). 
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   In this study, we first showed that the lower level of GalT1 in the magnum of the 

oviduct, where the majority of egg-white proteins are produced, may result in less 

galactosylation of egg-white proteins. Then, we showed that an increase of GalT1 

expression in GM chickens promoted the galactosylation of egg-white proteins, and of 

an exogenously expressed scFvFc. 
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Materials and Methods 

 
Chickens and eggs 

 

   Transgenic chickens producing scFvFc under the control of the chicken !-actin 

promoter were described previously (Kamihira et al. 2005). Eggs of Araucana, Silky 

Fowl, California Gray, Barred Plymouth Rock, White Plymouth Rock, and Rhode 

Island Red were kindly provided by the National Livestock Breeding Center, Okazaki 

Station, Japan. An egg of the Red Jungle Fowl was kindly provided by the Avian 

Bioscience Research Center, Nagoya University Graduate School of Bioagricultural 

Sciences. All animal experiments were performed according to the ethical guidelines for 

animal experimentation of Nagoya University. 

 

Cloning of GalTs and construction of expression vectors and retroviral vectors 

 

   cDNAs for chicken !1,4-GalT1, 2 and 3 (accession numbers for GalT1, 

NM_205202; GalT2, NM_205203; and GalT3, XM_416564) were amplified by PCR 

from cDNA of the kidney of young male chicken (White Leghorn Line-M, Nisseiken), 

and subcloned into pBluescript KS(-). The following primers were used for the 

amplification. GalT1 N-terminal forward, 

5’-AAAGTCGACCATGAAGGAGCCGGCGCTGCCCGGCACC-3’; GalT1 

N-terminal reverse, 5’-CAGGTTCACAGGCTGGGAGAATTCCACGCG-3’; GalT1 

C-terminal forward, 5’-GTGGAATTCTCCCAGCCTGTGAACCTGGA-3’; GalT1 
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C-terminal reverse, 5’-AAAATCGATTAGCTGCCGGGCGCTCCGATA-3’; GalT2 

forward, 5’-CAAGTCGACCATGACCAGGTTGCTCTTGGG-3’; GalT2 reverse, 

5’-ATAATCGATTAGCCCCGGGCCAAGCG-3’; GalT3 forward, 

5’-AAAGTCGACCATGTCCCTGTCCCGCGTG-3’; GalT3 reverse, 

5’-GCAATCGATTAAGAAAAGGGGGGAACATATCC-3’. Underlined nucleotides 

indicate restriction enzyme sites used for subcloning. In the case of GalT1, cDNAs for 

the 5’ and 3’ halves of the gene were amplified separately, digested with SalI and EcoRI 

for the N-terminal fragment, and with EcoRI and ClaI for the C-terminal fragment, and 

ligated to a SalI/ClaI-digested vector.  

   For the construction of insect expression vectors, the following primers were used. 

GalT1 forward, 

5’-TTTggatccACCATGAAATTCTTAGTCAACGTTGCCCTTGTTTTTATGGTCGT

ATACATTTCTTACATCTATGCCCCCGAGCCTCCGCCGCG-3’; GalT1 reverse, 

5’-CCCctcgagCTGCCGGGCGCTCCGATATC-3’; GalT2 forward, 

5’-CATgaattcACCATGAAATTCTTAGTCAACGTTGCCCTTGTTTTTATGGTCGT

ATACATTTCTTACATCTATGCCCTCTACTTTGACGTCTACG-3’; GalT2 reverse, 

5’-CATctcgagCCCCGGGCCAAGCGT-3’; GalT3 forward, 

5’-CATaagcttCACCATGAAATTCTTAGTCAACGTTGCCCTTGTTTTTATGGTCG

TATACATTTCTTACATCTATGCCCGAGGTGGAGCCTCGAGC-3’; GalT3 reverse, 

5’-CATgaattcGAAAAGGGGGGAACATATC-3’. Forward extension primers were 

designed to substitute the GalTs cytoplasmic/transmembrane domain with melittin 

secretion signal of honeybee (underlined sequence). Small characters indicate restriction 

enzyme sites for subcloning. The resultant fragments were subcloned into pIZ-V5-His 

(Invitrogen).  
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   For the expression of chicken GalTs in the mammalian cell, cDNAs were amplified 

with the following primers and subcloned into the p3xFLAG-CMV-14 vector (Sigma). 

GalT1 forward, 5’-AAAGGTACCATGAAGGAGCCG-3’; GalT1 reverse, 

5’-ATTTCTAGAGCTGCCGGGCGCT-3’; GalT2 forward, 

5’-ATCGGTACCATGACCAGGTTGCTCTTGG-3’; GalT2 reverse, 

5’-TAATCTAGAGCCCCGGGCCAAGCGTGGG-3’; GalT3 forward, 

5’-AAAGAATTCACCATGTCCCTGTCCCGCGTG-3’; GalT3 reverse, 

5’-GCCTCTAGAAGAAAAGGGGGGAACATAT-3’. Underlined nucleotides indicate 

restriction enzyme sites used for subcloning. 

   For construction of the retroviral vectors carrying GalT1 cDNA (pQ/eG$AckGalT1), 

the coding sequences of GalT1 and enhanced green fluorescent protein (eGFP) were 

placed onto pQMSCV/G$A (Hotta et al. 2006).  

 

Expression of chicken GalTs in insect cells 

 

   Tn5B1-4 cells were maintained in EXPRESS FIVE (Invitrogen) supplemented with 

30 mM L-glutamine and antibiotic-antimycotic (100 x) (GIBCO), and transfected with 

pIZ vectors carrying chicken GalT genes using Cellfectin reagent (Invitrogen). Stable 

transfectants were established for GalT2 and GalT3. For GalT1, transient transfectants 

were used for analysis. Transfected insect cells were cultured at 27˚C for 72 h, and the 

culture supernatant was collected by centrifugation and filtered to remove cell debris. 

The supernatant was concentrated approximately 50 times using VIVASPIN 20 

(Sartorius).  
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Preparation of microsomal and Golgi fractions 

 

   Microsomal and Golgi fractions of chicken (White Leghorn) tissues were prepared 

as described previously (Bergeron et al. 1973; Vleurick et al. 1999) with some 

modifications. Briefly, 1 g of tissue was homogenized in 9 ml of homogenizing buffer 

(0.25 M sucrose and 5 mM Tris-HCl, pH 7.5). Intact cells and debris were removed by 

low speed centrifugation (400 g, 10 min). Mitochondria, lysosomes, and peroxisomes 

were removed by centrifugation at 7,700 g for 30 min. Microsomes were recovered at 

100,000 g for 1 h. The microsomal fraction was suspended in 2.5 ml of 5 mM Tris-HCl 

(pH 7.5) containing 1.1 M sucrose, then subjected to discontinuous sucrose-gradient 

centrifugation (from bottom, 1.4 M, 1.3 M, 1.25 M, 1.1 M (containing samples) and 

0.25 M sucrose, at 100,000 g for 1.5 h) in a swing rotor (Hitachi). After centrifugation, 

the interphase between 1.1 M and 0.25 M sucrose was collected, and the sample was 

diluted, and spun again at 100,000 g for 30 min. The precipitate was suspended in 50 

mM 2-morpholinoethanesulfonic acid (pH 6.5) containing 1% Triton X-100 as the 

Golgi fraction. 

 

Enzymatic assay of chicken GalT 

 

   GalT assays were carried out with the concentrated culture medium of 

GalTs-expressing Tn5 insect cells or the microsomal/Golgi fractions from chicken 

tissues. Appropriate aliquots of the Tn5 culture supernatant or the microsomal/Golgi 

fraction (20 µg of proteins) were incubated in 100 mM Tris-maleate (pH 6.8), 25 mM 

GlcNAc, 20 mM MnCl2, 0.1% Triton X-100, 4 mM ATP, 20 mM 
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#-galactolo-1,4-lactone, 0.5 mg/ml bovine serum albumin, and 0.025 nmol of UDP-[3H] 

galactose at 37˚C. The reaction was terminated by addition of ice-cold stop buffer (50 

mM Tris-HCl, pH 7.5, 0.2 M EDTA). The disaccharide products were separated twice 

by thin layer chromatography (TLC) with 1-butanol/ethanol/H2O (5:3:2). To visualize 

the unlabelled sugar standard (N-acetyllactosamine), dried TLC plates were sprayed 

with 5% H2SO4 in ethanol and heated at 100˚C for 10 min. 

 

Antisera and lectin blotting 

 

   We used two different regions as epitopes for GalT1 antisera, amino acids 55-118 

and 301-318. The former region was expressed in Escherichia coli BL21 as a 

GST-fused protein (protein antigen), and the latter was synthesized as a peptide: 

CRMIRHSRDRKNEPNPER (peptide antigen). Antisera against chicken GalT1 were 

obtained by the immunization of BALB/c mice (Japan SLC) with the protein or peptide 

antigen, or New Zealand White rabbits (Japan SLC) with the peptide antigen. 

Anti-FLAG M2, FITC- or TRITC-conjugated anti-mouse IgG antibodies and anti-rabbit 

IgG antibody were purchased from Sigma and Zymed, respectively. Anti-His antibody 

was purchased from Bethyl Laboratories. 

   To detect the terminal galactose and GlcNAc, RCA120 lectin from Ricinus 

communis (Seikagaku Kogyo) and GS-II from Griffonia simplicifolia (EY Laboratories), 

respectively, were used in lectin blotting as described before (Kodama et al. 2008). 

 

RNA isolation and quantitative reverse-transcription (RT)-PCR 

 



Tsunashima, H. 

 47 

   Total RNA was prepared from several tissues of adult chickens using RNAiso 

(Takara) according to the manufacturer’s recommendations. After DNase I treatment, 

RNA was recovered again with RNAiso. Three micrograms of total RNA was reverse 

transcribed by ReverTra Ace (TOYOBO) with an oligo(dT) primer. Appropriate 

amounts of cDNA were used for quantitative PCR with SYBR Green (Invitrogen) and 

the following primers. GalT1 forward, 

5’-GGAGTATGACTATGACTGCTTTGTGT-3’; GalT1 reverse, 

5’-TGTTCTTTGCTCAAGGCAGAC-3’; GalT2 forward, 

5’-CAGAAGGTGGCTTATGGCATC-3’; GalT2 reverse, 

5’-GAGGTCCACATCGCTGAAA-3’; GalT3 forward, 

5’-TAATGTTGGTGTCCGAGAAGC-3’; GalT3 reverse, 

5’-TGTTTGGGATAGTATTCATCACAG-3’; !-galactoside "2,6-sialyltransferase 1 

(ST6Gal1) forward, 5’-TGGGTCGCTGTGCTGTT-3’; ST6Gal1, reverse 

5’-TGGGAGTTGACAAGACGAATC-3’; chicken glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) forward, 5’-GGGCACGCCATCACTATC-3’; GAPDH 

reverse, 5’-GTGAAGACACCAGTGGACTCC-3’. The PCR profile was 95˚C for 10 

min, then 40 cycles of 95˚C for 10 s, 55˚C for 15 s, and 72˚C for 10 s. Data are 

represented as mean ± standard deviation of 2-4 independent experiments. 

 

Generation of GM chickens 

 

   The production of VSV-G pseudotype pantropic retroviral vectors and 

microinjection of viral vectors into chicken embryos were carried out as described in 

our previous study (Kamihira et al. 2005). For the calculation of average transgene copy 
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numbers, genomic DNA was prepared from blood and magnum cells of GM chickens 

using Mag Extractor-Genome- (TOYOBO). Quantitative PCR was carried out with the 

following primers designed for amplification of the eGFP gene: forward primer, 

5’-CGGCAACTACAAGACCCGC-3’; reverse primer, 

5’-GAAGTTCACCTTGATGCCGTTC-3’. The PCR profile was 50˚C for 2 min, 95˚C 

for 2 min, and 45 cycles of 94˚C for 5 s, 58˚C for 10 s, and 72˚C for 10 s. Transgene 

copy numbers were calculated against a one copy/genome standard obtained from eGFP 

transgenic chickens (Motono et al. 2010), or a copy number standard genome (1.78 

copy/genome), as described (Kodama et al. 2008). Data are represented as mean ± 

standard deviation of 2-6 independent experiments. 

 

Protein purification from egg white 

 

   For the purification of scFvFc, the collected egg white was diluted two- to fourfold 

with phosphate-buffered saline (PBS), sonicated to reduce viscosity, and subjected to 

ammonium sulfate precipitation. The precipitate in the 25-50% saturated fraction was 

dissolved in PBS, dialyzed against PBS, and applied to a HiTrap DEAE FF column (GE 

Healthcare). After extensive washing with 20 mM phosphate buffer (pH 7.4) containing 

0.15 M NaCl, scFvFc was eluted with 20 mM phosphate buffer (pH 7.4) containing 0.5 

M NaCl. Eluted fractions were further purified on a HiTrap Protein G column (GE 

Healthcare) according to the manufacturer’s instructions. Purified scFvFc was 

concentrated by VIVASPIN 20. 

 

Immunofluorescent staining 
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   Hela cells were grown on a cover glass, and transiently transfected with 

FLAG-tagged chicken GalT DNAs using Lipofectamin 2000 (Invitrogen). Twenty four 

hours post-transfection, cells were washed with PBS and fixed in cold methanol/acetone 

(7:3) for 5 min. Frozen sections of the magnum were also fixed in cold 

methanol/acetone (7:3) for 5 min. Fixed samples were incubated with the blocking 

solution, PBS-TS (PBS containing 0.1% Tween 20, 5% goat serum (Sigma)) for 30 min, 

followed by incubation with the anti-FLAG M2 antibody for cell culture samples or 

GalT1 antisera for tissue samples (both antibodies were diluted in PBS-TS) overnight at 

room temperature. The samples were washed three times with PBS-T (PBS containing 

0.1% Tween 20) and then incubated with FITC- or TRITC-conjugated secondary 

antibody (Zymed) diluted in PBS-TS for 1 h.  After three washes with PBS-T, the 

samples were mounted with Vectashield medium with 4’,6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratories). Images were captured using Fluoview FV300 (Olympus) 

or Biozero BZ8000 (Keyence). 
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Results 

 
Lack of GalT1 expression in the magnum results in the impaired glycosylation of 

egg-white proteins 

 

   We have reported a defect of galactose and sialic acid in the N-linked glycosylation 

of proteins exogenously expressed and deposited in egg white by a structural analysis of 

N-glycans (Kamihira et al. 2009). Thus, to know whether egg-white proteins generally 

lack galactose, we tested the galactosylation of egg-white proteins from several chicken 

breeds by conducting a lectin blot analysis using RCA120 that recognizes the galactose 

residue linked to GlcNAc with a !1,4-linkage observed in N-glycans (Fig. 3-1a). 

Although this lectin bound proteins in serum and liver homogenate samples, none of the 

egg-white proteins from various breeds showed significant lectin-binding except an 

unidentified protein with a molecular weight of approximately 45 kD, suggesting that 

less terminal galactosylation of egg-white proteins occurred among chicken breeds. 

Considering that the majority of N-glycans of egg-white proteins including ovalbumin 

and exogenously expressed proteins lack galactose (Da Silva et al. 1995; Kamihira et al. 

2009; Zhu et al. 2005), we speculated that the activity of GalT(s) in the magnum may be 

low and this results in reduced galactose content. To test this hypothesis, we 

investigated the GalT activities in Golgi fractions prepared from several tissues 

including the magnum. 3H-labeled UDP-galactose and GlcNAc were used as the donor 

and acceptor, respectively, and reaction products were subjected to TLC (Fig. 3-1b).  

Significant activity was detected in the liver Golgi fraction. Activity was also detected 
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in the kidney. In the magnum, as well as brain, however, only a trace level of 

galactose-transfer activity was detected. These results suggested that enzymes that 

mediate galactose transfer have a defect in activity or in gene expression in the 

magnum.  

   Although the chicken GalT1 and GalT2 were expressed in insect cells and their 

enzymatic properties were investigated previously (Shaper et al. 1997), a quantitative 

analysis has not been reported. On the other hand, chicken GalT3 activity has not been 

reported although the sequence data was deposited. Thus, we next tried to express these 

enzymes in an insect cell culture system as secreted proteins through deletion of the 

cytoplasmic and transmembrane domains and addition of the melittin secretion signal 

from honeybee (Fig. 3-2a), and determined the enzymatic activity in concentrated 

culture supernatants. As shown in Fig. 3-2b, GalTs of expected molecular mass were 

produced. Under the conditions used here, GalT1 and GalT2 could effectively transfer 

galactose residues from UDP-galactose to GlcNAc within 15 min (Fig. 3-2c). This 

result implies that GalT1 and GalT2 possessed similar levels of activity toward 

UDP-galactose and GlcNAc. In contrast, GalT3 did not show the transfer activity. 

Furthermore, GalT1 and GalT2, but not GalT3, could mediate the transfer of galactose 

to galactose-less scFvFc in vitro (data not shown).  

   Since GalTs that are involved in N-glycosylation occur in the Golgi apparatus, we 

confirmed the intracellular distribution of chicken GalTs by immunostaining. Chicken 

GalTs that contained a FLAG tag at the C-terminal end were transiently expressed in 

Hela cells (Supplemental Fig. 3-1a). All three proteins were detected in the peri-nuclear 

region. The intracellular distribution of chicken GalTs well agreed with the fact that 

GalT is located in Golgi (Lopez et al. 1991; Schaub et al. 2006; Teasdale et al. 1994; 
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Yamane et al. 2007), and was apparently different from a KDEL construct 

(Supplemental Fig. 3-1b), in which GalT1 was localized in the endoplasmic reticulum 

by a KDEL receptor (Lee et al. 2009). Thus, we concluded that the signal for the Golgi 

localization of chicken GalTs was functional, although it has not been fully defined 

(Colley 1997; Schmitz et al. 2008; Tu et al. 2008).  

   We then investigated the tissue distribution of chicken GalT1, GalT2 and GalT3 

mRNA in White Leghorn. GalT1 gene expression was prominent in the liver and also 

high in the kidney, but was low in the magnum and brain (Fig. 3-3a). GalT2 expression 

showed no significant difference among tissues (Fig. 3-3b). A putative GalT, GalT3, 

was expressed at a higher level in the magnum than in other tissues (Fig. 3-3c), although 

we have not been able to detect its activity (Fig. 3-2c). Similar mRNA profiles were 

observed in White Leghorn Line-M (data not shown). Interestingly, the GalT activity 

profile of tissue samples (Fig. 3-1b) roughly paralleled GalT1’s mRNA distribution. 

Although we could not rule out a contribution by GalT2, we speculated that GalT1 

substantially affects the transfer of galactose to N-glycan in vivo judging from its level 

of enzymatic activity and distribution.  

 

Generation of GM chickens expressing GalT1 

 

   The low level of GalT1 in the magnum led us to generate GM chickens that express 

GalT1 exogenously. Such birds are supposed to produce galactosylated proteins in egg 

white. We have reported gene transfer to chicken embryos mediated by retroviral 

vectors and the generation of GM chickens (Kamihira et al. 2005, 2009; Kodama et al. 

2008; Kyogoku et al. 2008; Motono et al. 2010). Thus, we constructed a 
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GalT1-expressing retroviral vector under the control of the chicken !-actin promoter 

(Fig. 3-4a). The vector was injected into the embryonic heart of scFvFc transgenic 

chickens at stage 14-16. Trials of injection are summarized in Table 1.  

   The average number of vectors integrated into host genomic DNA was analyzed in 

both the magnum and blood cells by quantitative PCR (Fig. 3-4b and Supplemental Fig. 

3-2a, b). The genome of blood cells contained approximately 0.5-1.9 copies of the viral 

vector. The genome prepared from the magnum of GM chickens contained 0.03-1.2 

copies of integrated viral DNA; these values were less than those in blood (p<0.05 by 

Student’s t test).  We did not observe a significant correlation between blood samples 

and magnum samples in the copy number (for example, #68: 0.5 copies in blood, 0.03 

copies in magnum; #72: 1.1 and 0.05 copies; #77: 0.9 and 0.7 copies). Presumably, 

since our GalT1-GM chickens were chimeras, numbers of retrovirus-infected cells in 

various tissues might differ among chickens. After their maturation, we confirmed 

exogenous GalT1 gene expression in the magnum of representative chickens (Fig. 3-4c). 

mRNA levels of GalT1 were dramatically increased without affecting the endogenous 

gene expression of ST6Gal1, an "2,6-sialyltransferase, in the magnum of  GM 

chickens #77 and #78. Chickens with relatively higher copy numbers in the magnum 

(#67, #69, #77, #79) showed higher levels of GalT1 in the magnum (more than 100-fold 

compared to wild-type chickens; Fig. 3-4c and Supplemental Fig. 3-2c). Although the 

copy number was low, #72 strongly expressed GalT1. This may be due to the position 

of the integration site as well as chimerism of the GM chickens. We detected GalT1 

protein in the microsomal and Golgi fractions (Fig. 3-4d) prepared from the magnum 

homogenate of GM chicken #77 by immunoblot analysis, whereas no immunoreactive 

band was detected in wild-type, #78 and #68 chickens. This is in good accordance with 
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the mRNA levels: GalT1 mRNA levels of #77 and #78 were 840 and 50 times, 

respectively, higher than those of wild-type chickens. Because of the presence of a large 

amount of ovalbumin (data not shown), the mobility of GalT1 on SDS-PAGE seemed 

slightly faster in the magnum sample than in the liver. GalT activity in the microsomal 

and Golgi fractions prepared from the magnum of GM chickens was also roughly 

consistent with GalT1 mRNA levels. Chicken #77 exhibited strong GalT1 activity (Fig. 

3-4e), while chickens #78 and #68 showed far less or almost no enzymatic activity. 

Immunofluorescent staining of frozen sections of the magnum showed a reasonable 

mosaic expression of GalT1 in whole tissue, in contrast to the limited expression 

especially on the surface of the organ in wild-type chicken (Fig. 3-4f). We obtained 

similar results from experiments using antisera raised against different portions of 

GalT1 (data not shown). Immunostaining showed that GalT1 was located in the 

peri-nuclear region (Fig. 3-4g). Thus, we concluded that exogenous GalT1 expressed 

from the viral vector was correctively localized in the Golgi apparatus of cells in the 

magnum.  

 

Improvement of the galactosylation of egg-white proteins in GalT1-GM chickens 

 

   Results from the series of analyses described above allowed us to investigate 

whether in vivo galactosylation of egg-white proteins occurred in the GalT1-GM 

chickens. Soluble egg-white proteins were subjected to a galactose 

!1,4-GlcNAc-specific RCA120 lectin blot analysis. Egg-white proteins produced by 

GalT1-GM chickens were recognized by RCA120 but the intensity of the signal varied 

within individuals. Almost no signal was detected with parental scFvFc-chickens except 
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for the band observed in Fig. 3-1a, implying that N-glycans of these proteins from the 

GalT1-GM chickens were galactosylated to a certain extent (Fig. 3-5a). As the 

scFvFc-transgenic chicken was used as the host into which the GalT1 viral vector was 

transferred, we also analyzed the galactosylation of exogenously expressed scFvFc, 

which has a single N-glycosylation consensus sequence in the Fc domain. As expected, 

this protein reacted with RCA120 (Fig. 3-5b and Supplemental Fig. 3-2d), and the 

bands were abolished by treatment with PNGase, which removes entire N-glycans, 

along with a slight decrease in molecular mass (Fig. 3-5b). A lectin, GS-II, which 

recognizes the terminal GlcNAc residue in glycan, was used for further confirmation of 

terminal galactosylation. In principle, the presence of galactose at the terminus of 

N-glycan hampers binding of GS-II to GlcNAc, and once the galactose is removed from 

GlcNAc by treatment with !-galactosidase, this lectin can recognize the newly formed 

terminal GlcNAc residue. In fact, only a weak RCA120 signal was observed in 

GalT1-GM-derived scFvFcs after treatment with !-galactosidase, confirming the 

addition of galactose (Fig. 3-5c and Supplemental Fig. 3-2d). Conversely, 

GS-II-reacting GlcNAc was increased several fold in GalT1-GM scFvFcs after the 

treatment (Fig. 3-5c). Taken together with the results in Fig. 3-4, we concluded that the 

enhancement of GalT1 expression in chickens improved the in vivo galactosylation of 

N-glycan of scFvFc. 
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Discussion 

 
   Recent reports including our own have revealed the advantages of transgenic birds 

as a ‘bio-factory’ for the expression of important therapeutic proteins (Kamihira et al. 

2005, 2009; Kawabe et al. 2006; Kodama et al. 2008; Kyogoku et al. 2008; Lillico et al. 

2007; Zhu et al. 2005). However, low levels of galactosylation and sialylation occur 

among N-glycans of proteins exogenously expressed and deposited in egg white 

(Kamihira et al. 2009; Kodama et al. 2008; Zhu et al. 2005).  Since the sugar profile of 

N-glycans affects the physiological function and/or stability of proteins, the 

modification of N-glycans is one of the most important factors for the production of 

therapeutic proteins in many systems. Thus, recombinant DNA technology has been 

applied to production systems, including mammalian, yeast, insect, and plant cells, for 

the attachment of ‘humanized’ glycans to recombinant therapeutics (Chiba and 

Akeboshi 2009; Jefferis 2009; Raju 2008; Schuster et al. 2007; Sethuraman and 

Stadheim 2006; Strasser et al. 2009). Alternatively, in vitro enzymatic treatments were 

proposed for the humanization of these proteins (Raju et al. 2001).  

   The enzyme which mediates the transfer of a galactose residue to the terminal 

GlcNAc in N-glycan is !1,4-GalT. Previously, two functional chicken !1,4-GalTs, 

GalT1 and GalT2, were reported (Shaper et al. 1997). From tissue mRNA expression 

profiles (Fig. 3-3b), the tissue distribution of GalT2 mRNA was consistent with the 

previous report (Shaper et al. 1997), whereas we detected a significantly higher level of 

GalT1 mRNA in the liver (Fig. 3-3a). Importantly, GalT1 expression was very low in 

the magnum. Therefore, we have speculated that reduced expression of GalT1 in the 
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magnum may cause the deficiency of galactose in the N-glycans of proteins 

exogenously expressed and deposited in egg white. 

   The terminus of the N-glycan of antibodies deposited in egg white of non-GalT1 

GM chickens is usually GlcNAc or mannose (Kamihira et al. 2009; Zhu et al. 2005). In 

this study, we used scFvFc from non-GalT1 GM chickens for comparison, of which at 

most 8% had the galactose terminal in our previous analysis of glycan structure 

(Kamihira et al. 2009) and this level of galactose could not be detected with RCA120. 

Binding of GS-II lectin to the control scFvFc increased the rate to 20% after 

!-galactosidase treatment but binding to scFvFc produced by GalT1-GM chicken 

increased several fold (Fig. 3-5c). Therefore, it is expected that a considerable amount 

of terminal GlcNAc in scFvFc might be galactosylated in egg white of GalT1-GM 

chickens although the content could not be accurately estimated. The levels of 

galactosylation of scFvFc were low in several GM chickens (Supplementary Fig. 3-2d). 

Notably, #77 and #79 showed less galactosylation of scFvFc than did #69 and #72. One 

possible explanation is that our data on GalT1-expression in the magnum of the 

chimeric chickens did not reflect that in tubular gland cells that produce egg-white 

proteins. We are now trying to obtain a G1 generation. 

We also successfully modified the galactosylation of human erythropoietin (Epo) by 

simultaneous expression of GalT1 in GM chickens (Mizutani et al. unpublished result), 

although successive sialylation of Epo is essential for full erythropoietic activity in vivo 

(Takeuchi and Kobata 1991). At present, we do not have clear results indicating 

enhanced sialylation of egg-white proteins in our GalT1-GM chickens and this point is 

under investigation. N-Glycans of proteins deposited in egg white contain 

high-mannose- and hybrid-type glycans. In this regard, it is noteworthy that the 
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magnum expressed lower levels of putative "-mannosidase II and "-mannosidase IIx 

compared with liver (Nishijima et al. unpublished result), which may hamper the 

formation of complex-type glycans and facilitate the formation of hybrid- and 

high-mannose-type glycans. The expression of GnTIII that bisects GlcNAc was also 

low in the magnum compared with the liver. For the optimization of N-glycan structures 

for therapeutic proteins, further genetic modifications of chickens may be necessary. 

From the results of our study and previous reports, we infer that the enhancement of 

GalT activity in the magnum is quite an effective way to create a chicken host for the 

production of galactosylated therapeutics. 
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Fig. 3-1. Absence of GalT activity in the magnum of chicken. (a) Whole egg-white 
proteins (approximately 100 µg) from several chicken breeds, and serum (60 µg of 
protein) and liver homogenate (25 µg of protein) of White Leghorn were subjected to a 
lectin blot analysis using RCA120, which recognizes galactose !1,4-GlcNAc. 
Egg-white proteins were confirmed by CBB staining. (b) To measure GalT activity, 
Golgi fractions (20 µg of proteins) were incubated with UDP-[3H] galactose and 
GlcNAc as the donor and acceptor sugars, respectively. Reaction products were 
separated by TLC. Note that signals indicated by asterisks (* and **) in all samples 
were considered to be galactose and glucose, respectively, which may be generated by 
enzymes in samples, and an unidentified band was also detected (closed circle). 
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Fig. 3-2. Galactose transfer by chicken GalT1 and GalT2, but not by GalT3. (a) 
Chicken GalTs were expressed in Tn5B1-4 insect cells as secreted proteins. Top: 
Schematic indication of the secretable form of GalTs. The cytoplasmic and 
transmembrane domains of GalTs were removed, and stem and catalytic domains were 
fused to the melittin secretion signal (MKFLVNVALVFMVVYISYIYA). Bottom: 
Amino acid sequences of the N-terminal of original GalTs. Underlined amino acids are 
the transmembrane domain predicted with TMHMM 
(http://www.cbs/dtu.dk/services/TMHMM). The region from the first methionine to the 
amino acid just upstream of the closed triangle was replaced with the melittin secretion 
signal. (b) The expression level of each enzyme was confirmed by immunoblotting with 
anti-His antibody. (c) Recombinant GalTs were incubated with UDP-[3H] galactose and 
GlcNAc as the donor and acceptor sugars, respectively, for the indicated periods. Based 
on the signal intensity in Fig. 2b, almost the same amounts of GalT proteins were used 
for the reaction. Reaction products were separated by TLC. Signals indicated by 
asterisks in all samples were considered to be galactose. 
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Fig. 3-3. Reduced GalT1 expression in the magnum of chicken. GalT1 (a), GalT2 (b) 
and GalT3 (c) mRNA quantities in several tissues of wild-type chicken (White 
Leghorn) were analyzed. Amounts of mRNA for GalTs in liver, kidney and magnum 
are represented as relative values against that in brain. GAPDH mRNA was used for 
normalization. 
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(Continued from the previous page) 
 
Fig. 3-4. Enhanced GalT1 expression and activity in the magnum of GalT1-GM 
chickens. The GalT1 gene was transduced into previously established scFvFc-producing 
chickens using a retroviral vector. (a) A schematic drawing of the vector is indicated in 
the form of integrated DNA. LTR, long terminal repeat; Pact, chicken !-actin promoter.  
Arrows indicate the primers for quantitative PCR. (b) Average copy numbers of the 
integrated viral vector in magnum were measured by means of quantitative PCR for 
eGFP. (c) Relative GalT1 mRNA amounts in the magnum of representative GM 
chickens (#68, #77 and #78). Endogenous ST6Gal1 expression was not affected. 
GAPDH mRNA was used for normalization and the results are represented as relative 
values against the amount of GalT1 or ST6Gal1 mRNA in wild-type (WT) chicken. (d) 
Microsomal (left) and Golgi (right) fractions (5 µg of proteins) of indicated tissues were 
subjected to immunoblot analysis using mouse antisera against GalT1 (amino acids 
55-118). Arrows indicate GalT1. A secretable form of GalT1 produced by insect cells 
was used as a control. (e) GalT activity in microsomal (left) and Golgi (right) fractions 
(20 µg of proteins) prepared from indicated samples was reacted with UDP-[3H] 
galactose and GlcNAc as the donor and acceptor sugars, respectively. Signals indicated 
by asterisks (* and **) in all samples were considered to be galactose and glucose, 
respectively. Closed circles, unidentified products. (f) Frozen sections of magnum from 
wild-type and GalT1-GM (#77) chickens were immunostained using mouse anti-GalT1 
sera against a synthetic peptide of GalT1 (amino acids 301-318) and FITC-conjugated 
secondary antibody (green). Nuclei were counterstained with DAPI (blue). Bar, 150 µm. 
(g) Higher magnification images of immunostained frozen sections of the magnum from 
GM chicken #77. GalT1 was stained using rabbit anti-GalT1 sera against the synthetic 
peptide and TRITC-conjugated secondary antibody (red), and nuclei were 
counterstained with DAPI (blue). The right panel shows a magnified image of the boxed 
area in the left panel. Bar, 20 µm. 
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Table 3-1. Summary of virus infection 

Trial 
Number of 

injected embryo 
Virus titer 
(cfu/ml) 

Injected virus 
(cfu) 

Number of 
hatched embryo (%) 

1 33 5.6!108 5.6-16.8 x105 7 (21%) 
2 20 7.5!108 3.8-22.5 x105 7 (35%) 
3 38 1.3!109 6.5-39 x105 9 (24%) a 
4 39 9.2!108 4.6-28 x105 16 (36%) b 

a GalT1-GM chickens #67, #68 and #69 were obtained from this injection trial 
b GalT1-GM chickens #72, #77, #78, #79 and #82 were obtained from this injection trial 
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Fig. 3-5. Improvement of galactosylation in endogenous and exogenous egg-white 
proteins produced by GalT1-GM chickens. (a) Crude egg-white proteins (100 µg) were 
subjected to RCA120 lectin blot analysis. Wild-type yolk (20 µg) was used as a control. 
Egg-white proteins were confirmed by CBB staining. (b) Protein G-purified scFvFcs 
from GalT1-GM chickens were treated with or without PNGase (from Elizabethkingia 
meningoseptica, Sigma) to eliminate N-glycans, and then subjected to RCA120 lectin 
blotting. Amounts and molecular masses of loaded scFvFcs were confirmed with 
anti-Fc antibody. (c) Purified scFvFcs were incubated with !-galactosidase (!Gal; from 
Streptococcus 6646K, Seikagaku Kogyo), and subjected to a lectin blot analysis using 
GS-II, which recognizes the terminal GlcNAc (upper panel). Removal of galactose and 
amounts of loaded scFvFcs were confirmed using RCA120 lectin and anti-Fc antibody, 
respectively. Band density was measured by a densitometer (LAS-3000 mini, Fuji Film) 
and represented as a percentage relative to !-galactosidase-treated samples after 
normalization against Fc band density (lower panel, mean and standard deviation of 
three independent experiments are shown). 
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Supplemental Fig. 3-1. (a) Intracellular localization of chicken GalTs was analyzed by 
immunostaining. FLAG-tagged chicken GalTs were transiently expressed in Hela cells. 
GalTs were stained using anti-FLAG M2 antibody and TRITC-conjugated secondary 
antibody (red), and nuclei were counterstained with DAPI (blue). (b) Confocal 
microscopic immunofluorescence images of Hela cells that expressed GalT1-FLAG or 
GalT1-KDEL-FLAG. Endoplasmic reticulum retention signal KDEL sequence was 
attached at the C-terminal of GalT1 by PCR.  After transfection of expression plasmids, 
cells were immunostained using anti-FLAG M2 antibody and FITC-conjugated 
secondary antibody. Z-stack images are shown. 
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Supplemental Fig. 3-2. (a, b) Average copy numbers of the integrated viral vector in 
blood cell (a) and magnum tissue (b) were measured by quantitative PCR for eGFP. *, 
not detected; WT, wild-type chicken. (c) Relative GalT1 mRNA amounts in the 
magnum of GM chickens. GAPDH mRNA was used for normalization and the results 
are represented as relative values against the amount of GalT1 mRNA in wild-type 
(WT) chicken. (d) Protein G-purified scFvFcs produced by GalT1-GM chickens were 
treated with or without !-galactosidase, then, subjected to RCA120 lectin blotting. 
scFvFc from transgenic chicken expressing scFvFc alone (Kamihira et al. 2005) was 
used as a control. Anti-Fc antibody was used for detection of the total amount of 
scFvFcs.
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Chapter 4                                 

Concluding Remarks 
 

   In Chapter 2, I analyzed the capsular polysaccharide (CPS) of the important oral 

streptococcus Streptococcus anginosus, which causes endocarditis. I investigated the 

gene locus required for CPS synthesis in S. anginosus. Southern hybridization using the 

cpsE gene of the well-characterized bacterium S. agalactiae revealed that there was a 

similar gene in the genome of S. anginosus. By using the colony hybridization and 

inverse PCR, I isolated the CPS synthesis (cps) genes of S. anginosus. This gene cluster 

consisted of genes containing typical regulatory genes, cpsA-D, and glycosyltransferase 

genes coding for glucose, rhamnose, N-acetylgalactosamine, and galactofuranose 

transferases. Furthermore, I confirmed that the cps locus is required for CPS synthesis 

using a mutant strain with a defective cpsE gene. The cps cluster was found to be 

located downstream the nrdG gene, which encodes ribonucleoside triphosphate 

reductase activator, as is the case in other oral streptococci such as S. gordonii and S. 

sanguinis. However, the location of the gene cluster was different from those of S. 

pneumonia and S. agalactiae. These comparative analyses of the location and structure 

of cps cluster among several streptococci reveals developmental relationship of these 

strains. 

 

   In Chapter 3, we improved the sugar modification of recombinant protein produced 

by transgenic chicken. As a tool for large scale production of recombinant proteins, 

chickens have advantages such as high productivity and low breeding cost compared to 
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other animals. We previously reported the production of erythropoietin, the tumor 

necrosis factor receptor fused to an Fc fragment, and an Fc-fused single-chain Fv 

antibody in eggs laid by genetically manipulated chickens. In egg white, however, the 

incomplete addition of terminal sugars such as sialic acid and galactose was found on 

N-linked glycans of exogenously expressed proteins. This could be a draw back to the 

use of transgenic chickens since the loss of these terminal sugars may affect the 

functions and stability of recombinant proteins purified from chicken egg white for 

pharmaceutical usage. To overcome this problem, we studied galactosyltransferase 

(GalT) activity in the magnum where the majority of egg-white proteins are secreted. In 

the magnum, lower !1,4-GalT1 expression and poor galactose-transfer activity were 

observed. Thus, we supposed that the lack of GalT1 activity may partly cause the 

incomplete glycosylation of egg-white proteins, and generated genetically manipulated 

chickens expressing GalT1 by retrovirus-mediated gene transfer. In the transgenic 

chicken, a considerable improvement in the galactosylation of native egg-white proteins 

as well as an exogenously expressed single-chain Fv antibody fused to an Fc fragment. I 

conclude that chickens with genetically modified GalT activity in the magnum could be 

an attractive platform for producing galactosylated therapeutics. I sincerely hope these 

two projects contribute future development of glycotechnology. 
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