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HMO synthesis 

The present invention relates to a cell to be stably cultured in a medium, which cell 

is adjusted for the production of oligosaccharides, the cell being transformed to 

comprise at least one nucleic acid sequence coding for an enzyme involved in oligo-

saccharide synthesis. 

Such cells are known for example from Dumon et al., 2001. 

It has been long known that human mother's milk, besides lactose, comprises a 

complex mixture of oligosaccharides called Human Milk Oligosaccharides (HMO). 

This oligosaccharide fraction of human mother's milk is unique with respect to 

composition and quantity. In contrast to other mammals, human mother's milk 

comprises an oligosaccharide concentration ranging from 7 to 12 g/L, which is by a 

factor of 10 to 100 higher than in most other mammals (Boehm & Stahl, 2007, Kunz 

et al., 2000, Newburg .& Neubauer, 1995). 	 • 

Today, more than 80 compounds, belonging to HMOs, have been structurally charac-

terized. Generally, HMOs are characterized, unlike other oligosaccharides found in 

the human body, by a lactose moiety at the reducing end, and fucose and/or sialic 

acid at the non-reducing end. 

Two basic types are distinguished: Oligosaccharides of type I structure have fucose 

al,4-linked to G1cNAci  whereas those of type II structure show cd,3-fucosylation of 

G1cNAc or glucose; either type may contain a1,2-linked fucose to galactose. The most 

prominent oligosaccharides are 2'-fucosyllactose and 3-fucosyllactose. 

These structures are closely related to epitopes of epithelial cell surface glycoconju-

gates, the Lewis histo-blood group antigens such as Lewis x (Lex) (Gal(131-4)(Fuc-(a1- 

3)1G1CNAc((31)) (Newburg, 2001). The structural homology of HMO to epithelial 

epitopes accounts for protective properties against bacterial pathogens. 
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For example, the virulence of pathogenic Escherichia coli (Cravioto et al., 1991), Vibrio 

cholerae (Coppa et al., 2006), Streptococcus pneumoniae (Andersson et al., 1986) or 

Campylobacter jejuni (Ruiz-Palacios et al., 2003) can be drastically reduced by the 

binding of pathogens to HMO instead of to human mucosal surface glycans, and also 

the binding to toxins like the heat-stable enterotoxin of E. coli (Crane et al., 1994). 

Besides the mentioned local effects in the intestinal tract, HMOs are also capable of 

eliciting systemic effects in infants by entering the systemic circulatidn (Gnoth et al., 

2001). The impact of HMOs on protein-carbohydrate interactions, e.g., selectin-

leukocyte binding, can modulate immune responses and reduce inflammatory 

responses (Bode, 2006, Kunz & Rudloff, 2006). 

In order to reduce the frequency of infections acquired by neonates and, therefore, as 

well infant mortality, it is of course highly desirable to generally provide infants with 

nutrition including HMOs. This may be easily achieved in societies, where breast-

feeding is commonly and widely practiced. This, however, is not generally the case. 

There exist a number of medical reasons, like the possible transmission of infectious 

diseases from mother to child, which under certain circumstances argue against 

breast feeding. In many African countries, for example, breast feeding may be a 

major reason for HIV-infections during infancy. 

Also cultural circumstances may lead to refusal of breast feeding, as is the case in 

major industrial countries like, for example, the US. 

Due to the fact that HMOs can be found in natural sources, such as the milk of other 

mammals, only in low concentrations, the extraction of oligosaccharides from 

natural sources is not suited for satisfying the demand for HMOs. 
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The chemical synthesis of oligosaccharides is laborious and requires multiple protec-

tion and deprotection steps (Kretzschmar & Stahl, 1998), therefore generally being 

relatively expensive and bearing low recovery-rates. 

Therefore, 	fermentative 	production 	of oligosaccharides 	utilizing biotechnically 

engineered organisms is a promising alternative solution for large-scale HMO synthe-

sis. 

During the past decade, several successful attempts of HMO synthesis using either 

fermentation with recombinant E. coli or in vitro enzymatic conversion, have been 

published. These attempts have mainly concentrated on synthesizing fucosylated 

compounds belonging to or closely resembling HMOs. 

For example, several publications describe the synthesis of Lewis structures lacto-N-

neofucopentaose, lacto-N-neodifucohexaose and lacto-N-neodifucooctaose, as well as 

2'- and 3-fucosyllactose (Albermann et al., 2001, Duman et al., 2006, Duman et al., 

2001, Dumon et al., 2004, Koizumi et al., 2000). In these cases, enzymatic fucosyla-

tion of educts like, for example, lactose, is carried out by fucosyltransferases (FucTs). 

Most publications reporting production of fucosylated compounds in this connec-

tion describe the use of FucTs originating from Helicobacter pylori. Generally, human 

FucTs can as well be utilized for this purpose. However, when overexpressed in 

bacterial cells, FucTs from bacterial sources are generally less prone for problems such 

as misfolding and insolubility. 

Further, most published systems for the synthesis of fucosylated compounds rely on 

the endogenous GDP-fucose pool of E. coil, which is normally used for the synthesis 

of the fucose-containing exopolysaccharide colonic acid (Grant et al., 1970). In these 

cases, the availability of GDP-fucose is of course a bottleneck, restricting synthesis 

efficiency. 
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Recently, the inventors of the present invention have described a novel whole-cell 

production process utilizing the enzyme Fkp (Parkot et al., 2008), the entire contents 

of this patent application being incorporated herein by reference. 

Fkp (Coyne et al., 2005), which originates from Bacteroides fragilis, is a bifunctional 

enzyme, which possesses 	both 	fucokinase and L-fucose-1-P-guanylyltransferase 

activity. Hence, exogenously supplied fucose is first phosphorylated and then nucleo-

tide-activated to form the important precursor molecule GDP-fucose. The Fkp-based 

L-fucose salvage pathway has been successfully used to synthesize fucosylated oligo-

saccharides (Parkot et al., 2008). 

Even though, on the level of biochemical synthesis as such, important strategies have 

been developed, the known methods for in vivo oligosaccharide synthesis all bear 

certain disadvantages, inhibiting, at most, the mass production of oligosaccharides. 

The true difficulty in producing, in cells, oligosaccharides at high rates is on one 

hand the massive intracellular enrichment of the produced oligosaccharides and 

nucleotide by-products, and on the other hand the extraction of the produced 

oligosaccharides. 

Due to intracellular enrichment, the products of the synthesis reaction may gradually 

develop a product-inhibitory effect on the synthetic enzymes. At a certain point, the 

synthesis thus becomes inefficiently slow. Further, the products may reach cytotoxic 

concentrations driving the cells into lysis or at least metabolic arrest. In any case, no 

continuous intracellular production of oligosaccharides is possible. 

Further, it can be expected that the accumulation of excessive amounts of oligosac-

charides will eventually lead to cell lysis and cell death. This cell lysis or the later 

performed cell lysis used for the extraction of the synthesized oligosaccharides from 

the cell will lead to a complex mixture of target oligosaccharides and cell compo- 
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nents (metabolites, debris). The purification of the target oligosaccharide from this 

complex mixture is costly and thus for most oligosaccharides not economical. 

Under these circumstances, biotechnical oligosaccharide production is very ineffi-

cient and hard to control, especially since known biotechnical oligosaccharide 

production is performed using batch culturing, such batch culturing being, from the 

economical point of view, highly unsatisfactory. 

In view of the above, it is an object of the invention to improve the methods of 

biotechnical production of oligosaccharides in such a way that the production is 

facilitated and made more controllable, and in that generally the output of oligosac-

charides is enhanced. 

According to the invention, this and other objects are achieved by providing a cell of 

the kind mentioned at the outset, the cell in addition being transformed to comprise 

at least one nucleic acid sequence coding for a protein of the sugar efflux transporter 

family, a functional ham olog or derivative thereof. 

The object of the invention is thus achieved completely. 

According to the invention, oligosaccharides are understood to be short polymers of 

monosaccharides, comprising at least 2 sugar-subunits. The oligosaccharides may 

either be branched or form a linear chain of subunits. Moreover, the sugar subunits 

of oligosaccharides may feature a number of chemical modifications. Accordingly, 

the oligosaccharides according to the present invention may comprise one or more 

non-sugar moieties. 

Nucleic add sequence, according to the invention, describes a genetic code, repre-

sented by a nucleic acid polymer, like e.g. a desoxyribonucleic acid polymer or a 

ribonucleic acid polymer. The genetic code may thereby include coding sequences, 

including information for forming a protein, or non-coding regions comprising for 
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example promoter regions, regions for the attachment of regulatory or auxiliary 

compounds, spacers and structural sequences influencing the secondary or tertiary 

structure of the nucleic acid polymer itself and/or participating in its processing. 

"Transformed to comprise", according to the present invention, relates to any 

method of inserting at least one additional nucleic acid sequence into cells, the 

nucleic acid sequence thereafter being present inside the cell either as a plasmid or 

being integrated into the cells chromosome/chromosomes. Known transformation 

methods comprise for example chemical transformation or electroporation. Stable 

trangenesis, even in the absence of selective agents, can generally be achieved by 

chromosomal integration of at least one additional nucleic acid sequence. For this 

purpose, the cell may be infected with a virus or phage. Alternatively, other means of 

homologous and non-homologous recombination using, for example, virus- or 

transposon-based systems, may be applied. 

For biotechnological applications, the export of larger oligosaccharides from cells is a 

complex problem. This is primarily the case, because only few cellular mechanisms 

relating to such transport have been identified. The reason for the infrequent occur-

rence of oligosaccharide export from cells is that oligosaccharide synthesis is consum-

ing a large amount of cellular resources. The loss of these compounds is therefore 

generally unfavorable for the cell. 

Moreover, the majority of known mechanisms for oligosaccharide export involve the 

chemical modification of the oligosaccharides, for example by linking them to lipid-

moieties (Alaimo et al. 2006). Consequently, the oligosaccharides are not only 

membrane-borne, inhibiting their release into the medium, but as well chemically 

linked to lipid-moieties, reducing their solubility in aqueous media. Accordingly, 

such mechanisms are hardly suited for being employed in large scale production of 

oligosaccharides. 

The Sugar Efflux Transporter (SET) family, first described by Liu and co-workers (Liu 

et al, 1999a) for E. coli, comprises proteins SetA, SetB and SetC. Homologues (amino 
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acid identities >50%) of the transporter proteins are found primarily in Enterobacteri-

aceae (Liu et at. 1999a). 

Besides glucose and lactose, the SET exporter proteins display substrate specificity for 

certain mono- and di-saccharides as well as, for example, the inducer molecule 

isopropyl-J3-D-thiogalactoside (IPTG) and toxic sugar analogue o-nitrophenyl-B-D-

thiogalactoside (ONPG) (Liu et at., 1999b). Biochemical studies showed, however, 

that, for example, SetA exhibits a very low to zero transport activity for larger or 

bulkier molecules such as heptoses or trisaccharides. 

For above reasons, it could not be expected that exporter proteins of the SET family 

would be suitable at all for the transport of oligosaccharides. 

However, the inventors have found that, surprisingly, the overexpression of SET 

exporter proteins leads to a very efficient export of oligosaccharides. 

Moreover, SET proteins have been shown to export lactose, one of the educts of the 

synthesis reaction. It was therefore to be expected, that the synthesis of oligosaccha-

rides obtained in the modified cells would proceed very inefficiently and slow due to 

a constant drain of educt from the cells. 

By contrast, the inventors have been able to show for the first time that, despite the 

overexpression of SET exporter proteins, the synthesis of oligosaccharides obtained in 

the modified cells is highly productive. 

Generally, it is preferred if the cell is selected from the group consisting .of bacteria, 

fungi, animal and plant cells. It is thereby in particular preferred if the cell is an 

Escherichia coil cell. 

The advantage hereby is that E. coli cells offer high metabolic activity and a high 

reproduction rate. In addition, E. coli is one of the best characterized organisms for 

molecular biological and biotechnical purposes. Many techniques for the transforma- 
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tion and cultivation of bacteria known in the art have been especially adapted to E. 

coll. In addition, E. coil strains with a variety of genetic backgrounds are commer-

cially available. 

Further, it is preferred, if the enzyme is selected from the group comprising glycosyl-

transferase, Leloir type glycosyltransferase, non-Leloir glycosyltransferase, sialyltrans- 

ferase, 	galactosyltransferase, 	fucosyltransferase, 	mannosyltransferase, 	N- 

acetylglucosaminyltransferase, N-acetylgalactosaminyltransferase. 

According to one embodiment, the enzyme is a fucosyltransferase. 

Moreover, it is preferred, if the sugar efflux transporter is SetA or a derivative thereof. 

The advantage in this case is that SetA, amongst the biochemically characterized 

members of the SET family of exporter proteins, features the widest substrate specific-

ity. Hence, the widest variety of oligosaccharides can, at least potentially be exported 

and thus produced, using SetA. 

It is also preferred, if the cell is further transformed to comprise at least one nucleic 

acid sequence coding for a protein facilitating or promoting the import of educts 

required for oligosaccharide synthesis. 

Hereby, it is advantageous, that the educt concentration inside the cell is increased. 

Under normal circumstances, the import of educts such as fucose or lactose is limited 

by the availability of corresponding importer proteins. In case of a cell adjusted for 

the large scale synthesis of oligosaccharides, however, the import of educts, relying 

on endogenous levels of importer proteins, may be insufficient for constantly supply-

ing the synthesis reaction with educts. This problem can be met by overexpressing 

the respective importer proteins. 

Importer proteins with relevance in the present case are primarily importers for 

mono- or disaccharides such as lactose importers, for example E. coil p-galactoside 
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permease (LacY), or fucose importers, for example E. coil fucose permease (FucP), but 

as well may comprise importers for nucleotides and other educts. 

It is especially preferred, if the cell is transformed to comprise at least one nucleic 

acid sequence coding for a protein selected from the group consisting of 	lactose 

transporter, fucose transporter, sialic acid transporter, galactose transporter, mannose 

transporter, N-acetylglucosamine transporter, 	N-acetylgalactosamine transporter, 

ABC-transporter, transporter for a nucleotide-activated sugar and transporter for a 

Nucleobase, Nucleoside or Nucleotide. 

In this connection, a nucleotide-activated sugar may be, but is not limited to, GDP- 

fucose, 	CMP-sialic 	acid, 	UDP-galactose, 	UDP-glucose, 	GDP-mannose, 	UDP- 

glucosamine or UDP-galactosamine. 

Further, the term nucleobase stands for Guanin, Cytosin, Adenin, Thymin and 

Uracil. Nucleoside stands for Guanosin, Cytidin, Adenosin, Thymidin and Uridin 

whereas a nucleotide may be a mono-, di- or triphosphate of Guanosin, Cytidin, 

Adenosin, Thymidin or Uridin. 

In addition, it is preferred, if the cell is further transformed to comprise at least one 

nucleic acid sequence coding for a protein selected from the group consisting of 

nucleotidyltransferase, guanylyltransferase, uridylyltransferase , Fkp, L-fucose kinase, 

fucose-l-phosphate guanylyltransferase, CMP-sialic acid synthetase, galactose Idnase, 

galactose-l-phosphate 	uridylyltransferase, 	glucose 	kinase, 	glucose-l-phosphate 

uridylyltransferase, 	mannose 	kinase, 	mannose-1-phosphate 	guanylyltransferase, 

GDP-4-keto-6-deoxy-D-mannose 	reductase, 	glucosamine 	kinase, 	glucosamine- 

phosphate 	acetyltransferase, 	N-acetyl-glucosamine-phosphate 	uridylyltransferase, 

UDP-N-acetylglucosamine 4-epimerase, UDP-N-acetylglucosamine 2-epimerase. 

In this connection, the term nucleotidyl transferase generaly relates to enzymes that 

can transfer nucleotides onto phosphosugars, be it naturally occurring sugars or non-

natural sugars. 
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The advantage hereby is that, as described as well in Parkot et al. 2008, included 

herein by reference, the intracellular pools of nucleotide-activated sugars like GDP-

fucose can be supplemented. Hence, oligosaccharide synthesis is made more efficient. 

Moreover, it is generally preferred, if the cell's catabolic pathway for selected mono-, 

di- or oligosaccharides involved in and/or required for the synthesis of oligosaccha-

rides is at least partially inactivated. 

Here, the advantage lies in the fact that the overall synthesis efficiency can be in-

creased. This is the case because less educts destined for oligosaccharide synthesis are 

consumed by the endogenous metabolism of the cell. 

In the embodiment described below, for example, cells are employed, which are 

deficient in lactose degradation. This can be accomplished by inactivating the 

enzyme 13-galactosidase, which is encoded by the gene lacZ. This genetic modifica-

tion prevents the intracellular cleavage of lactose into quickly metabolizable mono-

saccharides glucose and galactose. Thus, lactose is present in higher concentration as 

acceptor molecule for subsequent glycosylation/fucosylation reactions. 

In an alternative embodiment, the cells used for oligosaccharide synthesis are, alone 

or in addition to the /acZ-deficiency described above, deficient for L-fucose degrada-

tion. This can be achieved by inactivating the gene fucA coding for the key catabolic 

enzyme fuculose-1-phosphate aldolase (FucA) of the fucose degradation pathway. 

Of course, there are also other techniques available, ranging from enzymatic inhibi-

tors to stably transfected RNAi constructs, which may be employed in order to at 

least partially inactivate catabolic pathways. 

Within the scope of the present invention, it is generally preferred if the oligosaccha-

rides comprise at least three subunits and/or feature a molecular weight of at least 

about 480 g/mol. 
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All HMOs of major importance have a molecular weight above this threshold. 

The present invention further concerns a method for the production of oligosaccha-

rides, comprising the steps of: 

a) providing a cell according to the invention, 

b) culturing the cell in a medium under conditions permissive for the 

production of said oligosaccharides, 	. 

c) extracting said oligosaccharides from the culture medium. 

In the scope of the present invention, permissive conditions are understood to be 

conditions relating to physical or chemical parameters including but not limited to 

temperature, pH, pressure, osmotic pressure and product/educt concentration. 

In a particular embodiment, the permissive conditions may include a temperature-

range of 30 +/- 20 °C, a pH-range of 7 +/- 3. 

The method described above affords the advantage, that oligosaccharides can be 

extracted directly from the culture medium, whereas the known methods require the 

lysis of the cells and subsequent extraction of oligosaccharides from the resulting 

lysate. 

In this connection, it is preferred if step b) is performed using a continuous flow 

bioreactor. 

The advantage is that, using a continuous flow bioreactor, the amount of oligosac-

charides produced can be easily increased. This is the case, because the synthesis 

occurs continuously at a relatively high level. 
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It is also preferred, if the medium in step b) comprises one or more substances 

selected from the group consisting of basic supplements for supporting cellular 

growth and propagation, selective agents, effectors of gene activity and educts 

required for the synthesis of oligosaccharides. 

Typical supplements for supporting cellular growth and propagation are extensively 

known from the prior art and are described for example in Sambrook and Russel, 

2001. Such basic supplements account for the general nutritional demand of cultured 

cells, containing for example proteins, carbohydrates, lipids and minerals. 

Also selective agents like antibiotics are extensively known from the prior art, for 

example Sambrook and Russel, 2001. Such agents can be used in order to protect 

cultures of genetically modified cells form persisting contamination with competing 

organisms such as fungi or bacteria. Further, for example in bacterial populations, 

selective agents may be utilized in order to stabilize the genetic information com-

prised on a plasmid. 

Effectors of gene activity may be used to selectively induce or repress the activity of 

certain genes or sets of genes within a cell. Such effectors range from simple chemical 

compounds such as isopropyl-1-thio-13-D-galactopyranoside (IPTG) to more complex 

compounds like hormones. Such effectors of gene activity are extensively known 

from the prior art, for example from Sambrook and Russel, 2001. 

Further, it is preferred if the educts are selected from the group consisting of arabi-

nose, threose, erythrose, ribose, ribulose, xylose, glucose, D-2-deoxy-2-amino-glucose, 

N-acetylglucosamine, 	glucosamine, 	fructose, 	mannose, 	galactose, 	N- 

acetylgalactosamine, 	galactosamine, 	sorbose, 	fucose, 	N-acetylneuraminic 	acid, 

glycoside, non-natural sugar, nucleobase, nucleoside, nucleotide and any possible di-

or polymer thereof. 

It is generally preferred, if the oligosaccharides comprise at least three subunits 

and/or feature a molecular weight of at least about 480 g/mol. 
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According to an embodiment of the present invention, the oligosaccharide produced 

by the method described above is fucosyllactose, the advantage in this case being, 

that fucosyllactose is one of the most prominent compounds being present in HMOs. 

Further advantages follow from the description of the embodiments and the attached 

drawings. 

It goes without saying that the abovementioned features and the features which are 

still to be explained below can be used not only in the respectively specified combi-

nations, but also in other combinations or on their own, without departing from the 

scope of the present invention. 

Several embodiments of the invention are illustrated in the figures and explained in 

more detail in the following description. In the figures: 

Fig. 1 	shows a schematic overview of oligosaccharide synthesis and transport 

inside a gram negative bacterial cell modified according to the invention; 

Fig. 2 	shows the results of 3-fucosyllactose-measurements in the cellular moist 

mass and supernatants of bacterial cultures, comparing different geno-

types; and 

Fig. 3 	shows a comparison between the amounts of 3-fucosyllactose synthesized 

in bacterial cultures with different genotypes. 

Example 1: OligOsaccharide synthesis and transport inside a gram negative bacterial 

cell 

Fig.1 shows a section of a gram negative bacterial cell 10. A gram negative bacterial 

cell 10 according to the invention_is comprised of an outer membrane 11, a plasma 
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membrane 12, a periplasmic space 13, located in between said outer membrane 11 

and said plasma membrane 12, and a cytosol 14, enclosed within said plasma mem-

brane 12. The outer membrane comprises porins through which water-soluble 

compounds can pass from the medium 16 into the periplasmic space 13 and vice 

.versa. 

According to one embodiment of the present invention, the plasma membrane 

comprises FucP, serving as a first educt-transporter 17, LacY, serving as a second 

educt transporter 18, and SetA, serving as a product exporter. 

Further, Fkp, serving as a nucleotidyltransferase 20, and FutAco, serving as a glycosyl-

transferase 21, are comprised in the cytosol 14. 

When, according to this embodiment, fucose, as a first educt 22, and lactose, as a 

second educt 23, are supplied to the medium 16, they enter the periplasmic space 13 

through the porin 15. Then, the first educt 22 is transported by the first educt trans-

porter 17 into the cytosol 14. In the cytosol, the first educt 22 is modified by the 

nucleotidyltransferase 20 resulting in a nucleotidylated first educt 24, GDP-fucose. 

The second educt 23, is imported into the cytosol 14 by the second educt importer 

15. 

Then the glycosyltransferase 21 catalyses a reaction between the nucleotidylated first 

educt, GDP-fucose, and the second educt, lactose, resulting in an oligosaccharide 25, 

3-fucosyllactose, and GDP (not shown). 

Subsequently, the oligosaccharide 25 is exported from the cytosol 14 by the product 

exporter 19 (SetA) into the periplasmic space 13 and can leave the periplasmic space 

13 via the porins 15, entering the medium 16. 
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Example 2: Material and methods 

2.1 Construction of expression plasmids and development of E. coli strains 

E. coli JM109(DE3) (Promega; www.promega.com) was used as initial host strain for 

the development of the E. roll production strain. All oligonucleotide primers used for 

the cloning procedures are listed in Table 1. Plasmids pACYC-iacY and pACYC4acY-

setA were constructed as follows: The genes lacY (corresponds to GenBank accession 

no. ACB02461) (GenBank; www.ncbi.nlm.nih.gov) and setA (corresponds to Gen-

Bank accession no. YP_025293) (GenBank) were amplified from genomic DNA of 

E. coli TOP10 (Invitrogen; www.invitrogen.com) using primers lacY Ncol for-

ward/lacY EcoRI reverse and setA NdeI forward/setA XhoI reverse. The PCR products 

were subjected to restriction digest with the indicated enzymes, and ligated with the 

correspondingly 	digested 	expression 	vector 	pACYCDuet-1 	(Novagen; 

www.merckbiosciences.co.uk). 

The resulting plasmids were checked by restriction digest, agarose gel electrophoresis 

as well as sequencing with primers pACYCduetUP1, DuetDOWN-1-Primer, DuetUP2-

Primer and T7-Terminator-Primer for the correct insertion of the genes (data not 

shown). The utilized plasmids pCOLA-ficp-fucP and pET-futAco have previously been 

constructed (Parkot et al., 2008). To obtain the strains JMOO, JMO1 and JM02, differ-

ent combinations of plasmids were introduced into E. coil JM109(DE3) by electropo-

ration (Dower et al., 1988). All plasmids and bacterial strains are listed in Table 2. 

2.2 Inactivation of the fucose-catabolism in E. coil: 

To prevent the degradation of externally supplied fucose, the fucA gene coding for 

the key catabolic enzyme L-fuculose-1-phosphate aldolase was deleted from the 

chromosome of E. coli JM109(DE3). All oligonucleotide primers used for the 

mutagenesis procedures are listed in Table 1. For construction of the fucA deletion 

mutant, the methodology of Datsenko and Wanner was applied (Datsenko and 

Wanner, 2000), using the primers fucA-knock-f and fucA-knock-r. The correct dele- 
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tion of fucA was confirmed by PCR using primers fucA-control-f and fucA-control-r 

flanking the chromosomal insertion site, and the fucose-negative phenotype was 

verified by plating the bacteria on M9 minimal agar (Sambrook and Russell, 2001) 

with supplemented fucose as the sole carbon source (data not shown). 

Table 1. Primers used in this study. 

Name Sequence (5'43')' Added 

restric-

tion site 

fucA-knock-f 

fucA-knock-r 

fucA-control-f 

fucA-control-r 

setA NdeI forward 

setA XhoI reverse 

lacY Ncol forward 

lacY EcoRI reverse 

pACYCduetUP1 . 

DuetDOWN-1-Primer 

DuetUP2-Primer 

T7-Terminator-Primer 

AATTACTCTTCAATTCGTAACCCATAGGITi 

TGAATTTCTCCAGCACTACGGCAATCTCTTC 

ATCGCTCAGCAGTGTAGGCTGGAGCTGCTT 

CGAAGTTC 

GGTGGGTAATTAAACGGCTAATTCAATAGT 

NdeI 

XhoI 

NcoI 

EcoRI 

GTGAAAGGAACAACATTATTGCCCTG'1111 

GAATCAGAGAGAGGGCTGACATGGGAATT 

AGCCATGGTCC 

CATTCTGTTAGCCATCATCCTTCTCC 

GAAGAAGATGGTGGGTAATTAAACGGC 

AAGGGAAAAACATATGATCTGGATAATGAC 
GATGGCTCGCCGTATGAACGGTG 
AAGGGAAAAACTCGAGCCACGTCATCAAAC.  

GTCTITAACCITTGCGG 

AAGGAAATATACCATGGGCTACTATTTAAAA 

AACACAAACITri GGATGTTCGG 

AAGGAAAACCGANITCGATTGCTTAAGCGA 

CTTCATTCACCTGACGACGCAGCAGGG 

GGATCTCGACGCTCTCCCT 

GATTATGCGGCCGTGTACAA 

TTGTACACGGCCGCATAATC 

TATGCTAGTTATTGCTCAG 

' Restriction -endonuclease. recognition sites are underlined. 
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Table 2. Bacterial strains and plasmids used in this study. 

Name Relevant characteristic(s)* References 

E. coli strains 

TOP10 F- 	mcrA, 	A(mrr-hsdRMS-mcrI3C), 	980/acZAM15, 

A/acX74, recAl, araD139, garaleu) 

Invitro- 

gen 

7697 galU gaiK rpsL (StrR) endAl nupG 

JM109(DE3) endA1, recAl, gyrA96, thi, hsdR17 (rk-, rnkl, relAl, 

supE44, 	X—, A(lac-proAB), 	[F', 	traD36, proAB, 	la- 

c19ZA11415], IDE3 

Promega 

JM109(DE3) fucA JM109(DE3) fucA deletion mutant This study 

JMOO Negative 	control 	strain, JM109(DE3) 	harboring 

empty 	vectors 	pCOLADuet-1, 	pETDuet-1 	and 

pACYCDuet-1 

This study 

JMO1 JM109(DE3) harboring pCOLA-Mp-fucP, pET-futAco 

and pACYC-/acY 

This study 

JM02 JM109(DE3) harboring pCOLA-rkp-fucP, pET-futAco 

and pACYC-lacY-setA 

This study 

JM03 JM109(DE3) harboring pCOLA-flop-fucP and pA- This study 

CYC-lacY-setA 

JMA00 Negative control strain, JM109(DE3) AfucA harbor- 

ing empty vectors pCOLADuet-1, pETDuet-1 and 

pACYCDuet-1 

This study 

JMAO1 JM109(DE3) AfucA harboring pCOLA-ficp-rucP, pET- 

futAco and pACYC-/acY 

This study 

JMA02 JM109(DE3) AfucA harboring pCOLA-fkp-fucP, pET- 

futAco and pACYC-lacY-setA 

This study 

JMA03 JM109(DE3) AfucA harboring pCOLA-fkplucP and 

pACYC-lacY-setA 

This study 
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Plasmids 

pCOLADuet-1 	expression vector, Km11 	 Novagen 

pETDuet-1 	expression vector, ApR 	 Novagen 

pACYCDuet-1 	expression vector, CmR 	 Novagen 

pCOLA-fkp-fucP 	harboring genes fkp and fucP, KmR 	 Parkot 	et 

al., 2008 

pET-futAco 	harboring codon-optimized fucosyltransferase gene 	Parkot 	et 

futAco of H. pylon, ApR 	 al., 2008 

pACYC-lacY 	harboring gene lacY, CmR 	 This study 

pACYC-/acY-setA 	harboring genes lacY and setA, CmR 	 This study 

ApR, ampicillin resistant; KmR, kanamycin resistant; CmR, chloramphenicol resistant. 

2.3 Culture conditions and preparation of cell extracts 

E. coli strains were inoculated 1:100 from overnight cultures in 100 mL of mineral 

medium (Samain et al., 1999), containing 7.0 g L' NH4H2PO4, 7.0 g L" K2HPO4, 1.0 

g Li MgSO4x7H2O, 0.5 g L' citric acid, 2.0 g L1  KOH, 0.0045 g L1  thiamine•HCI and 

7.5 mL L-1  trace mineral solution. The trace mineral stock solution contained 70 mM 

nitrilotriacetate (pH 6.5), 7.5 g L1  ferric citrate, 	1.3 g L1  MnClzx4H20, 0.21 g L1  

CoCl2x6H20, 0.13 g L1  CuC12x2H20, 0.25 g 1:1 H3B03, 1.2 g L1  ZnSO4x7H20 and 0.15 

g L-1  Na2Mo04x2H20. The medium was supplemented with 0.1% glucose and 1% 

glycerol as carbon source, and with 100 pg mL-1  ampicillin, 50 lag ml.:1  kanamycin 

and/or 20 pg mL1  chloramphenicol before incubation in a rotary shaker at 37°C 

providing good aeration. 

When the cultures reached an optical density (0Dsoo nm) of approximately 1.0, the 

inducer isopropyl-1-thio-J3-D-galactopyranoside (IPTG) was added in a concentration 

of 0.5 mM, and the cultures were incubated overnight at 28°C under constant shak-

ing. After approximately 16 hours, 40 mM L-fucose and 20 mM lactose were added. 

The cultures were then continuously incubated at 28°C under constant shaking. 
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At several time points, 20 mL samples of the cultures were collected, and cells were 

harvested by centrifugation. The culture supernatants were separated and immedi-

ately analyzed by high performance anion exchange chromatography (HPAEC) or 

stored at -20°C. The cell pellets were washed with PBS (Sambrook and Russell, 2001), 

resuspended in 5 times the pellet weight of distilled water, and lyzed by boiling for 

10 min. To obtain intracellular fractions, the cell debris was separated by centrifuga-

tion and the clear cell lysate was stored at -20°C or immediately analyzed by HPAEC. 

2.4 SDS-PAGE 

The expression of heterologous proteins was checked by SDS-PAGE (Sambrook and 

Russell, 2001) (data not shown). Protein extracts were prepared in lx SDS gel-loading 

buffer, and polyacrylamide gels were stained with Coomassie Brilliant Blue. 

2.5 Detection of oligosaccharides by high performance anion exchange chromatog- 

raphy with pulsed amperometric detection (HPAEC-PAD). 

Samples were analyzed by high performance anion exchange chromatography 

(HPAEC) using a Decade II pulsed amperometric detector (PAD) (Antec Leyden; 

www.antec-leyden.nl) and a CarboPac PA20 column (Dionex; www.dionex.com) 

connected to a HPLC system (Shimadzu; www.shimadzu.eu). The detector sensitivity 

was set at 50 }.TA with a 0.05-V applied pulse potential. 

Mono-, di-, and oligosaccharides eluted with 10 mM sodium hydroxide at a flow rate 

of 0.4 mL min-'. After 30 mM isocratic elution with 10 mM NaOH the column was 

washed for 20 min with 200 mM NaOH to obtain constant retention times and 

thereafter regenerated with 10 mM NaOH for 20 mM. For all analyzed samples, 20 u.L 

of 1:2 dH2O-diluted solutions were used for HPAEC analysis. Analysis via HPAEC-PAD 

showed retention times on the used HPLC column of approximately 3.5 min for the 

L-fucose standard, approx. 15 min for the lactose standard, and approx. 11-12 min 

for the 3-fucosyllactose standard (data not shown). Standards of the substances 
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glycerol and glucose, which are added to the culture medium as carbon source, were 

recorded with a retention time of approx. 1.5 min and 7-8 min, respectively. 

Example 3: Production of 3-fucosyllactose and SetA-dependent secretion into the 

culture medium by recombinant E. coli 

The aim of this experiment was the investigation of SetA-mediated export of intracel-

lular 3-fucosyllactose. E. coil strains JMO1 and JM02 (see Table 2) were used for 

fermentation experiments. The strains JMO1 and JM02, which both express the 

enzymes Fkp and FutAco ( 1,3-fucosyltransferase) as well as the transporter proteins 

FucP and LacY, only differ in expression of the SetA transporter. JMO1 is not over-

producing SetA, and JM02 is overproducing SetA. 

Fig. 2 shows the amounts of 3-fucosyllactose in the moist cell mass and supernatant 

of E. coil cultures JMO1 and JM02 determined by HPAEC-PAD analysis. 

For determining the effect of SetA overexpression, measurements were performed 7, 

24 and 32 hours post induction of ficp, fucP, lacY, futAco and setA expression. 

In the figure, extracellular fractions of 3-fucosyllactose measured in E. coli JMO1 (SetA 

not overexpressed) are represented by columns I, the intracellular fractions being 

represented by columns II. In case of E. coil JM02 (SetA-overexpressed), the extracellu-

lar fractions of 3-fucosyllactose are represented by columns III and intracellular 

fractions are represented by columns IV. All values represent the mean values from 

duplicate experiments, the error bars indicating the respective standard deviations. 

These measurements show, that strain JM01, which does not overexpress SetA, 

accumulates 3-fucosyllactose in the cytosolic fraction. 

By contrast, the intracellular concentration of 3-fucosyllactose in the case of strain 

JM002, overexpressing setA, is below detection level. 
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Further, the supernatants from JMO1- and JM02-culures exhibit a certain content of 

3-fucosyllactose. Thereby, however, the content of 3-fucosyllactose found in the 

supernatant of the JMO2 culture is greatly increased over the content of 3-

fucosyllactose found in the supernatant of the JMO1 culture. While after 32h, the 

concentration of 3-fucosyllactose in the supernatant of JMO1 is approximately 

21 mg L-1, the 3-fucosyllactose concentration in the case of JMO2 is above 51 mg I.:1. 

The comparison of the total amounts of 3-fucosyllactose in cultures of E. coli JMO1 

and JM02 is depicted in Fig. 3. 

Here the total amount of 3-fucosyllactose in E. coli JMO1 cultures is represented by 

columns I and the total amount of 3-fucosyllactose in E. coli JM02 cultures is repre-

sented by columns II. Again, mean values from duplicate experiments are displayed. 

After 32 h of incubation, the strain JMO2 produces with 51.68 mg 1,-' approximately 

57 % more 3-fucosyllactose in total than strain JMO1 (32.99 mg 1:1). 

Example 4: Discussion 

The experimental results of the HPAEC-PAD analysis show, that strong differences in 

synthesis and transport of 3-fucosyllactose exist in between the strains JM01, without 

SetA overexpression, and JM02, overexpressing SetA. 

To start with, 3-fucosyllactose is not detectable in the cellular moist mass of the JM02 

culture, whereas a high concentration of 3-fucosyllactose can be measured in the 

supernatant. 

This clearly indicates that the overexpression of SetA in E. coli leads to an extremely 

efficient export of 3-fucosyllactose from the cell. 
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Hence, the inventors have shown, that SetA, contrary to what was to be expected 

from the prior art, can efficiently export larger oligosaccharides featuring, in the 

present case, three subunits and a molecular mass of 488 g/mol. 

By contrast, in the moist cell mass of the JMO1, a considerable amount of 3-

fucosyllactose is detected, whereas only comparably little 3-fucosyllactose is present 

in the supernatant. 

This result shows that, in absence of overexpressed SetA, 3-fucosyllactose strongly 

accumulates in the cytosol of the bacterial cells. The fact that also under these 

circumstances 3-fucosyllactose is detected in the supernatant can, according to the 

current state of knowledge, be attributed to increased lysis of bacterial cells resulting 

from high intracellular 3-fucosyllactose concentrations. 

When comparing the overall amounts of 3-fucosyllactose in the JM01- and JM02-

cultures, it becomes evident that the overexpression of SetA not only leads to in-

creased concentration of 3-fucosyllactose in the supernatant, but also heightens the 

total amount of synthesized 3-fucosyllactose (see Figure 3). 

This increase in overall synthesis efficiency can be attributed to a higher cell viability 

of the cells overexpressing SetA, which viability would be due to the avoidance of 

product-cytotoxicity. Alternatively or in addition, the increase in overall synthesis 

efficiency can also be attributed to the avoidance of product-inhibitory effects on the 

synthetic enzymes due to product-export mediated by overexpressed SetA. 

Hence, the inventors have shown that overexpression of the SetA transporter is an 

efficient way to enhance the output of oligosaccharide synthesis, accomplished by 

biotechnical methods employing culturable cells. Further, as product-inhibition of 

the relevant synthetic enzymes and cytotoxicity of the synthesis product can be 

mostly avoided, the production is facilitated and made more controllable. 
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SEQUENCE LISTING 

- <110> Jennewein Biotechnologie GmbH 

<120> HMO synthesis 

<130> 2827P100W0 

<160> 12 

<170> PatentIn version 3.3 

<210> 1 
<211> 100 
<212> DNA 	 • 
<213> Escherichia coli 

<400> 1 
aattactctt caattcgtaa cccataggtt ttgaatttct ccagcactac ggcaatctct 

tcatcgctca gcagtgtagg ctggagctgc ttcgaagttc 	 100 

60 

<210> 2 
<211> 100 
<212> DNA 	 • 
<213> Escherichia coli 

. 	. 	 . . 	. 
<400> 2 
ggtgggtaat taaacggcta attcaatagt gtgaaaggaa caacattatt gccctgtttt 

gaatcagaga gagggctgac atgggaatta gccatggtcc 	 100 

60 

<210> 3 
<211> 26  
<212> DNA 
<213> Escherichia coli 

<400> 3 
cattctgtta gccatcatcc ttctcc 	 26 

• 

" 
<210> 4 	 . 	. 
<211> 	27 - 	• 	 . 	. 	• 
<212> DNA 
<213> Escherichia toll 



28 

<400> 4 
gaagaagatg gtgggtaatt aaacggc 	 27 

<210> 5 
<211> 53 
<212> DNA 
<213> Escherichia coli 

<400> 5 
aagggaaaaa catatgatct ggataatgac gatggctcgc cgtatgaacg gtg 53 

<210> 6 
<211> 47 
<212> DNA 
<213> Escherichia coli 

<400> 6 	- 
aagggaaaaa ctcgagccac gtcatcaaac gtctttaacc tttgcgg 47 

<210> 7 
<211> 54 

. . 	<212> DNA 
<213> Escherichia coli 

<400> 7 
aaggaaatat accatgggct actatttaaa aaacacaaac ttttggatgt tcgg 54 

<210> 8 
<211> 57 

. <212> DNA 	' 
<213> Escherichia coli 

<400> 8 	 . 
aaggaaaacc gaattcgatt gcttaagcga cttcattcac ctgacgacgc agcaggg 57 

<210> 9 
<211> 19 
<212> DNA 
<213> Escherichia coli 

<400> 9 
ggatdcgac gctctccct 	 19 
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<210> 10 
<211> 20 
<212> DNA 
<213> Escherichia coli 

<400> 10 
gattatgcgg ccgtgtacaa 2C 

<210> 11 
<211> 20 
<212> DNA 
<213> Escherichia coli . 

<400> 11 
ttgtacacgg ccgcataatc 20 

<210> 12 
<211> 19 
<212> DNA 
<213> Escherichia coli 

<400> 12 
tatgctagtt attgctcag 19 
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Claims 

1.  Bacterial Cell to be stably cultured in a medium, which cell is adjusted for the 

production of fucosyllactose, the cell being transformed to comprise at least one 

nucleic acid sequence coding for an enzyme involved in oligosaccharide synthesis, 

wherein the enzyme is a fucosyltransferase, 

characterized in that 

the bacterial cell in addition is transformed to comprise at least one nucleic acid 

sequence coding for a protein of the Sugar Efflux Transporter (SET) family, which 

exports fucosyllactose from cytosol of said bacterial cell, or a functional homolog of 

the protein. 

2.  The bacterial Cell according to claim 1, characterized in that the bacterial cell 

is an Escherichia coli cell. 

3.  The bacterial Cell according to anyone of claims 1 or 2, characterized in that 

the Sugar Efflux Transporter is SetA . 

4.  The bacterial Cell according to anyone of claims I to 3, characterized in that it 

is further transformed to comprise at least one nucleic acid sequence coding for a 

protein facilitating or promoting the import of educts required for oligosaccharide 

synthesis, wherein the protein is selected from the group consisting of lactose 

transporter, 	fucose 	transporter, 	sialic 	acid 	transporter, 	galactose 	transporter, 

mannose transporter, N-acetylglucosamine transporter, N- acetylgaIactosamine 

transporter, ABC-transporter, transporter for a nucleotide- activated sugar and 

transporter for a nucleobase, nucleoside or nucleotide. 

5.  The bacterial Cell according to anyone of claims 1 to 4, characterized in that it is 

further transformed to comprise at least one nucleic acid sequence coding for a 

protein selected from the group consisting of nucleotidyltransferase, guanylyl 

transferase, uridylyl transferase, Fkp, L-fucose kinase, fucose-l- phosphate 

guanylyltransferase, CMP-sialic acid synthetase, galactose kinase, galactose-1- 
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phosphate 	uridylyl 	transferase, 	glucose 	kinase, 	glucose-i-phosphate 

uridylyltransferase, mannose kinase, mannose-i-phosphate guanylyltransferase, 

GDP-4-keto-6-deoxy-D-mannose reductase, glucosamine kinase, glucosa- mine-

phosphate acetyltransferase, N-acetyl-glucosamin-phosphate uridylyltransferase, 

UDP-N-acetylglucosamine 4-epimerase, UDP-N-acetyl- glucosamine z-epimerase. 

6. The bacterial Cell according to anyone of claims I to 5, characterized in that the 

fucosyllactose comprises at least three subunits and/or feature a molecular weight of 

at least about 480 g/mol. 

7. Method for the production of fucosyllactose, comprising the steps of: 

a) providing a bacterial cell according to anyone of claims i to 6, 

b) culturing the bacterial cell in a medium under conditions permissive for the • 

production of said fucosyllactose, 

c) extracting said fucosyllactose from the culture medium. 

8. Method according to claim 7, characterized in that step b) is performed using a 

continuous flow bioreactor. 

9. Method according to claim 7 or 8, characterized in that, the medium in step 

b) comprises educts required for the synthesis of oligosaccharides, wherein the 

educts are selected from the group consisting of arabinose, threose, erythrose, ribose, 

ribulose, 	xylose, 	glucose, 	D-2-deoxy-2-amino-glucose, 	N- 	acetylglucosamine, 

glucosamine, fructose, mannose, galactose, N- acetylgalactosamine, galactosamine, 

sorbose, fucose, lactose, N- acetylneuraminic acid, glycoside, non-natural sugar, 

nucleobase, nucleoside, nucleotide and any possible di- or polymer thereof. 

10. Method according to anyone of claims 7 to 9, characterized in that the 
oligosaccharides comprise at least three subunits and/or feature a molecular weight 
of at least about 480 gimol. 


