
FUCOSYLATION-DEFICIENT CELLS 

FIELD 

[0001]The invention relates to a modified mammalian enzyme in the fucosylation pathway, 

wherein cells bearing the modified mammalian enzyme exhibit a reduced ability to fucosylate 

a protein, and to cells comprising a genetic modification that results in a reduced ability to 

fucosylate a protein. The invention includes mammalian cell lines {e.g., CHO lines) that 

express proteins, including antibodies, with reduced fucosylation as compared to wild-type 

cell lines. The invention also relates to conditional control of protein fucosylation. 

BACKGROUND 

[0002] Cell lines that are unable to fucosylate proteins are known in the art. A number of 

loss-of-function mutants that are unable to fucosylate proteins are known, perhaps most 

notably certain Chinese hamster ovary (CHO) cell mutants selected for resistance to certain 

lectins. Such cell lines are isolated by repeated selection for the inability to bind a particular 

lectin, e.g., the Lens culinaris lectin, in the presence of a mutagen. Other cell lines 

reportedly incapable of fucosylating proteins, e.g., antibodies, are known, see, e.g., US 

Patent No. 7,425,466 and US Patent No. 7,214,775 (a1,6-fucosyltransferase, i.e., FUT8 

mutant). There remains a need in the art for cell lines with reduced ability to fucosylate 

proteins, in particular for cells with reduced fucosylation ability in the absence of a knockout, 

and for cells that conditionally fucosylate proteins. 

SUMMARY 

[0003] In one aspect, an isolated modified GDP-4-keto-6-deoxy-mannose-3,5-epimerase-4-

reductase (FX) protein is provided, comprising a modification selected from the group 

consisting of 79S, 90K, 136L, 211R, 289S, and a combination thereof. In one embodiment, 

the FX protein comprises a 289S modification. In one embodiment, the FX protein 

comprises a 289S modification and at least one modification selected from the group 

consisting of 79S, 90K, 136L, 211R, and a combination thereof. 

[0004] In one aspect, a nucleic acid that codes for a modified FX protein sequence is 

provided. In a specific embodiment, the nucleic acid is a cDNA. In one embodiment, an 

expression vector or a targeting vector comprising the nucleic acid is provided. In one 

embodiment, the nucleic acid of the targeting vector comprises an intron. In one 

embodiment, the nucleic acid of the targeting vector comprises a cDNA encoding the 

modified FX protein. In a specific embodiment, the targeting vector comprises a targeting 
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sequence that targets the vector to a locus in a human, non-human primate, hamster, 

mouse, or rat genome. 

[0005] In one aspect, a cell is provided that comprises a modification to a nucleic acid that 

codes for an FX protein, or that expresses an FX protein with a modification, wherein the cell 

does not express or does not substantially express a wild-type FX protein. In a specific 

embodiment, the cell exhibits no more than 10%, no more than 5%, no more than 2%, or no 

more than 1% wild-type FX protein as compared with a cell that lacks the modification. 

[0006] In one embodiment, the ceil comprising the modified FX protein or nucleic acid 

expresses an Fc-containing glycoprotein, wherein the cell fucosylates no more than 90%, no 

more than 95%, no more than 96%, no more than 97%, no more than 98%, or no more than 

99% of the glycoprotein as compared with a cell that lacks the modification. 

[0007] In one aspect, a cell is provided that comprises a modification to a nucleic acid that 

encodes an FX protein, or that expresses an FX protein with a modification, wherein the cell 

lacks or substantially lacks the ability to fucosylate a glycoprotein at a first temperature, but 

does not lack or does not substantially lack the ability to fucosylate the glycoprotein at a 

second temperature. 

[0008] In one embodiment, the first temperature is about 37°C. In one embodiment, the 

second temperature is about 34°C. 

[0009] In one embodiment, the ability to fucosylate the glycoprotein at the first temperature 

is about 1% to about 10% of the ability to fucosylate the glycoprotein exhibited by a cell that 

lacks the modification. In one embodiment, the ability to fucosylate the glycoprotein at the 

second temperature is about 70%, 80%, 90%, or more as compared with the ability to 

fucosylate the glycoprotein by a cell that lacks the modification. 

[0010] In a specific embodiment, the FX protein modification comprises an amino acid 

substitution selected from the group consisting of the following amino acid substitutions: 

90K, 289S, 211R, 136L, 79S, and a combination thereof. In a specific embodiment, the 

substitution is 289S. 

[0011] In one embodiment, the FX protein is from a nonhuman primate (e.g., Macaca 

mulatta), a human, a mouse (e.g., Mus musculus), a rat (e.g., Rattus norvegicus), or a 

hamster (e.g., Chinese hamster, or Cricetulus griseus). In a specific embodiment, the FX 

protein comprises the amino acid sequence of SEQ ID NO:1, SEQ ID NO:3, SEQ ID NO:4, 

SEQ ID NO:5, or SEQ ID NO:6, and bears one or more modifications (e.g., amino acid 

substitutions) as described herein. 

[0012] In one embodiment, the nucleic acid codes for a FX protein that is at least 90% or at 

least 95% identical to the sequence of SEQ ID NO:1, and further comprises one or more of 
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the following amino acids at one or more of the following positions: 79S, 90K, 136L, 211R, 

and 289S. 

[0013] In one embodiment, the nucleic acid codes for a FX that is at least 95% identical to 

the FX of SEQ ID NO:2. In a specific embodiment, the FX has the amino acid sequence of 

SEQ ID NO:2. 

[0014] In one aspect, a cell is provided, wherein the cell comprises a modification that 

results in a reduced ability of the cell to fucosylate a glycoprotein, and the modification 

comprises a mutation or alteration in the sequence of a FX gene that results in the reduced 

ability to fucosylate the glycoprotein. 

[0015] In one embodiment, the cell expresses a wild-type fucosylation pathway enzyme 

selected from the group consisting of GDP-mannose 4,6-dehydratase (GMD), a wild-type 

GDP-p-L-fucose pyrophosphorylase (GFPP), a wild-type a-1,6-fucolysltransferase (FUT8), 

and a combination thereof. 

[0016] In one aspect, a mammalian cell capable of fucosylating a protein is provided, 

wherein the cell comprises a modification in a FX gene, wherein the modification results in at 

least a 90% reduction in the cell's ability to fucosylate a protein in comparison to a cell that 

lacks the mutation or alteration. 

[0017] In one embodiment, the reduction is about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 

97%, 98%, or 99% in comparison with a mammalian cell that does not contain the 

modification. 

[0018] In one embodiment, comparison of a modified cell according to the invention and a 

cell that does not comprise the modification is conducted under the same or under 

essentially the same conditions (e.g., media, temperature, cell density, etc.). 

[0019] In one embodiment, the cell is selected from a COS, CHO, 293, BHK, HeLa, Vero, a 

mammalian transfected with adenovirus genes, e.g., AD5 E1, including but not limited to an 

immortalized human retinal cell transfected with an adenovirus gene, e.g., a PER.C6™ cell, 

and an NSO cell, in one embodiment, the cell is a Chinese hamster ovary (CHO) cell. In a 

specific embodiment, the CHO cell is a CHO K1 cell. 

[0020] In one embodiment, the modification is selected from the group consisting of the 

following amino acids: 79S, 90K, 136L, 211R, 289S, and a combination thereof. In a 

specific embodiment, the substitution comprises 289S. In another specific embodiment, the 

substitution comprises 289S and one or more of 79S, 90K, 136L, and 211R. 

[0021] In one embodiment, the cell comprises an FX gene that encodes a protein 

comprising the sequence of SEQ ID NO:1, with one or more amino acid substitutions 

selected from the group consisting of N79S, N90K, P136L, G211R, L289S, and a 
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combination thereof. In a specific embodiment, the amino acid substitution comprises 

L289S and one or more of N79S, N90K, P136L, and G211R. 

[0022] In one embodiment, the cell further comprises at least one nucleic acid encoding an 

immunoglobulin protein. In a specific embodiment, the immunoglobulin protein is a human 

protein or a mouse protein. In a specific embodiment, the immunoglobulin protein comprises 

an immunoglobulin light chain. In a specific embodiment, the immunoglobulin protein 

comprises an immunoglobulin heavy chain. In one embodiment, the immunoglobulin heavy 

chain is of an lgG1, lgG2, lgG3, or lgG4 isotype. In one embodiment, the immunoglobulin 

heavy chain is an lgG1 isotype, e.g., a human lgG1 isotype. In one embodiment, the 

variable region of the heavy and/or light chain comprises a human CDR, in another 

embodiment a mouse CDR, in another embodiment a humanized CDR of a mouse or a non-

human primate. 

[0023] In one embodiment, the cell comprises a nucleic acid encoding a CH2 and a CH3 

domain of an immunoglobulin heavy chain. In one embodiment, the immunoglobulin heavy 

chain is of an isotype lgG1, lgG2, lgG3, or lgG4. 

[0024] In one embodiment, the protein is an antigen-binding protein. In a specific 

embodiment, the antigen-binding protein is an antibody. In specific embodiments, the 

antibody comprises a heavy chain of an IgA, IgD, IgE, IgG, or IgM isotype. In one 

embodiment, the antigen-binding protein is an antibody of lgG1 isotype. 

[0025] In one embodiment, the protein is an antibody and only about 5%, 4%, 3%, 2%, 1%, 

or 0.5% of the antibody protein made by the cell is fucosylated. In one embodiment, the 

amount of antibody protein made that is fucosylated is measured by overnight 

deglycosylation of antibody protein with PNGase F followed by oligosaccharide analysis via 

HPLC wherein fucosyl-containing oligosaccharides are quantified by integration of glycan 

peak area, and, e.g., protein fucosylation is calculated based on glycan peak area. In a 

specific embodiment, fucosylated glycans are identified by mass spectroscopy. 

[0026] In one aspect, a method for making an antigen-binding protein is provided, the 

meinod comprising: (a) providing a ceii capabie of fucosyiating a protein, wherein the ceil 

comprises a modification in a FX gene that results in at least a 90% reduction in the cell's 

capability to fucosylate a protein; (b) introducing into the cell a nucleic acid sequence 

encoding an antigen-binding protein; (c) maintaining the cell under conditions sufficient to 

express the nucloic acid sequence to produce the antigen-binding protein; and, (d) 

recovering the antigen-binding protein expressed by the cell. 

[0027] In one embodiment, the antigen-binding protein is an antibody, in a specific 

embodiment, the antibody is selected from a human antibody, a mouse antibody, a chimeric 

human/mouse antibody, and a non-human primate antibody. 
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[0028]In one embodiment, the cell is a Chinese hamster ovary (CHO) cell. 

[0029] In one embodiment, the reduction in the cell's capacity to fucosylate a protein is 91%, 

92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 99.5% as compared to a cell that lacks the 

modification in the FX gene. 

[0030] In one embodiment, the modification is selected from the group consisting of the 

following amino acids at the following positions: 79S, 90K, 136L, 211R, and 289S. In one 

embodiment, the modification comprises 289S and at least one of 79S, 90K, 136L, and 

211R. 

[0031] In one embodiment, the fucosyltransferase gene encodes a protein comprising the 

sequence of SEQ ID NO:1, with amino acid substitutions selected from the group consisting 

of N79S, N90K, P136L, G211R, and L289S. In one embodiment the modification comprises 

L289S and at least one of N79S, N90K, P136L, and G211R. 

[0032] In one embodiment, the antibody or fragment thereof is a human antibody or 

fragment thereof. In a specific embodiment, the antibody is an lgG1 isotype, e.g., a human 

lgG1. 

[0033] In one embodiment, the recovered antibody has no more that about 5% fucosylation 

as compared to the same antibody made in a wild-type cell that lacks the modification, in 

another embodiment, no more than 4%, 3%, 2%, 1%, or 0.5% fucosylation as compared to 

the same antibody made in a wild-type cell that lacks the modification. 

[0034] In one aspect, a cell is provided that expresses a wild-type fucosylation pathway 

enzyme selected from the group consisting of GDP-mannose 4,6-dehydratase (GMD), a 

wild-type GDP-|3-L-fucose pyrophosphorylase (GFPP), a wild-type a-1,6-fucolysltransferase 

(FUT8), and a combination thereof; wherein the cell comprises a modified FX gene, wherein 

the cell has a reduced ability to fucosylate a glycoprotein as compared to a cell that lacks the 

modification to the FX gene. 

[0035] In a specific embodiment, the glycoprotein comprises an Fc. In one embodiment, the 

protein is an antibody. In one embodiment, the protein comprises a sequence of an IgG, In 

a specific embodiment, the sequence of an IgG is an lgG1, an lgG2, an lgG3, an lgG4 

sequence, or a combination thereof. In a specific embodiment, the protein is an antibody 

and the antibody comprises an Fc having an lgG1, lgG2, lgG3, and/or lgG4 sequence. 

[0036] In one embodiment, the cell is selected from CHO, COS, human retinal (e.g., 

PER.C6™), Vero, or HeLa cell. 

[0037] In one aspect, a method is provided for making a glycoprotein, comprising 

expressing a glycoprotein in a mammalian cell, wherein the mammalian cell comprises a 

modified FX gene. 
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[0038] In one embodiment, a method for making a glycoprotein is provided, comprising 

culturing a glycoprotein-expressing CHO cell in culture medium under conditions sufficient 

for the CHO cell to express the glycoprotein, and recovering from the CHO cell or the culture 

medium the expressed glycoprotein. In one embodiment, the expressed glycoprotein is no 

more than about 5% fucosylated. In one embodiment, no more than about 4%, 3%, 2%, 1%, 

or 0.5% fucosylated. In a specific embodiment, the percent fucosylation is a mole percent of 

fucose to glycan. In a specific embodiment, the percent fucosylation is a mole percent of 

fucose to glycoprotein. In a specific embodiment, the molar ratio of nonfucosylated to 

fucosylated protein is about 0.90 to 0.10, about 0.91 to 0.09, about 0.92 to 0.08, about 0.93 

to 0.07, about 0.94 to 0.06, about 0.95 to 0.05, about 0.96 to 0.04, about 0.97 to 0.03, about 

0.98 to 0.02, or about 0.99 to 0.01. 

[0039]In one embodiment, the glycoprotein comprises an immunoglobulin CH2 and CH3 

region having at position 297 (EU numbering) the following glycan moiety: GlcNAc(1) bound 

to the glycoprotein through the N-linkage; GlcNAc(1)-GlcNAc(2)-Mannose(1), wherein 

Mannose(1) bears a first and a second moiety, wherein the first moiety consists essentially 

of Mannose(2)-ManGlcNAc(3); and wherein the second moiety consists essentially of 

Mannose(3)-GlcNAc(4). In one embodiment, the carbohydrate moiety further consists 

essentially of a Gal(1) bound to GlcNAc(4). In another embodiment, the carbohydrate 

moiety further consists essentially of a Gal(1) bound to GlcNAc(4) and a Gal(2) bound to 

GlcNAc(3). 

[0040] In one embodiment, fucosylated glycoprotein comprises a glycan moiety identical to 

the nonfucosylated glycan moiety described in the paragraph immediately preceding this 

paragraph, but also bears a fucose moiety at GlcNAc(1). 

[0041] In one aspect, a genetically modified cell is provided, wherein the modification is to a 

FX gene, and wherein the modification results in the cell producing a FX mRNA that 

encodes an FX protein having at least one of the following amino acids: 79S, 90K, 136L, 

211R, 289S; and wherein the cell exhibits a reduced ability to fucosylate a glycoprotein as 

compared with a ceii that iacks the FX gene modification, in one embodiment, the mRNA 

encodes an FX protein comprising a serine at position 289. In another embodiment, the 

mRNA encodes an FX protein that further comprises at least one of a 79S, 90K, 136L, 

211R. 

[0042] In one aspect, a genetically modified cell is provided, wherein the modification is to a 

FX gene, wherein the modification alters a codon of the FX gene such that the modified FX 

gene codes for an FX protein having at least one of the following: a serine at position 79, a 

lysine at position 90, a leucine at position 136, an arginine at position 211, and a serine at 

position 289. In one embodiment the FX protein comprises a serine at position 289 and at 
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least one of a lysine at position 90, a leucine at position 136, and/or an arginine at position 

211. 

[0043] In one embodiment, the cell further expresses an Fc-containing protein. In one 

embodiment, the Fc-containing protein is an antibody. 

[0044] In one embodiment, the cell glycosylates the Fc-containing protein, but does not 

substantially fucosylate the glycosylated Fc-containing protein. In a specific embodiment, 

the fucosylation is about no more than 5%, 4%, 3%, 2%, 1%, or 0.5% of the fucosylation of 

the glycosylated Fc-containing protein as compared to a cell that lacks the FX gene 

modification. 

[0045] In one embodiment, the glycosylation comprises a biantennary trimannosyl group. In 

one embodiment, the molar ratio of fucose to biantennary trimannosyl group is no more than 

about 1:20, 1:25, 1:33, 1:50, 1:100, or 1:200. In one embodiment, the molar ratio of fucose 

to biantennary trimannosyl group in the fucosylated Fc-containing protein is no more than 

about 1:20, 1:25, 1:33, 1:50, 1:100, or 1:200. 

[0046] In one embodiment, the Fc-containing protein is an antibody, and the glycosylation 

comprises a glycan moiety at position 297 of the Fc, In one embodiment, the molar ratio of 

fucose to glycan moiety is no more than about 1:20, 1:20, 1:25, 1:33, 1:50, 1:100, or 200. In 

one embodiment, the glycan moiety comprises two tandem GlcNAc residues followed by a 

biantennary trimannosyl moiety, wherein each of two terminal mannosyl moieties of the 

trimannosyl moiety bear one GlcNAc residue. In one embodiment, the molar ratio of fucose 

to GlcNAc in the glycan is no more than 1:80, 1:100, 1:133, 1:150, 1:200, 1:400, or 1:800. 

[0047] In one aspect, a modified mammalian cell that ectopically expresses a glycoprotein is 

provided, wherein the modification comprises a modified FX nucleic acid sequence, and the 

cell comprises a fucose salvage pathway and a de novo fucose synthesis pathway and 

expresses a functional FUT 8 protein and a functional GMD protein, wherein the de novo 

fucose synthesis pathway is incapable of substantially fucosylating a glycoprotein due to the 

modification of the FX nucleic acid sequence at about 37°C, but is capable of substantially 

fucosylating the glycoprotein at about 34°C. 

[0048]The individual aspects and embodiments described herein are intended to be 

employed alone or in combination with any other aspect or embodiment, unless expressly 

stated otherwise or unless such combination is disallowed by the context. 

BRIEF DESCRIPTION OF THE FIGURES 

[0049] FIG. 1 shows a MacVector™ alignment for FX protein sequence (from top to bottom) 

of monkey (Macacca mulatta), SEQ ID NO:3; human, SEQ ID NO:4; mouse (Mus 

musculus), SEQ ID NO:5; rat (Rattus norvegicus), SEQ ID NO:6; CHO (Cricetulus griseus), 
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SEQ ID N0:1; and CHO with an L289S and N90K modification (designated cell line 8088), 

SEQ ID NO:2. 

[0050]FIG. 2 shows flow cytometry histograms of 3033, 6066, 7077, and 8088 cells before 

and after staining with LCA. 

[0051]FIG. 3 shows flow cytometry histograms of unstained 4044-1 cells, and histograms of 

4044-1, 6069, 2020, and 2121 cells stained with LCA. 

[0052] FIG. 4 shows flow cytometry histograms of unstained 5055 cells, and histograms of 

5055, 8088, and 1010 cells stained with LCA. 

[0053] FIG. 5 shows flow cytometry histograms of 4044-1 and 6066-1 cells cultured at 37°C 

and 34°C before and after staining with LCA. 

[0054] FIG. 6 shows flow cytometry histograms of 3033, 7077, 8088, and 1010 cells 

cultured in media with and without 5 mM L-fucose, and histograms of 5055 cells cultured in 

medium without L-fucose. All cells were stained with LCA. 

[0055] Fig. 7 shows flow cytometry histograms of 8088 cells stably transfected with pR4009, 

pR4010, and pR4011, and 5055 cells. 

[0056] Fig. 8 shows glycan separation by HPLC for Ab 3.1 in 8088 cells grown at 37°C in 

the absence of an external fucose source (1.47% fucosylation). 

[0057] Fig. 9 shows mass spectrometry results for the glycans of Fig. 8; structures of 

glycans are presented to the right of each peak. GlcNAc residues are represented by 

squares; mannose residues are represented by circles; galactose residues are represented 

by diamonds. 

[0058] Fig. 10 shows glycan separation by HPLC for Ab 3.1 in 8088 cells grown at 37°C in 

the presence of 10 mM fucose (95.22% fucosylation). 

[0059] Fig. 11 shows mass spectrometry results for the glycans of Fig. 10; structures of 

glycans are presented to the right of each peak. GlcNAc residues are represented by 

squares; mannose residues are represented by circles; galactose residues are represented 

by diamonds; fucose residues are represented by triangles. 

[0060] Fig. 12 shows glycan separation by HPLC for Ab 3.2 in 8088 cells grown at 37°C in 

the absence of an external fucose source (5.73% fucosylation). 

[0061] Fig. 13 shows mass spectrometry results for the glycans of Fig. 12; structures of 

glycans are presented to the right of each peak. GlcNAc residues are represented by 

squares; mannose residues are represented by circles; galactose residues are represented 

by diamonds. 

[0062] Fig. 14 shows glycan separation by HPLC for Ab 3.2 in 8088 cells grown at 37°C in 

the presence of 10 mM fucose (95.63% fucosylation). 
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[0063] Fig. 15 shows mass spectrometry results for the glycans of Fig. 14; structures of 

glycans are presented to the right of each peak. GlcNAc residues are represented by 

squares; mannose residues are represented by circles; galactose residues are represented 

by diamonds; fucose residues are represented by triangles. 

[0064] Fig. 16 summarizes results of mass spectrometry studies on wild-type and low 

fucosylation cell lines. GlcNAc residues are represented by squares; mannose residues are 

represented by circles; galactose residues are represented by diamonds; fucose residues 

are represented by triangles. 

DESCRIPTION 

[0065] The invention is not limited to particular methods and experimental conditions 

described, as such methods and conditions may vary. The terminology used herein is for 

the purpose of describing particular embodiments only, and is not intended to be limiting, 

since the invention is encompassed by the granted claims. 

[0066] Unless defined otherwise, all terms and phrases used include the meanings that the 

terms and phrases have attained in the art, unless the contrary is clearly indicated or clearly 

apparent from the context in which the term or phrase is used. Although any methods and 

materials similar or equivalent to those described can be used in the practice or testing of 

the present invention, particular methods and materials are now described. All publications 

mentioned are hereby incorporated by reference. 

[0067] Reference to the singular (e.g., "a" or "the") is intended to encompass reference to 

the plural, unless the context clearly indicates that reference to the plural is excluded. 

[0068]The term "antibody" includes immunoglobulin molecules comprising four polypeptide 

chains, two heavy (H) chains and two light (L) chains inter-connected by disulfide bonds. 

Each heavy chain comprises a heavy chain variable (VH) region and a heavy chain constant 

region (CH). The heavy chain constant region comprises three domains, CH1, CH2 and 

CH3. Each light chain comprises a light chain variable (VL) region and a light chain constant 

region (CL). The VH and VL regions can be further subdivided into regions of 

hypervariability, termed complementarity determining regions (CDRs), interspersed with 

regions that are more conserved, termed framework regions (FRs). Each VH and VL 

comprises three CDRs and four FRs, arranged from amino-terminus to carboxy-terminus in 

the following order: FR1, CDR1, FR2, CDR2, FR3, CDR3, FR4 (heavy chain CDRs may be 

abbreviated as HCDR1, HCDR2 and HCDR3; light chain CDRs may be abbreviated as 

LCDR1, LCDR2 and LCDR3. The term "high affinity" antibody refers to an antibody that has 

a KD with respect to its target epitope about of 10'9 M or lower (e.g., about 1 x 10"9 M, 1 x 10" 
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3 M, 1 x 10~11 M, or about 1 x 10"12 M). In one embodiment, KD is measured by surface 

plasmon resonance, e.g., BIACORE™; in another embodiment, KD is measured by ELISA 

[0069]The phrase "binding protein" includes any protein that is capable of specifically 

recognizing a binding partner. Specific recognition generally requires that the binding 

protein bind its binding partner with a dissociation constant (KD) of no higher than a few 

micromolar, and in most instances desirable binding proteins bind their binding partners in 

the nanomolar range, e.g., in various embodiments on the order of less than a hundred 

nanomolar. Most binding proteins described herein are also Fc-containing proteins, i.e., 

they comprise a binding moiety fused with an Fc that comprises at least a functional portion 

of an immunoglobulin CH2 and CH3 region. Typical binding proteins are antibodies, 

multispecific antibodies (e.g., bispecific antibodies), immunoadhesins, traps (e.g., cytokine 

traps such as IL-1 traps; VEGF trap, etc.). Typical binding proteins that are not antibodies 

bear a binding moiety (e.g., a receptor or fragment thereof, a ligand or fragment thereof, a 

variation on a canonical immunoglobulin variable domain, etc.) and an immunoglobulin 

moiety that frequently comprises a CH2 and a CHS immunoglobulin domain (or fragment 

thereof retaining an Fc effector function). Thus, the compositions and methods of the 

invention can be used to make binding proteins (e.g., including immunoadhesins and traps) 

that bear an immunoglobulin region that binds an Fc receptor and/or that activates 

complement (e.g., a functional CH2 and CH3 region) and thereby is capable of mediating 

ADCC and/or CDC. 

[0070] Multispecific antibodies may be specific for different epitopes of one target 

polypeptide or may contain antigen-binding domains specific for more than one target 

polypeptide. Multispecific binding proteins that are bispecific can be made that comprise two 

immunoglobulin arms, e.g., wherein the first arm of an immunoglobulin is specific for a first 

epitope, and the second arm of the immunoglobulin is specific for a second epitope. Other 

multispecific binding proteins include those wherein the second arm bears a binding moiety 

(a ligand or a receptor or binding fragment thereof) that specifically binds a target that is a 

protein or non-protein binding partner. 

[0071]The phrase "bispecific antibody" includes an antibody capable of selectively binding 

two or more epitopes. Bispecific antibodies generally comprise two nonidentical heavy 

chains, with each heavy chain specifically binding a different epitope—either on two different 

molecules (e.g., different epitopes on two different antigens) or on the same molecule (e.g., 

different epitopes on the same antigen). If a bispecific antibody is capable of selectively 

binding two different epitopes (a first epitope and a second epitope), the affinity of the first 

heavy chain for the first epitope will generally be at least one to two or three or four or more 

orders of magnitude lower than the affinity of the first heavy chain for the second epitope, 
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and vice versa. Epitopes specifically bound by the bispecific antibody can be on the same 

or a different target (e.g., on the same or a different protein). Bispecific antibodies can be 

made, for example, by combining heavy chains that recognize different epitopes of the same 

antigen. For example, nucleic acid sequences encoding heavy chain variable sequences 

that recognize different epitopes of the same antigen can be fused to nucleic acid 

sequences encoding the same or different heavy chain constant regions, and such 

sequences can be expressed in a cell that expresses an immunoglobulin light chain. A 

typical bispecific antibody has two heavy chains each having three heavy chain CDRs, 

followed by (N-terminal to C-terminal) a CH1 domain, a hinge, a CH2 domain, and a CH3 

domain, and an immunoglobulin light chain that either does not confer epitope-binding 

specificity but that can associate with each heavy chain, or that can associate with each 

heavy chain and that can bind one or more of the epitopes bound by the heavy chain 

epitope-binding regions, or that can associate with each heavy chain and enable binding or 

one or both of the heavy chains to one or both epitopes. 

[0072] One example of a bispecific binding protein format employs a first immunoglobulin 

(Ig) CH3 domain and a second Ig CH3 domain, wherein the first and second Ig CH3 

domains differ from one another by at ieast one amino acid, and wherein at least one amino 

acid difference reduces binding of the bispecific antibody to Protein A as compared to a bi­

specific antibody lacking the amino acid difference. In one embodiment, the first Ig CH3 

domain binds Protein A and the second Ig CH3 domain contains a mutation that reduces or 

abolishes Protein A binding such as a 435R modification (by EU numbering; 95R by iMGT 

exon numbering). The second CH3 may further comprise a 436F modification (by EU 

numbering; 96F by IMGT numbering). Further modifications that may be found within the 

second CH3 include 356E, 358M, 384S, 392N, 397M, and 4221 (by EU numbering; 16E, 

18M, 44S, 52N, 57M, and 82I by IMGT numbering). In this format, the first Ig CH3 domain is 

fused to a first binding moiety (e.g., a first Ig variable domain that specifically binds a first 

epitope), and the second Ig CH3 domain is fused to a second binding moiety (e.g., a second 

Ig variable domain that specifically binds a second epitope, wherein the first and the second 

epitopes are different). 

[0073]The term "cell" includes any cell that is suitable for expressing a recombinant nucleic 

acid sequence, Cells include eukaryotes (single-cell or multiple-cell), yeast cells (e.g., S. 

cerevisiae, S. pombe, P. pastoris, P. methanolica, etc.), plant cells, insect cells (e.g., SF-9, 

SF-21, baculovirus-infected insect cells, Trichoplusia ni, etc.), non-human animal ceils, 

human cells, or cell fusions such as, for example, hybridomas or quadromas. Cells that do 

not naturally comprise a pathway for fucosylation may be genetically modified to contain one 

(see, e.g., US Patent Application Publication No. 2010/0028951A1), and the cell can be 

modified to employ a FX gene that is modified as described herein. 
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[0074] In some embodiments, the cell is a human, monkey, ape, hamster, rat, or mouse cell. 

In some embodiments, the cell is eukaryotic and is selected from the following cells: CHO 

(e.g., CHO K1, DXB-11 CHO, Veggie-CHO), COS (e.g., COS-7), Syrian hamster, rat 

myleloma, mouse myeloma (e.g., SP2/0, NSO), retinal cell, Vero, CV1, kidney (e.g., 

HEK293, 293 EBNA, MSR 293, MDCK, HaK, BHK, BHK21), HeLa, HepG2, WI38, MRC 5, 

Colo2Q5, HB 8065, HL-60, Jurkat, Daudi, A431 (epidermal), CV-1, U937, 3T3, L cell, C127 

cell, MMT 060562, Sertoli cell, BRL 3A cell, HT1080 cell, a human myeloma cell, tumor cell, 

a human lymphoma cell (e.g., a Namalwa cell) and a cell line derived from an 

aforementioned cell. In some embodiments, the cell comprises one or more viral genes, e.g. 

the cell is a retinal cell that expresses a viral gene (e.g., a PER.C6™ cell). 

[0075] The phrase "Fc-containing protein" includes antibodies, bispecific antibodies, 

immunoadhesins, and other binding proteins that comprise at least a functional portion of an 

immunoglobulin CH2 and CH3 region. A "functional portion" refers to a CH2 and CH3 region 

that can bind an Fc receptor (e.g., an FcyR or an FcRN), and/or that can participate in the 

activation of complement. If the CH2 and CH3 region contains deletions, substitutions, 

and/or insertions or other modifications that render it unable to bind any Fc receptor and also 

unable to activate complement, the CH2 and CH3 region is not functional 

[0076] Fc-containing proteins can comprise modifications in immunoglobulin domains, 

including where the modifications affect one or more effector function of the binding protein 

(e.g., modifications that affect FcyR binding, FcRN binding and thus half-life, and/or CDC 

activity). Such modifications include, but are not limited to, the following modifications and 

combinations thereof, with reference to EU numbering of an immunoglobulin constant 

region: 238, 239, 248, 249, 250, 252, 254, 255, 256, 258, 265, 267, 268, 269, 270, 272, 276, 

278, 280, 283, 285, 286, 289, 290, 292, 293, 294, 295, 296, 297, 298, 301, 303, 305, 307, 

308, 309, 311, 312, 315, 318, 320, 322, 324, 326, 327, 328, 329, 330, 331, 332, 333, 334, 

335, 337, 338, 339, 340,. 342, 344, 356, 358, 359, 360, 361, 362, 373, 375, 376, 378, 380, 

382, 383, 384, 386, 388, 389, 398, 414, 416, 419, 428, 430, 433, 434, 435, 437, 438, and 

439. For example, and not by way of limitation, the binding protein may exhibit enhanced 

serum half-life and have a modification at positions 252, 254, and 256; or a modification at 

428 and/or 433 and/or 434; or a modification at 250 and/or 428; or a modification at 307 or 

308, and 434. 

[0077]The term "FX" refers to a protein that exhibits GDP-4~keto-6-deoxymannose-3,5-

epimerase-4-reductase activity or to a nucleic acid sequence that codes for a protein having 

GDP-4-keto-6-deoxymannose-3,5-epimerase-4-reductase activity. Most examples 

described herein refer to a wild-type C. griseus FX or a C. griseus FX that is modified 

according to the invention. However, "FX" is not limited to reference to a CHO cell. As 
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shown in FIG. 1, an alignment of Macaca mulatta, human, Mus musculus, Rattus norvegicus 

FX sequences reveal a very high degree of conservation, i.e., FX sequences from various 

organisms are very, very similar. Based on this high degree of identity, it is to be expected 

that minor sequence differences that exist between these species will not substantially affect 

FX activity. Differences between the CHO FX sequence (SEQ ID NO:1) and sequences 

from monkey (SEQ ID NO;3), human (SEQ ID NO:4), mouse (SEQ ID NO;5), and rat (SEQ 

ID NO:6) include the following: 5H, 8M, 21K, 37D, 51T, 55R, 59E, 62R, 93M, 106A, 107C, 

138N, 161Y, 167S, 177Y, 201S, 202S, 202D, 212N, 225Q, 235S, 266H, 266N, 266S, 273T, 

274S, 280F, 287S, 291T, 291S, 297C, 31OD, 314E. For the 321-amino acid wild-type CHO 

FX (SEQ ID NO:1), any one of monkey, human, mouse, and rat FX sequences can be 

recapitulated by selecting from 31 different substitutions, or 31/321 x 100 = 9.6% of the wild-

type CHO FX sequence. Thus, a modified FX of the invention includes a wild-type CHO FX 

(e.g., SEQ ID NO:1) or an FX having at least a 90.4% identity with a wild-type CHO FX, and 

also bearing a substitution selected from the group consisting of N79S, N90K, G211R, and 

L289S. For less deviations from SEQ ID NO:1, a modified FX of the invention is at least 

91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical with SEQ ID NO:1 and bears 

at least one modification selected from the group consisting of N79S, N90K, P136L, G211R, 

and L289S, e.g., bearing an L289S modification. A person of skill would expect that one or 

more of a small insertion or one or more of a small deletion that includes at least one of 

position 79, 90, 136, 211, and 289 would most likely also provide advantages associated 

with an embodiment of the invention (e.g., a cell bearing the modified gene would exhibit 

reduced fucosylation of a glycoprotein), 

[0078] In a specific embodiment, the FX comprises a first substitution that is 289S and one 

or more of the second substitutions. 

[0079] The phrase "low fucosylation" or "reduced fucosylation" refers to a lowered or 

reduced ability of a modified cell to fucosylate a glycoprotein as compared with a normal or 

wild-type cell. The glycoprotein may be an endogenous glycoprotein. More typically, the 

nucleic acid modification is made in a cell that is used to express a heterologous 

glycoprotein, e.g., a cell that expresses a binding protein (e.g., an antibody or bispecific 

antibody or an immunoadhesin or other Fc-containing glycoprotein) ectopically. For 

example, a CHO or PERC.6™ cell line modified according to the invention, which also 

expresses a human antibody, e.g., a human IgG 1 antibody. 

[0080] In general, reference to "low fucosylation" or "reduced fucosylation" with respect to a 

glycoprotein does not refer to a single glycoprotein molecule having less fucose residues 

attached to it. Rather, reference is made to a glycoprotein preparation prepared from cells, 

and the glycoprotein preparation comprises a population of individual glycoprotein 
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molecules, with members of the population having different glycosylation features, For 

purposes of illustration and not limitation, for an lgG1 antibody expressed in a modified CHO 

cell according to the invention, "low fucosylation" or "reduced fucosylation" refers to a 

smaller number of individual glycoproteins having a fucose residue on an N-linked GlcNAc 

residue of a glycan at position 297 of the Fc. Such "low fucosylation" or "reduced 

fucosylation" can be characterized in a variety of ways (see elsewhere herein), but reference 

is in each case to a relatively low (or reduced) number of the glycoproteins of the population 

having fucose residues on them as compared to a population of the same glycoprotein made 

in a cell line that lacks a modification in accordance with the invention. 

[0081]By way of illustration, if a glycoprotein made in accordance with the invention is 1% 

fucosylated as compared with the same glycoprotein made with a wild-type cell, only 1 % of 

the molecules of Fc-containing protein are fucosylated in the inventive cell as compared with 

the amount of fucosylation observed in a corresponding wild-type cell (arbitrarily set to 

100%, whether or not all of the molecules of Fc-containing protein are fucosylated in the 

wild-type cell under the same conditions). 

[0082] In a "low fucosylation" or "reduced fucosylation" cell according to the invention, 

fucosylation of a glycoprotein is reduced about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 

97%, 98%, or 99% in comparison with a cell that does not contain the modification. In a 

specific embodiment, the reduction is about 99.1%, 99.2%, 99.3%, 99.4%, 99.5%, 99.6%, 

99.7%, 99.8%, or 99.9% in comparison with a cell that does not contain the modification. In 

another specific embodiment, the reduction is about 98.1%, 98.2%, 98.3%, 98.4%, 98.5%, 

98.6%, 98.7%, 98.8%, or 98.9% in comparison with a cell that does not contain the 

modification. In another specific embodiment, the reduction is about 97.1%, 97.2%, 97.3%, 

97.4%, 97.5%, 97.6%, 97.7%, 97.8%, or 97.9% in comparison with a cell that does not 

contain the modification. In another specific embodiment, the reduction is about 96.1 %, 

96.2%, 96.3%, 96.4%, 96.5%, 96.6%, 96.7%, 96.8%, or 96.9% in comparison with a cell that 

does not contain the modification. In another specific embodiment, the reduction is about 

95.1%, 95.2%, 95.3%, 95.4%, 95.5%, 95.6%, 95.7%, 95.8%, or 95.9% in comparison with a 

cell that does not contain the modification. In another specific embodiment, the reduction is 

about 94.1%, 94.2%, 94.3%, 94.4%, 94.5%, 94.6%, 94.7%, 94.8%, or 94.9% in comparison 

with a cell that does not contain the modification. 

[0083] A glycoprotein preparation made in a cell according to the invention is fucosylated 

only about 5%, about 4%, about 3%, about 2%, about 1%, about 0.5%, about 0.4%, about 

0.3%, about 0.2%, or about 0.1% of the amount of fucosylation of the same glycoprotein 

made in a cell that does not contain the modification. 
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[0084] Another way to characterize a glycoprotein preparation from a "low fucosylation" or 

"reduced fucosylation" cell is by the ratio of fucosylated to non-fucosylated glycoprotein in 

the glycoprotein preparation made by the cell. For example, a glycoprotein preparation 

made by a modified cell has a ratio of fucosylated glycoprotein:nonfucosylated glycoprotein 

that is about 1:10 through 1:15, 1:15 through 1:20, 1:20 through 1:40, 1:40 through 1:60, 

1:60 through 1:80, 1:80 through 1:100, or 1:100 through 1:150. 

[0085] Another way to characterize a glycoprotein preparation from a "low fucosylation" or 

"reduced fucosylation" cell is by the relative weight percent of nonfucosylated glycoprotein 

(as compared with total, i.e., fucosylated and nonfucosylated, glycoprotein). For example, a 

glycoprotein preparation made by a modified cell has a percent of nonfucosylated 

glycoprotein that is about 90%, about 95%, about 96%, about 97%, about 98%, about 99%, 

or about 99.5% as compared with the same glycoprotein preparation from a cell that lacks 

the modification. 

[0086] Another way to characterize a glycoprotein preparation from a "low fucosylation" or 

"reduced fucosylation" cell is by the relative amount of fucose to glycan or relative amount of 

fucose to glycan component of the glycoprotein preparation. For example, in the case of Fc-

containing proteins (e.g., antibodies), the glycosylation comprises a glycan at position 297, 

and the glycan comprises a biantennary trimannosyl moiety, in one embodiment, the molar 

ratio of fucose to glycan moiety is no more than about 1:20, 1:20, 1:25, 1:33, 1:50, 1:100, or 

1:200. In one embodiment, the ratio of fucose to biantennary trimannosyl moiety is no more 

than about 1:20, 1:25, 1:33, 1:50, 1:100, or 1:200. In one embodiment, the molar ratio of 

fucose to biantennary trimannosyl moiety in the fucosylated Fc-containing protein is no more 

than about 1:20, 1:25, 1:33, 1:50, 1:100, or 1:200. In one embodiment, the glycan moiety 

comprises two tandem GlcNAc residues followed by a biantennary trimannosyl moiety, 

wherein each of two antennary terminal mannosyl moieties of the trimannosyl moiety bear 

one GlcNAc residue, in one embodiment, the molar ratio of fucose to GlcNAc in the glycan 

is no more than 1:80, 1:100, 1:133, 1:150, 1:200, 1:400, or 1:800. 

[0087] In one embodiment, the amount of antibody protein made that is fucosylated is 

measured by overnight deglycosylation of antibody protein with PNGase F followed by 

oligosaccharide analysis via HPLC wherein fucosyl-containing oligosaccharides are 

quantified by integration of glycan peak area, and, e.g., protein fucosylation is calculated 

based on glycan peak area.. The identity (and composition) of the glycan can be determined 

(and/or quantified) by any suitable method (e.g., mass spectroscopy). 

[0088]The phrase "wild-type" includes reference to a cell or an activity that is not modified 

according to the invention, e.g., a cell that does not contain a modified FX nucleic acid 

sequence or modified FX protein. "Wild-type" FX activity includes reference to any 
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parameter of activity (e.g., enzyme activity) that is exhibited by a natural or non-modified FX 

gene or protein. In comparing "wild-type" activity of an FX protein and activity of a modified 

FX protein, the "wild-type" FX protein and the modified FX protein are isolated in 

substantially the same manner from substantially the same source (e.g., same cell type, 

same organism) and compared under substantially the same conditions, in comparing "wild-

type" FX activity and modified FX activity between wild-type cells and modified cells, FX 

activity is preferably measured under substantially the same or substantially similar 

conditions, with an identical or substantially identical glycoprotein. 

Overview 

[0089] Modified FX nucleic acid and protein sequences are provided, wherein modification 

results in a cell that is unable to support protein fucosylation in the absence of an external 

fucose source at a level that a cell bearing lacking the modification can support. The cells 

exhibit a substantially reduced ability to fucosylate glycoproteins (in the absence of a fucose 

source) at one temperature due to a disruption in an enzyme activity of the de novo pathway 

for synthesis of the substrate for glycoprotein fucosylation, GDP-L-fucose. At another 

(higher) temperature, the reduction in the cell's ability is minimal or unsubstantial. 

[0090]The enzyme GDP-4-keto-deoxy-mannose-3,5,-epimerase-4-reductase (FX), 

participates in the de novo pathway of GDP-L-fucose synthesis, forming GDP-L-fucose from 

GDP-4-keto-6-deoxymannose, The resulting GDP-L-fucose can be used by a cell to make 

fucosylated proteins, including fucosylated antibodies. Since GDP-L-fucose synthetase 

participates in the de novo pathway, reduction in fucosylation in cells that lack sufficient FX 

activity can be rescued by a salvage pathway. The salvage pathway requires fucose, which 

is acted upon through the salvage pathway to form GDP-L-fucose, a substrate for protein 

fucosylation 

[0091] Certain modifications in FX result in the inability of a cell having a modified FX gene 

to sustain protein fucosylation in the absence of a fucose source, such that a cell bearing the 

modified enzyme and expressing, e.g., a recombinant antibody, exhibits a substantial 

reduction in the ability to fucosylate the antibody, as compared to a wild-type cell bearing 

wild-type FX gene. 

[0092]The inability to sustain a sufficient rate or level of protein fucosylation due to the FX 

gene modifications described herein is substantially temperature-dependent. In particular, 

cells bearing a modified FX gene exhibit a substantial inability to sustain glycoprotein 

fucosylation at about 37°C (e.g., 7% fucosylation of a human lgG1 isotype antibody), which 

is substantially relieved at about 34°C (e.g., 70% fucosylation of the same antibody; see 

16 



Table 3). Cells that have only a wild-type FX gene, in contrast, do not exhibit a large 

difference in the ability to sustain glycoprotein fucosylation at 37°C as compared to 34°C 

De Novo and Salvage Pathways to GDP-fucose 

[Q093]GDP-fucose is a central metabolite in the glycoprotein fucosylation pathway; it is the 

fucose donor in glycoprotein fucosylation. All known fucosyltransferases of interest that can 

fucosylate a glycoprotein comprising an Fc use GDP-fucose. Thus, for efficient glycoprotein 

fucosylation, a sufficient pool of GDP fucose must be generated and maintained at a 

sufficient level to match glycoprotein production. 

[0094]There are two major pathways to GDP-fucose: a de novo synthesis pathway and a 

salvage pathway. In many mammalian cells, GDP-fucose can be made from an externally 

supplied carbon source (e.g., glucose) by a de novo fucosylation pathway. In the de novo 

pathway for fucosylation, glucose enters the cell through a transporter, and is converted to 

D-mannose-1-phosphate. D-mannose-1-phosphate is then converted by D-mannose-1-

phosphate guanylyitransferase into GDP-mannose. GDP-mannose is converted to GDP-4-

keto-6-deoxy-mannose by GDP mannose 4,6-dhydratase (GMD). GDP-4-keto-6-deoxy-

mannose is converted to GDP fucose by GDP-4-keto-6-deoxy-mannose-3,5-epimerase-4-

reductase (FX). GDP-fucose is a potent feedback inhibitor of GMD. GDP-fucose enters the 

Golgi apparatus through a GDP-fucose transporter. Once in the Goigi, the GDP-fucose is a 

substrate for a1,6-fucosyltransferase, which fucosylates glycoproteins. 

[0095] In many mammalian cells, a salvage pathway for generating GDP-fucose from 

externally supplied fucose also exists. In the salvage pathway, fucose is transported into the 

cell and phosphoryiated to form fucose-1-phosphate, which can be converted to GDP-

fucose. The GDP-fucose is transported into the Golgi and is available as a substrate for the 

a.1,6-fucosyltransferase. Fucose transport into the ceil is presumably by facilitated diffusion 

and by lysosomal transport, and the salvage pathway appears to be universal in mammalian 

cells (see, e.g., Becker and Lowe (2003) Fucose: biosynthesis and biological function in 

mammals, Glycobiology 13(7):41R~53R). 

[0096]Thus, in the absence of a fucose source, cells fucosylate glycoproteins using fucose 

generated by the de novo synthesis pathway. In the presence of fucose, cells fucosylate 

glycoproteins using fucose transported into the cell. Therefore, if the de novo synthesis 

pathway is blocked or damaged, glycoprotein fucosylation can still occur, but only in the 

presence of a fucose source. 

[0097] The compositions and methods described enable cell lines that provide a conditional 

block in a pathway for fucosylating a glycoprotein by providing a genetically modified eel! 

having a modification in an FX nucleic acid sequence, in cells that contain both a de novo 
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and a salvage pathway, the cells provide enhanced versatility. In such cells in the absence 

of an external source of fucose, fucosylation of a glycoprotein can be substantially reduced 

at one temperature, but not substantially reduced at a second temperature. Alternatively, 

essentially wild-type rates or levels of glycoprotein fucosylation can be switched on by 

providing an external source of fucose, without regard to the temperature at which the cell is 

maintained. 

FX Modifications 

[0098]An isolated nucleic acid that encodes a modified FX protein sequence is provided. 

The isolated nucleic acid encodes an FX protein comprising an amino acid modification 

selected from the group consisting of 79S, 90K, 136L, 211R, 289S, and a combination 

thereof. In one embodiment, the isolated nucleic acid encodes an FX protein comprising a 

serine at position 289, in another embodiment comprising at least one of a 79S, 90K, 136L, 

and/or 211R. 

[0099]The nucleic acid encoding the modified FX protein is used in any suitable form. 

Suitability of the form of the nucleic acid depends upon its use. For example, suitable forms 

include a cDNA that can be used in an expression vector for extrachromosomal expression 

in a ceil, or which can be integrated (at a specific location, or randomly) into a genome of a 

cell. Suitable forms also include a genomic sequence, which is modified to encode the 

substitution(s) described herein. Suitable forms also include, for example, a targeting 

sequence (e.g., one or more targeting arms) for targeting the nucleic acid to a specific 

location in a genome, e.g., to replace one or both alleles of a native FX gene. Suitable 

forms include targeting vectors that target the nucleic acid to a specific location in a cell, 

e.g., to an FX locus, for replacement of an endogenous FX nucleic acid sequence with an 

FX nucleic acid sequence according to the invention. Modification of an endogenous FX 

sequence can be made at one or both alleles of the cell. 

Ceii Lines with Low or Reduced Fucosyiation 

[00100] Compositions and methods for low fucosylating cell lines are provided. The 

compositions include nucieic acids and proteins that, when present in a cell that lacks or 

substantially lacks a native or wild-type FX activity, confer upon the cell a reduced ability to 

fucosylate a glycoprotein, e.g., an Fc-containing glycoprotein such as, e.g., an antibody. In 

various embodiments, such cells include ceils that exhibit a substantially reduced ability to 

fucosylate a glycoprotein at a first temperature (e.g., about 37°C), but retain the ability to 

fucosylate the glycoprotein at a second temperature (e.g., about 34°C). Thus, cells are 
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provided that can be grown at a first temperature that is fucosylation-inhibiting, and growth 

conditions can be changed to a second temperature that is fucosylation-permissive. 

[00101] Low fucosylating cell lines can be made using any suitable cells in 

conjunction with compositions and methods described herein. For example, and not by way 

of limitation, any cell lines commonly employed in the manufacture of biopharmaceuticals 

can be used. Certain methods and compositions for rendering such cell lines useful as low 

fucosylation cell lines are described herein; others are obvious or readily apparent by those 

skilled in the art in light of this description. Human cells (e.g., HeLa, PERC.6™, etc.), CHO 

cells, mouse cells, etc. can be genetically modified as described herein to generate a useful 

cell line. In the case of CHO cells, e.g., a useful low fucosylation cell line can be made by 

modifying a single allele of the FX gene due to the observation that CHO FX activity appears 

to be functionally haploid. In the case of other cells that exhibit a functional diploidy at the 

FX locus, on the other hand, can be manipulated by replacing one FX allele with a modified 

FX nucleic acid sequence as described herein and knocking out the second (wild-type) 

allele, or replacing both FX alleles with a modified FX nucleic acid sequence as described 

herein. 

[00102] Resulting cells include those whose FX activity is wholly or substantially 

characterized as low fucosylating. That is, the cell need not be completely devoid of a wild-

type FX protein or a wild-type FX gene; however, the cell—under an appropriate condition or 

set of conditions (e.g., a selected temperature)—should be unable or substantially unable to 

fucosylate a glycoprotein (e.g., an Fc-containing glycoprotein) at anywhere near the level 

that a corresponding cell with altogether normal FX activity can fucosylate the same 

glycoprotein. 

[00103] Comparison of a cell according to the invention and a cell that does not 

contain the modification is conducted under the same or under essentially the same 

conditions (e.g., media, temperature, cell density, etc.). For example, in various 

embodiments the cell will exhibit an ability to fucosylate no more than 10% to no more than 

1% of the ability to fucosylate that a wild-type cell exhibits. This comparison can be done, 

for example, by preparing a cell having the modification(s) described herein, and comparing 

the level of fucosylation of a glycoprotein expressed by the cell (e.g., expression of an 

antibody from an expression construct in the cell) to the level of fucosylation of the same 

glycoprotein expressed by a wild-type cell. For the comparison, the cells are grown at the 

same temperature and under the same conditions. Fucosylation level of the glycoprotein 

can be ascertained using any suitable analytical method known in the art for quantitating the 

amount of fucose present in a glycoprotein preparation. 
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[00104] In determining how much of the glycoprotein is fucosylated, the amount of 

fucose is compared with either the amount of total glycoprotein or with the amount of glycan 

obtained from the protein. 

Fucosylation-deficient Cell Lines 

[00105] A number of mammalian cell lines that are altogether unable to fucosylate 

glycoproteins have been isolated. Development of fucosylation-deficient cell lines has been 

largely fueled by the need to make antibodies that lack fucosylation. Antibodies that lack 

fucosylation can mediate antibody-dependent cell-mediated cytotoxicity (ADCC) far better 

than fucosylated antibodies, due to altered binding to an Fc receptor. Antibodies that 

mediate ADCC better are therefore highly desirable, particularly antibodies that comprise 

variable regions that target tumor cells. Cells that are unable to fucosylate glycoproteins are 

thus widely used in the development and manufacture of antibodies for therapeutic uses. 

[00106] Two fucosylation pathway knockouts have been developed that result in a 

cell's inability to fucosylate a glycoprotein. Knockout of a1,6-fucosyltransferase (FUT8) 

results in the inability to transfer GDP-fucose to a glycoprotein. Knockout of GDP mannose 

4,6-dehydratase (GMD) results in the inability to make GDP-4-keto-6-deoxy-mannose from 

GDP-mannose in the de novo pathway. 

[00107] Fucosylation knockouts downstream of GDP-fucose formation, e.g., a1,6-

fucosyltransferase knockouts, cannot resort to the salvage pathway to fucosylate 

glycoproteins in the presence of an external fucose source. This is because the block is 

distal to the formation of GDP-fucose, the metabolite at which the de novo and salvage 

pathways meet. Therefore, feeding cells that have such a knockout with fucose will not 

rescue glycoprotein fucosylation. Thus, a1,6-fucosyltransferase knockouts offer no simple 

route to selectively manipulating a cell's ability to fucosylate a glycoprotein. 

[00108] Fucosylation knockouts upstream of GDP-fucose formation, e.g., GMD 

knockouts, can theoretically resort to the salvage pathway to fucosylate glycoproteins. This 

is because the block occurs before formation of GDP-fucose. Feeding such cells with 

fucose will theoretically rescue glycoprotein fucosylation. Cell lines that contain knockouts, 

however, lack versatility. 

[00109] The inventors have found that a selective disruption of the de novo 

fucosylation pathway prior to formation of GDP-fucose will generate a cell line with a defect 

that is rescued by providing a source of fucose, or rescued by maintaining the cells under 

conditions that are permissive for fucosylation. The inventors have modified cells to have a 

defect in the de novo pathway upstream of GDP-fucose and that can be grown in the 

absence of fucose under a first condition and exhibit a substantially reduced ability to 
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fucosylate a glycoprotein, whereas under a second condition the cells can effectively 

fucosylate a glycoprotein even in the absence of an external fucose source. Such a 

particularly versatile cell line presents the option of turning fucosylation on or off in the cell 

line by controlling the availability of an external source of fucose (or a suitable fucose 

precursor) and/or growing cells under a fucosylation-permissive condition or a fucosylation-

deficient condition. 

[00110] The inventors have selectively disrupted the de novo pathway for GDP-

fucose synthesis by generating a mutated FX nucleic acid sequence. The FX protein is a 

bifunctional epimerase-reductase that epimerizes the C3 hydroxyl and the C5 methyl groups 

of mannose, forming GDP-4-keto-6-deoxygalactose. An NADPH-dependent reductase 

activity of the bifunctional enzyme then reduces the keto moiety to form GDP-fucose. The 

FX gene is highly conserved, which is reflected in the high degrees of identity and similarity 

in FX proteins. See, e.g., Becker and Lowe (2003) Fucose: biosynthesis and biological 

function in mammals, Glycobiology, 13(7):41R-53R. Thus, the data presented in connection 

with FX mutations in CHO cells is applicable to corresponding FX modifications in a wide 

variety of cells. 

[00111] The selective FX disruption provides an enhanced versatility, which allows a 

practitioner to disfavor, or inhibit, fucosylation by maintaining a culture at a first temperature; 

but allow fucosylation by maintaining the culture at a second temperature. In various 

embodiments this illustrated by a modified FX gene, wherein the modification comprises a 

modification selected from the group consisting of (for a CHO FX protein) L289S, N79S, 

N90K, P136L, G211R, and a combination thereof. In various embodiments, the FX 

modification consists essentially of a modification selected from the group consisting of 

L289S, L289S/N90K, L289S/G211R, L289S/P136L, L289S/N79S, and a combination 

thereof. 

[00112] As those skilled in the art know, certain cells that are diploid display 

phenotypes that reflect activity of only one of two alleles at particular loci, e.g., CHO cells, 

and with respect to those loci appear to be functionally haploid (or hypodiploid) from a 

phenotypic perspective. In such cells, modification of even a single allele as described 

herein may result in a phenotype that essentially reflects the activity of the modified allele, 

even in cases where the phenotype is not a dominant phenotype. For example, in CHO 

cells, modification as described herein of a single allele will likely result in a FX phenotype 

essentially as described herein, presumably due to nonexpression (or hypoexpression) of 

the wild-type FX allele. 

[00113] In various embodiments, the FX is an FX that is not from a CHO cell, and the 

modification comprises a modification selected from the group consisting of a modification 
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that corresponds in the non-CHO FX to the CHO modifications listed above. Corresponding 

modifications can be identified by aligning the CHO FX protein sequence with any other FX 

sequence of interest (with or without gaps in the alignment) using, e.g., a general purpose 

multiple sequence alignment algorithm such as ClustalWwith default parameters (e.g., for 

human (Accession No. AAC50786) and C. griseus (Accession No. AAM91926) FX, using 

MacVector™ v. 10.0.2, pairwise: Gonnet matrix at slow alignment speed, open gap penalty 

= 10.0, extend gap penalty = 0.1; multiple: Gonnet series, open gap penalty = 10.0, extend 

gap penalty = 0.2, delay divergent = 30%, gap separation distance = 4, no end gap 

separation, residue-specific penalties, and hydrophilic penalties (hydrophilic residues 

GPSNDQEKR)). 

[00114] As a practical matter, aligning a subject sequence against SEQ ID NO:1 or 

SEQ ID NO:1 and 3-6 in MacVector™ using the pairwise alignment default parameters will 

identify corresponding positions in the subject sequence at which to make modifications at 

positions equivalent to the CHO N79, N90, P136, G211, and L289, positions. 

Glycoproteins 

[00115] The compositions and methods can be used to modify the fucosylating ability 

of cells to achieve low fucosylation of any glycoprotein of interest. Although the majority of 

this disclosure refers to advantages of reduced fucosylation in antibodies, the benefits of the 

invention are not limited to antibodies. Any binding protein that bears an Fc—and there are 

many, many types of such binding proteins—can be made using the compositions and 

methods of the invention. 

[00116] A typical glycoprotein that can be made with the invention is an antibody 

(e.g., a human, mouse, or humanized antibody) that is glycosylated and, under normal 

conditions in a wild-type cell, fucosylated. Examples include, by way of illustration and not 

by way of limitation, human antibodies of the lgG1, lgG2, and lgG4 subtypes. Glycoforms of 

such antibodies include those with a glycan moiety at position 297. Typical glycoforms at 

position 297 include an N-iinked GlcNAc, followed by a GlcNAc, followed by a biantennary 

trimannosyl moiety, followed by (on each of two mannosyl moieties of the biantennary 

trimannosyl moiety) one or more GlcNAc residues, optionally followed by a galactose 

residue on one or more of the GlcNAc residues attached to the antennae of the biantennary 

trimannosyl moiety. Fucosylation of the glycan normally occurs at the N-linked initial GlcNAc 

residue, where (normally) a single fucose residue is linked via a fucosyltransferase to the 

297-glycolated antibody. In various embodiments, the molar ratio or percent or extent of 

fucosylation of the antibody is measured with respect to this fucose residue in relation to the 

amount (or moles) of antibody and/or the amount (or moles) of glycan or glycan substituent 
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(e.g., relative moles of fucose:antibody, or to fucose:GlcNAc or fucose:mannose or 

fucose:trimannosyl moiety or fucose:galactose of the 297-linked glycan, in an antibody 

preparation obtained from wild-type cells or from cells comprising a modified FX nucleic acid 

sequence in accordance with the invention). 

Low-fucosylation CHO Lines 

[00117] A low fucosylation CHO line was constructed from CHO K1 cells adapted to 

grow in suspension in a serum-free bioreactor medium. The CHO line (designated line 

6066) contained an L289S substitution in the CHO FX gene. A recombinant antibody that is 

a human lgG1 that specifically binds an interleukin receptor (Antibody 1) and a recombinant 

antibody that is a human lgG1 that specifically binds a cell surface protein of an immune cell 

(Antibody 2) were made in the cell line, and in a corresponding CHO cell line that lacks the 

FX modification (designated line 4044) as described in the examples. Cells were grown for 

three days in shakers or 12 days in a bioreactor (each at 37°C). 

[00118] Cells that bore the FX gene modification and expressed Antibody 1 

fucosylated only about 6.14 or 6.86% (12 days) or about 7 or 8% (three days) of Antibody 1, 

whereas in the absence of the FX modification cells fucosylated about 89.3% (3 days) or 

about 85.8% (12 days) (Table 1). 

[00119] Cells that bore the FX gene modification and expressed Antibody 2 

fucosylated Antibody 2 only about 3.6%, whereas in the absence of the FX gene 

modification cells fucosylated about 95% (3 days) or about 76.8% (12 days) (Table 1). 

[00120] Another low fucosylation CHO line was made from CHO K1 cells that 

contained an L289S and a N90K modification of the CHO FX gene (designated line 8088). 

Antibody 1 expressed in these cells exhibited only about 0.96% fucosylation (3 days) or 

0.71% fucosylation (12 days) (Table 2). 

[00121] Another low fucosylation CHO line was made from CHO K1 cells (from 6066-

1 cells, which have an L289S FX gene modification) that contained a P136L substitution 

(designated line 2121). These cells expressed Antibody 1 that was only 0.82% fucosylated 

at 3 days (Table 2). 

[00122] Two further low fucosylation CHO lines were made from CHO K1 cells (from 

6066-1 cells, which have an L289S FX gene modification) that contained a N79S 

substitution (designated lines 2020 and 6069). These cells expressed Antibody 1 that was 

only 0.94% fucosylated at 3 days (2020) or only 0.86% fucosylated at 3 days (6069) (Table 

2). 

[00123] Temperature dependence of fucosylation for Antibody 1 was tested using cell 

lines 4044-1 (no FX gene modification) and cell line 6066-1 (L289S FX gene modification). 
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Cell line 6066-1 exhibited only 7% fucosylation at 37°C, and about 70% fucosylation at 34°C 

Cell line 4044-1 exhibited about the same fucosylation (95-96%) at both 37°C and 34°C. 

[00124] Two further low fucosylation cell lines were made from cell line 8088 (L289S 

and N90K) that expressed two different antibodies to the same growth factor receptor, Ab 

3.1 and Ab 3.2. After growing for three days at 37°C in the presence (salvage pathway) or 

absence (de novo pathway) of fucose, glycan composition and fucose content of the glycan 

was determined. In the absence of fucose, the cell lines produced only about 1.87% or 

5.73% fucosylation, whereas in the presence of an external fucose source fucosylation was 

restored to at least 95.22% or 95.63%. 

EXAMPLES 

Example 1: CHO Cell Lines 

[00125] A variety of CHO cell lines, isolated directly or indirectly from CHO K1 cells, 

are described herein. 

[00126] RGC10 Cells. The CHO cell line 3033 was generated from CHO K1 cells as 

described for RGC10 cells in US Patent No. 7,435,553, hereby incorporated by reference. 

Briefly, CHO K1 cells were stably transfected with vector pTE158 and pcDNA6/TR 

(Invitrogen). Transfected cells were screened for doxycycline-inducible expression of 

hFcyRI, and one clone was selected to give rise to the 3033 cell line. 3033 cells were 

adapted to grow in suspension culture in serum-free Medium 3. 

[00127] 5055 Cells. 5055 cells are CHO K1 cells that have been adapted to grow in 

suspension in serum-free bioreactor medium Medium 2. 

[00128] 4044 Cells. 4044 cells were derived from RGC16 cells described in 

International Patent Application Publication No. WO 2008/151219 A1 filed 04 June 2008, 

and US Patent Application Publication No. 2009/0124005A1 filed 04 June 2008, each 

hereby incorporated by reference, and which contains a loxed cassette at an enhanced 

expression and stability (EESYR) locus. The EESYR locus in 4044 has, from 5' to 3' on the 

coding strand, a loxP site, an SV40 late promoter, a puromycin-resistance gene, a CMV 

promoter, an IRES, an eCFP gene, a lox2272 site, a CMV promoter, a DsRed gene, and a 

lox511 site. 4044 cells further contain a stably transfected pcDNA6/TR vector. 

[00129] Other Cells. The 7077 cell line was derived from 3033 cells without the use 

of exogenous recombinant nucleic acid. 6066, 8088, and 1010 cell lines were derived from 

4044 cells without the use of exogenous recombinant nucleic acid. 
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Example 2: Production of Recombinant Antibodies in CHO Cells 

[00130] Vectors. The vectors described herein have the features indicated, where 

the relative placement of the features is presented with respect to the coding strand, listed 5' 

to 3'. 

[00131] pR4000: a human UbC promoter, a gene encoding the heavy chain of Ab 2, 

an SV40 late promoter, and a hygromycin resistance gene. 

[00132] pR4001: a human UbC promoter, a gene encoding the light chain of Ab 2, an 

SV40 late promoter, and a puromycin resistance gene. 

[00133] pR4002: a LoxP site, a human CMV promoter, a gene encoding the heavy 

chain of Ab 2, an SV40 late promoter, and a Lox2272 site. 

[00134] pR4003: a Lox2272 site, a hygromycin-resistance gene, an IRES, an EGFP 

gene, a human CMV promoter, a gene encoding the light chain of Ab 2, and a Lox511 site. 

[00135] pR4004: an SV40 late promoter and the gene encoding Cre recombinase 

(see WO 2008/151219A1, hereby incorporated by reference). 

[00136] pR4005: a LoxP site, a human CMV promoter, a gene encoding the light 

chain of Antibody 1 (Ab 1), a SV40 late promoter, and a Lox2272 site. 

[00137] pR4006: a Lox2272 site, a hygromycin resistance gene, an IRES, an EGFP 

gene, a human CMV promoter, a gene encoding the heavy chain of Ab 1, and a Lox511 site. 

[00138] pR4007: a LoxP site, a human CMV promoter, a gene encoding the light 

chain of Ab 1, a SV40 late promoter, a gene encoding the N terminus of the hygromycin 

resistance protein, and a Lox2272 site. 

[00139] pR4008: a Lox2272 site, a gene encoding the C terminus of hygromycin 

resistance protein, an IRES, an EGFP gene, a human CMV promoter, a gene encoding the 

heavy chain of Ab 1, and a Lox511 site. 

[00140] pR4009: a LoxP site, a SV40 late promoter, a hygromycin resistance gene, 

an internal ribosome entry site (IRES), an EGFP gene, a human CMV promoter, and a 

Lox511 site. 

[00141] pR4010: a LoxP site, an SV40 late promoter, a hygromycin resistance gene, 

an IRES, an EGFP gene, a human CMV promoter, the wild type FX gene, and a Lox511 

[00142] pR4010: a LoxP site, an SV40 late promoter, a hygromycin resistance gene, 

an IRES, an EGFP gene, a human CMV promoter, and the mutated FX gene having 

mutations L289S and N90K. 

[00143] Fucosylation proficiency in CHO cells was studied by cell surface LCA 

staining and by analysis of recombinant antibodies produced from CHO cells. In one study, 

7077 cells were used as the host cells for the expression of Antibody 2 (Ab 2), a human 
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lgG1 antibody against a human B cell receptor, following a method described in US Patent 

No. 7,435,553, hereby incorporated by reference. Briefly, 1 x 107 7 0 77 cells were transfected 

with plasmid pR4000 (heavy chain, hygromycin resistance) and pR4001 (light chain, 

puromycin resistance) using Lipofectamine™ (Invitrogen, Carlsbad, CA). The transfected 

cultures were selected with 400 micrograms/mL hygromycin and 10 micrograms/mL 

puromycin each for two weeks in F12 medium containing 10% fetal calf serum. Cells that 

survived selection were pooled together and were adapted to grown in suspension in serum-

free bioreactor medium Medium 2. Expression of hFcyRI was induced by the addition of 

doxycycline to the culture medium for three days. The induced cultures were incubated with 

1 milligram/mL rabbit IgG for 18 hours prior to staining with F(ab')2 fragment of a goat 

polyclonal FITC-conjugated anti-human Fc antibody (Jackson ImmunoResearch, West 

Grove, PA). The cells were stained for 1 hour then washed twice with PBS prior to analysis 

by flow cytometry on a MoFlo™ cell sorter (Fort Collins, CO). Cells with mean FITC 

fluorescence intensity in the top 5% of the total cell population were sorted into a pool and 

was named 7077-1 cells. 7077-1 cells were expanded for 10 days in Medium 2. To produce 

recombinant Ab 2, 7077-1 cells were seeded at 4 x 105 cells/mL Medium 2 in a shaker flask 

at 37°C. Three days later, the conditioned medium was collected and the Ab 2 protein 

wherein was purified by Protein A affinity chromatography. 

[00144] 4044 and 6066 CHO cells were used as host cells for the expression of Ab 2 

and Ab 1, a human lgG1 antibody against a human cytokine receptor. Briefly, to express Ab 

2, 2 x 106 4044 and 2 x 106 6 0 66 cells (each having a loxed cassette at an EESYR locus) 

were each transfected with pR4002 (heavy chain in a loxed cassette), pR4003 (light chain 

and hygromycin resistance in a loxed cassette), and pR4004 (encodes Cre). To express Ab 

1,2 x10s 4044 and 2 x 106 6 0 66 cells were each transfected with pR4005 (light chain in a 

loxed cassette), pR4006 (heavy chain and hygromycin resistance in a loxed cassette), and 

pR4004 (encodes Cre). Transfected 4044 and 6066 cells were selected with 400 

micrograms/mL hygromycin for 10 days in F12 medium containing 10% FCS. Surviving 

cells were adapted to grow in suspension in serum-free Medium 1 for seven days. Ceiis that 

have undergone Cre-mediated cassette exchange at the EESYR locus expressed EGFP but 

not DsRed or ECFP. Cells positive for EGFP but negative for DsRed and ECFP were 

collected by cell sorting using a MoFlo™ sorter. The 4044-derived cells that were 

transfected with Ab 2 and Ab 1 genes were designated 4044-2 and 4044-1 cells, 

respectively. The 6066-derived cells that were transfected with Ab 2 and Ab 1 genes were 

designated 6066-2 and 6066-1 cells, respectively. 4044-2, 6066-2, 4044-1, and 6066-1 cells 

were expanded by culturing in Medium 2 for seven days. To produce recombinant 

antibodies, the four cell lines were seeded at 4 x 105 cells/mL medium 2 in a shaker flask at 
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37°C. Three days later, the conditioned media were collected and the recombinant 

antibodies therein were purified by Protein A affinity chromatography. 

[00145] 8088 and 1010 CHO cells were also used as host cells for the expression of 

Ab 1. Briefly, to express Ab 1, 2 x 10® 8088 and 2 x 10® 1010 cells were each transfected 

with pR4007 (light chain and first portion of hygromycin resistance gene in a loxed cassette), 

pR4008 (heavy chain and second portion of hygromycin resistance gene in a loxed 

cassette), and pR4004 (encoding Cre). Transfected cells that survived selection with 400 

micrograms/mL hygromycin were adapted to grow in suspension in serum-free Medium 1. 

Cells that expressed EGFP but not DsRed or ECFP from the transfected 8088 and 1010 

were isolated by cell sorting on a MoFlo™ and were designated 8088-1 and 1010-1. To 

produce Ab 1 protein, 8088-1 and 1010-1 cells were seeded in shaker flasks at 4 x 105 

cells/mL. Three days later, the culture media were collected and the Ab 1 therein were 

purified by Protein A chromatography. 

Example 3: Antibody Fucosylation Analysis 

[00146] Purified human lgG1 antibody proteins were initially deglycosylated with 

PNGase F under denatured condition (0.5% SDS, 2mM TCEP, and blocked with 1% NP-40) 

in 50mM Tris pH 8.0 with protein/enzyme ratio of 1 microgram/0.1 mil at 37°C overnight. 

The released glycans were then fluorescently derivatized with anthranilic acid at 80°C for 1 

hour. The samples were pre-cleaned to remove excess anthranilic acid reagent with Waters 

Oasis™ HLB cartridges. The oligosaccharide mixture was then analyzed by reversed phase 

HPLC, using 0.5% TFA in ddH20 as mobile phase A, and 0.045% TFA in 90% 

acetontrile/10% ddH20 as mobile phase B. The glycans were resolved on a Thermo 

Hypercarb™ (Thermo Fisher, Waltham, MA) column (dimension of 100 x 2.1, particle size of 

3 micrometers) through applying a gradient from 30 to 40% B over 40 minutes. The signals 

were detected using a fluorescence detector with an excitation wavelength of 230 nm, and 

emission wavelength of 425 nm. Further analysis of the HPLC-separated glycan peaks 

through mass spectrometry revealed that they were separated into two main groups; non­

fucosylated bi-antennary glycans and fucosylated bi-antennary glycans. Within each group 

(fucosylated vs. non-fucosylated), the glycans were further separated into digalactosyl (G2), 

monogalactosyl (G1) or agalactosyl (GO) forms. Integration of the peak area corresponding 

to different glycan forms allow for the quantification on the populations of each individual 

glycans on the monoclonal antibody. 
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Example 4: Sequencing Major Transcripts of FX, GMD, GDP-fucose Transporter, and 

FUT8 Genes 

[00147] Proteins encoded by the FX, GMD, GDP-fucose transporter, and FUT8 genes 

are components the de novo fucosylation pathway. Sequences of the major transcript of FX 

gene in CHO cell lines 5055, 4044-1, 7077-1, 6066-1, 2121, 2020, 6069, 1010, and 8088 

cells, and sequences of the major transcript of the GMD gene in 4044-1, 6066-1, 1010, and 

8088 cells were determined. Sequences of the major transcripts expressed from the FUT8 

and GDP-fucose transporter gene were also determined in 4044-1 and 6066-1 cells. 

[00148] Briefly, total RNA was isolated from 5 x 106 CHO cells using Micro-Fast Track 

2.0 Kit™ (Invitrogen, Carlsbad, CA), cDNAs for the four fucosylation genes were 

synthesized from total RNA using Oligo-dT as the primer and superscript III First-Strand 

Synthesis System™ (Invitrogen). GMD cDNA was PCR amplified using primers 5 ' -

ctacaatctt ggtgcccaga gc-3' SEQ ID NO;7 and 5'-tccagttcag tttctgctgc 

g-3' SEQ ID NO:8. FX cDNA was PCR amplified using primers 5 '-ttccctgaca 

agaccaccta tcc-3' SEQ ID NO:9 and 5tagttgtcgg tgaaccaggc ac-3' SEQ ID 

NO: 10. GDP-fucose transporter cDNA was PCR amplified using primers 5 ' -gatgaggaca 

gcaggaacaa gc-3' SEQ ID NQ:11 and 5'-agcactcttc tcaccctctt tgg-3' SEQ 

ID NO: 12. FUT8 cDNA was PCR amplified using primers 5 ' - agccaagggt aagtaaggag 

gacg-3 ' SEQ ID NO:13 and 5 '-ttgtagacag cctccatcct cg-3 ' SEQIDNO:14. The 

DNA polymerases used in the PCR reactions were a 20 to 1 mix of Platinum Taq™ 

(Invitrogen) and cloned Pfu (Stratagene, La Joila, CA). PCR products were purified after gel 

electrophoresis and cloned into pCR2.1 TOPO™ vector (invitrogen) following the 

manufacturer's instructions. Cloned DNA products were transformed into electro-competent 

DH10B cells. A minimum of three bacterial colonies from each transformation were picked 

to inoculate three liquid cultures containing LB and 100 micrograms/mL ampicillin. Plasmid 

DNAs in these cultures were purified using QIAprep Spin Miniprep Kit™ (Qiagen). 

Sequences of the cloned PCR products were determined using the M13 primers located on 

the vector and the respective 5' and 3! PCR primers. These sequences were compared to 

Genbank sequences for FX (accession number AF525365), GMD (accession number 

AF525364), GDP-fucose transporter (accession number AB222037), and FUT8 (accession 

number BD359138) mRNA from C. griseus. 

[00149] Mutations in consensus FX transcript sequences resulting in codon changes 

from the Genbank reference sequence (AF525365) were identified in 7077-1, 6066-1, 2121, 

2020, 6069, 1010, and 8088 cells (Table 1 and 2). Sequences of the GMD transcripts from 

4044-1, 6066-1, 1010, and 8088 ceils matched GMD sequences reported in GenBank 

(accession number AF525364). Sequences of the GDP-fucose transporter and FUT8 
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transcripts in 4044-1 and 6066-1 cells matched their respective sequences reported in 

GenBank as well (accession numbers AB222037 and BD359138). 

Example 5: Fucosylation in CHO Cell Lines with a Single L289S Mutation in the FX 

Gene 

[00150] Relative fucosylation proficiency in 3033, 4044, 6066, and 7077 cells were 

first studied by staining the cells with the lectin Lens culinaris agglutinin (LCA). Briefly, 2 x 

10® 4044 and 6066 cells were each incubated with biotin-LCA (Vector Laboratories, 

Burlingame, CA) at 5 micrograms/mL for one hour. After two washes with PBS, the cells 

were incubated with phycoerythrin-conjugated streptavidin (Jackson ImmunoResearch) for 

30 minutes. The cells were then washed once with PBS and analyzed by flow cytometry. 

3033 cells and 7077 cells were stained with FITC-LCA for one hour, washed twice, and 

analyzed by flow cytometry (FIG. 2). 3033, 4044, 6066, and 7077 cells were all stained by 

LCA. LCA staining intensity on 6066 and 7077 cells were significantly weaker than the LCA 

staining intensity on 3033 and 4044 cells (FIG, 2), suggesting that there was less protein 

fucosylation in 6066 and 7077 cells than in 3033 and 4044 cells. To examine whether 6066 

and 7077 cells could be used as host cells for the expression of hlgG1 antibodies with low 

fucose content, 4044 and 6066 cells were stably transfected with expression plasmids for Ab 

2 and Ab 1, and 7077 cells were stably transfected with expression plasmids for Ab 2 (see 

Example 2). Recombinant Ab 2 and Ab 1 were produced from the transfected cells in three-

day shaker flask cultures as well as in twelve-day fed-batch bioreactor cultures. Ab 2 and 

Ab 1 were purified from the conditioned media and the levels of their fucosylation were 

determined by HPLC (Table 1). As shown in Table 1, 7077-1, 6066-1, and 6066-2 produced 

recombinant antibody with fucosylation level between 3.6% and 8% in shakers and 

bioreactors at 37°C. 

[00151] 

Table 1 

Host Cell 
Line 

Designation 

Production 
Cell Line 

Designation 

Consensus 
FX 

Mutation 

Reporter 
Antibody 

Fucosylation in 
shaker 

(%) 

Fucosylation 
in bioreactor 

(%) 

4044 4044-1 None Ab 1 89.3 85.8 

7077 7077-1 L289S Ab 2 4.0 

4044 4044-2 None Ab 2 95 76.8 

6066 6066-1 L289S Ab 1 7; 8 6.14; 6.86 

6066 6066-2 L289S Ab 2 3.6 
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Example 6: Fucosylation in CHO Cell Lines with Two Amino Acid Changes in the FX 

Gene 

[00152] 8088 and 1010 are two cell lines isolated from 6066 cells without the use of 

exogenous, recombinant nucleic acid. 6069, 2020, and 2121 are three cell lines isolated 

from 6066-1 cells without the use of exogenous, recombinant nucleic acid. Sequences of 

the major transcript for FX gene were determined by RT-PCR (Table 2). These five cell 

lines were found to have the same L289S mutation in 6066 and 7077 cells. The FX 

transcripts in all five cell lines also carry mutations that change one amino acid in addition to 

the L289S change. These mutations are summarized in Table 2. 8088, 1010, 6069, 2020, 

and 2121 cells exhibited reduced binding to LCA (FIG. 4), suggesting reduced protein 

fucosylation in these cells. 

[00153] To examine fucosylation proficiency in 8088 and 1010 cells, Ab 1 was 

produced from these two host cells by stable transfection. The transfected cultures were 

selected with 400 micrograms/mL hygromycin for two weeks. Cells that were resistant to 

hygromycin were adapted to grow in Medium 1 in suspension cultures. Recombinant Ab 1 

was produced in three-day shaker flask cultures as well as in twelve-day fed-batch 

bioreactor cultures. Ab 1 was purified from the conditioned media and the levels of Ab 1 

fucosylation were determined by HPLC (Table 2). As shown in Table 2, the transfected 

8088 and 1010 cells produced recombinant Ab 1 antibody with fucosylation level between 

0.53% and 0.96% in shakers and bioreactors at 34°C. 

[00154] Fucosylation proficiency in 6069, 2020, 2121 cells was also examined after 

purification of Ab 1 protein produced in shaker flask cultures. Table 2 shows that these three 

cell lines produced Ab 1 with fucosylation levels ranging from 0.82% to 0.94%. 

[00155] 

Table 2 

Host Cell Line 
Designation 

Production 
Cell Line 

Designation 

FX 
Mutation 

Reporter 
Protein 

Fucosylation 
in Shaker 

(%) 

Fucosylation 
in Bioreactor 

(%) 

8088 (8088) 8088-1 L289S, 
N90K 

Ab 1 0.96 0.71 

1010 1010-1 L289S, 
G211R 

Ab 1 0.94 0.53 

2121 L289S, 
P136L 

Ab 1 0.82 

2020 L289S, 
N79S 

Ab 1 0.94 

6069 L289S, 
N79S 

Ab 1 0.87 
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Example 7: Fucosylation Proficiency in 6066-1 Is Temperature-Dependent 

[00156] The effect of culture temperatures on protein fucosylation in 6066-1 cells was 

examined by LCA staining and by analysis of fucosylation of Ab 1 protein produced from 

these cells. FIG. 5 shows the LCA stains of 4044-1 and 6066-1 cells grown at both 37°C 

and 34°C. 4044-1 cells grown at 34°C and 37°C were stained similarly by LCA. 6066-1 cells 

grown at 34°C bound LCA at a level that was significantly higher than 6066-1 cells grown at 

37°C. Table 3 shows the level of fucosylation in Ab 1 protein produced from 4044-1 and 

6066-1 cells in shaker flask cultures at 34°C and 37°C. 4044-1 cells produced AB 1 with 

96% and 95% fucosylation when grown at 34°C and 37°C respectively. In contrast, 6066-1 

cells produced Ab 1 with about 70% and 7% fucosylation at 34°C and 37°C respectively. 

This result indicates that the fucosylation level in 6066-1 cells is temperature-dependent. 

[00157] 

Table 3 

Production cell line 
Designation 

Consensus 
FX Mutation 

Culture Temp. 
(°C) 

Fucosylation in 
Ab 1 
(%) 

4044-1 None 37 95 

4044-1 None 34 96 

6066-1 L289S 37 7 

6066-1 L289S 34 70 

Example 8: Fucosylation of CHO Cells Cultured in Media Supplemented with L-fucose 

[00158] In mammalian cells, GDP-fucose can be produced by the de novo synthesis 

pathway and the salvage pathway (Becker and Lowe (2003) Fucose: biosynthesis and 

biological function in mammals, Glycobiology, 13(7):41 R-53R). In cells grown in culture 

medium lacking L-fucose, GDP-fucose is produced by GMD and FX proteins from GDP-

mannose. In medium with L-fucose, GDP-fucose can be generated from L-fucose by L-

fucose kinase and GDP-L-fucose pyrophosphorylase. GDP-fucose produced from either 

pathway is transported to the Golgi apparatus through GDP-fucose transporter. In the Golgi, 

the fucosyltransferase protein FUT8 converts glycoprotein into fucosylated proteins with 

GDP-fucose. Fucosylation proficiency of 6066-2, 8088, and 1010 cells grown in culture 

media with and without 5 mM L-fucose was examined. 6066-2 cells expressed the Ab 2 

antibody and carried the L289S mutation in the FX gene transcripts (Example 2 and Table 

1). By HPLC analysis of purified Ab 2, 6066-2 cells grown in shaker flasks produced AB 2 
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with 1,9 % fucosylation in Medium 2 with no added L-fucose. In contrast, 6066-2 cells grown 

in shaker flasks produced Ab 2 with 93.5% fucosylation in Medium 2 supplemented with 5 

mM L-fucose. This result indicates that the salvage pathway for GDP-fucose synthesis, the 

GDP-fucose transporter, and the FUT8 proteins were functional in 6066-2 cells. 

[00159] The relative fucosylation proficiencies of 3033, 5055, 7077, 8088, and 8088 

cells grown in Medium 2 with and without 5mM L-fucose were examined by staining with 

LCA (FIG, 6). 3033 and 5055 cells bound similar levels of LCA with and without L-fucose 

supplementation, 7077, 8088, and 8088 cells bound significantly more LCA when grown in 

media with 5 mM L-fucose than in media lacking L-fucose, This result suggests that 7077, 

8088, and 8088 cells had functional GDP-fucose transporter and functional FUT8 protein. 

Example 9: Fucosylation in 8088 Transfected with FX Gene 

[00160] To confirm that the reduced fucosylation level seen in 8088 cells was due to 

the mutant FX gene (with L289S and N90K mutations), wild type FX gene and the mutant 

FX gene were expressed in 8088 cells by stable transfection and then fucosylation 

proficiency of the transfected cells was examined by staining the cells with LCA. As a 

control, 8088 cells were separately transfected with the vector pR4009 (loxed cassette 

having hygromycin resistance gene and EGFP gene). Vectors pR4010 and pR4Q11 contain , 

the wild type FX gene and the L289S N90K FX gene placed in between the CMV promoter 

and the Lox511 site in pR4009, respectively. 8088 ceils transfected with pR4004 and either 

pR4009, pR4010, or pR4011 were selected with 400 micrograms/mL hygromycin for 14 

days. The cells that underwent Cre-mediated cassette exchange at EESYR expressed 

EGFP but not EYFP. The cells that were EGFP-positive but EYFP-negative were isolated 

by cell sorting. After expansion in tissue culture at 34°C, the sorted cells were sequentially 

stained with biotin-LCA and PE-streptavidin. 8088 transfected with the vector pR4009 and 

pR4011 exhibited the same level of LCA staining, in contrast, 8088 cells transfected with 

pR401Q exhibited a level of LCA staining comparable to 5055 cells (FIG. 7). In summary, 

wild type FX protein, but not the L289S N90K mutant FX protein, was abie io restore the 

fuscosylation level in 8088 ceils as assayed by LCA staining. This result indicates that the 

lower fucosylation level in 8088 cells was due to the L289S N90K mutation in FX protein in 

these cells. 

Example 10: HPLC and Mass Spectrometry of Glycans: Abs 3.1 and 3.2 

[00161] Cell line 8088, the CHO line having the FX gene modification that codes for 

an FX protein substitution L289S and N90K, was separately transfected with plasmids 

encoding heavy (human IgG 1) and light (human kappa) chains of two human antibodies with 
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different variable regions that specifically bind the same growth factor receptor (Antibody 3.1 

and Antibody 3.2). Cells expressing each antibody were grown in Medium 2 in the 

presence and in the absence of 10 mM fucose for 3 days at 37°C, and glycans from the 

antibodies under each set of conditions were isolated and identified by mass spectroscopy. 

[00162] 8088 cells expressing A3.1 in the absence of fucose produced three major 

glycan peaks on HPLC (FIG. 8), representing three different nonfucosylated glycans on a 

mass spectrum that differed in terminal galactosylation (FIG. 9) with about 1.47% 

fucosylation. 8088 cells expressing A3.1 in the presence of 10 mM fucose produced three 

major glycan peaks on HPLC (FIG. 10), representing three different fucosylated glycans and 

one nonfucosylated glycal on a mass spectrum (FIG. 11), with about 95.22% fucosylation, 

[00163] 8088 cells expressing A3.2 in the absence of fucose produced three major 

glycan peaks on HPLC (FIG. 12), representing three different nonfucosylated glycans on a 

mass spectrum that differed in terminal galactosylation (FIG. 13) with about 5.73% 

fucosylation. 8088 cells expressing A3,2 in the presence of 10 mM fucose produced three 

major glycan peaks on HPLC (FIG. 14), representing three different fucosylated glycans and 

a fourth minor amount of nonfucosylated glycan on a mass spectrum (FIG. 15), with about 

95.63% fucosylation. 

[00164] Results of glycan analysis for fucose-fed and non-fucose fed 8088 cells 

expressing Antibody 3.1 or Antibody 3.2 are summarized in FIG. 16, grouped according to 

glycan type. Columns indicating percentage of antibody under a particular condition sum to 

100. For Ab 3.1, total fucosylation in the absence of 10 mM fucose was 1.87%; for Ab 3.2, 

total fucosylation in the absence of 10 mM fucose was 5.73% (sum the corresponding 

columns in the last three rows of the table of FIG. 16). In the presence of 10 mM fucose, 

total fucosylation for Ab 3.1 was 95.22%; in the presence of 10 mM fucose total fucosylation 

for Ab 3.2 was 95.63% (sum the corresponding columns in final three rows of the table of 

FIG. 16). These data establish that the low fucosylation cell lines fucosylate no more than 

about 1.87% or 5.73% in the absence of fucose, but that fucosylation can be recovered in 

the presence of fucose up to at least about 95.22% or 95.63% fucosylation. 

[00165] For glycan analysis, 100 microgram aliquots of each of the two antibody 

(Antibody 3.1 and Antibody 3.2) samples were resuspended in 45 microliters of denaturation 

buffer containing 50 mM Tris (pH 8.0), 2.0 mM fris(2-carboxyethyl)phosphine (TCEP), 0.5% 

SDS. The protein was denatured by heating at 80°C for 7 min. The N-linked glycans on the 

antibody were released following incubation with 10 mU of PNGase F and 1% NP40 at 37 

°C overnight. The released glycans were fluorescently labeled by addition of 200 microliters 

of derivatization solution (30 mg/mL anthranilic acid (AA) and 20 mg/mL sodium 

cyanoborohydride in methanol containing 4% (w/v) sodium acetate and 2% (w/v) boric acid), 
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arid incubation at 80°C for 1 hour. The AA derivatized glycans were further separated from 

excess reagents using a solid phase extraction cartridge (Oasis™ HLB cartridge, Waters 

Corp.) and eluted into 200 microliters of 5% acetonitrile. For HPLC separation of the 

glycans, a Thermo Hypercarb™ column (3 pm, 100 x 2.1 mm) was used at a flow rate of 

0.15 mL/min. Mobile phase A was 0.05 % TFA in H20, and mobile phase B 0.045 % TFA in 

90 % acetonitrile and 10 % H20. An aliquot of 10 microliters of fluorescent derivatized 

oligosaccharides was mixed with 90 microliters of 0.1 % TFA in H20 and injected onto the 

column pre-equilibrated in 25% mobile phase B. Post sample injection, the gradient was 

increased to 30% B over 5 min, followed by another increase to 43 % B over 39 minutes to 

get the oligosaccharide separated. The AA-iabeled glycans were detected using a 

fluorescence detector with excitation wavelength at 230 nm and emission wavelength at 450 

nm. The mass spectrometry analysis of the AA-labeled glycans were conducted using a 

Shimadzu Axima™ MALDI-TOF system. One hundred microliters of the derivatized glycans 

were dried in speed vacuum and resuspended in 10 microliters 0.1% TFA. The 

concentrated glycans were further desalted using Nutip Hypercarb™, and eluted into 30 

microliters of 0.1% TFA in 65% acetonitrile, and speed vacuum dried. The lyophilized 

glycans were redissolved in 2 microliters 10 mg/mL DHB (2,5-dihydroxybenzioc acid) in 70% 

acetonitrile, and spotted onto the MALDi plate. The spectra were collected under linear 

negative mode, with post extraction at 1500 mu, and laser power set between 60-90% of 

maximum power (6 mW) operated at wavelength of 337 nm. 
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We claim: 

1. A cell capable of fucosylating a glycoprotein, wherein the cell comprises a modified 

GDP-4-keto-6-deoxy-mannose-3,5-epimerase-4-reductase (FX) gene having a 

modification that codes for an FX protein that is at least 90% identical to SEQ ID NO:1 

and that comprises a serine at position 289, and wherein no more than 10% of the 

glycoprotein is fucosylated when the cell is grown at a temperature of 37°C in the 

absence of an external fucose source. 

2. The cell of claim 1, wherein the FX gene further comprises a modification that encodes 

an FX protein having an amino acid at a specific position selected from the group 

consisting of a serine at position 79, a lysine at position 90, a leucine at position 136, an 

arginine at position 211, and a combination thereof. 

3. The cell of claim 1, wherein the FX protein is at least 95% identical to SEQ ID NO:1 and 

comprises a serine at position 289. 

4. The cell of claim 1, wherein the cell is a Chinese hamster ovary (CHO) cell 

5. The cell of claim 1, wherein the FX protein is a hamster, mouse, rat, monkey, or human 

FX protein. 

6. The cell of claim 1, wherein the cell expresses a glycoprotein that comprises an 

immunoglobulin CH2 region and an immunoglobulin CH3 region. 

7. The cell of claim 6, wherein the glycoprotein is an antibody. 

8. The cell of claim 6, wherein no more than 6% of the glycoprotein is fucosylated when the 

cell is grown at a temperature of 37°C in the absence of an external fucose source. 

9. The cell of claim 8, wherein no more than 2% of the glycoprotein is fucosylated when the 

cell is grown at a temperature of 37°C in the absence of an external fucose source. 

10. The cell of claim 1, wherein the cell fucosylates at least 70% of the glycoprotein when 

the cell is grown at a temperature of 34°C in the absence of an external fucose source. 

11. The cell of claim 1, wherein the cell fucosylates at least 90% of the glycoprotein when 

the cell is grown at a temperature of 34°C in the absence of an external fucose source. 
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12. The cell of claim 1, wherein the cell fucosylates at least 70% of the glycoprotein when 

the cell is grown at a temperature of 37°C in the presence of an external fucose source. 

13. The cell of claim 1, wherein the cell fucosylates at least 90% of the glycoprotein when 

the cell is grown at a temperature of 37°C in the presence of an external fucose source. 

14. An isolated nucleotide molecule encoding an FX protein, wherein the FX protein 

comprises a serine at position 289. 

15. The isolated nucleotide molecule of claim 14, wherein the FX protein encoded by the 

nucleotide sequence further comprises a serine at position 79, or a lysine at position 90, 

or a leucine at position 136, or an arginine at position 211, or a combination thereof. 

16. The isolated nucleotide molecule of claim 14, encoding an FX protein that is at least 95% 

identical with SEQ ID NO:1. 

17. The cell of claim 1, further comprising a nucleotide sequence encoding an 

immunoglobulin gene. 

18. A method for making a glycoprotein with reduced fucosylation, comprising: 

culturing a mammalian cell that comprises a FX gene that codes for a FX 

protein with a serine at position 289, at a temperature of about 37°C and in the absence 

of an external fucose source, wherein the cell expresses a glycoprotein that comprises 

an immunoglobulin CH2 region and an immunoglobulin CH3 region; and, isolating the 

glycoprotein from the culture. 
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an amino acid at a specific position selected from a serine at position 79, a lysine at 

position 90, a leucine at position 136, an arginine at position 211, and a combination 

thereof. 

20. The method of claim 18, wherein the glycoprotein is an antibody 

36 


