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ABSTRACT. Previous studies have indicated negligible levels of both sialylation and the precursor
N-acetylneuraminic acid (Neu5Ac) in a number of insect cell lines grown in serum-free medium. The
overexpression of the human sialic acid 9-phosphate synthase (SAS) in combinatidwadigitylman-
nosamine (ManNAc) feeding has been shown to overcome this limitation. In this study we evaluated the
potential bottlenecks in the sialic acid synthesis pathway$padoptera frugiperdéSf9) insect cell line

and devised strategies to overcome them by overexpression of the enzymatic pathway enzymes combined
with appropriate substrate feeding. Coexpression of SAS and UDP-GIcNAc 2-epimerase/ManNAc kinase,
the bifunctional enzyme initiating sialic acid biosynthesis in mammals, resulted in Neu5Ac synthesis
without use of any external media supplementation to demonstrate that Neu5Ac could be generated
intracellularly in Sf9 cells using natural metabolic precursbkg\cetylglucosamine (GIcNAc) feeding in
combination with this coexpression resulted in much higher levels of Neu5Ac compared to levels obtained
with ManNAc feeding with SAS expression alone. The lower Neu5Ac levels obtained with ManNAc
feeding suggested limitations in the transport and phosphorylation of ManNAc. The bottleneck in
phosphorylation was likely due to utilization of GIcNAc kinase for phosphorylation of ManNAc in insect
cells and was overcome by expression of ManNAc kinase. The transport limitation was addressed by the
addition of tetra©-acetylated ManNAc, which is easily taken up by the cells. An alternative sialic acid,
2-keto-3-deoxyp-glycerap-galactonononic acid (KDN), could also be generated in insect cells, suggesting
the potential for controlling not only the production of sialic acids but also the type of sialic acid generated.
The levels of KDN could be increased with virtually no Neu5Ac generation when Sf9 cells were fed
excess GIcNAc. The results of these studies may be used to enhance the sialylation of target glycoproteins
in insect and other eukaryotic expression systems.

Insect cells are widely used for the production of numerous lower the potential therapeutic value of these produg}s (
recombinant proteins, typically through the baculovirus An insect cell line capable of producing sialylated proteins
expression vector system (BEYS They often produce  while retaining the other advantages of the BEVS such as
recombinant proteins in high yields and have the capacity high yields would represent a significant development to the
to perform posttranslational modifications including glyco- biotechnology industry.
sylation (). The nature of the attached glycan can influence
the structure, function, and stability of the proteR) 8). 1 Abbreviations: Neu5Ad\-acetylneuraminic acid; SAS, sialic acid

; ; ; ; ; 9-phosphate synthase; ManNAtacetylmannosamine; Sf8podoptera
Unlike mammalian cells, insect cells are typically incapable frugiperda EpimKin, UDP-GIcNAc 2-epimerase/ManNAc kinase:

of generating comple-glycans with a terminaN-acetyl- GlcNAc, N-acetylglucosamine; AblanNAc, tetraO-acetylated Man-
neuraminic acid (NeuSAcY( 5). Insect cells often produce  NAc; KDN, 2-keto-3-deoxys-glycerap-galactanononic acid; BEVS,

truncated or paucimannosidibl-glycans terminating in baculovirus expression vector system; Man, mannose; Gal, galactose;

. : CMP-Neu5Ac, cytidine monophosphate Neu5Ac; UDP-GIcNAc, uri-
mannose (Man) or occasionalifacetylglucosamine (GIcNAc) dine diphosphate GIcNAc; ManNAc-6-P, ManNAc 6-phosphate; Man-

(4, 6). As a result, glycoproteins derived from insect cells 6-p, mannose 6-phosphate; CMP-SAS, cytidine monophosphate sialic
are likely to have shorter in vivo circulatory half-lives which  acid 9-phosphate synthase; CHO, Chinese hamster ovary; CMP-KDN,
cytidine monophosphate 2-keto-3-demaglycerop-galactonononic
acid; AcSAS Autographa californicébaculovirus containing sialic acid
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* Department of Chemical and Biomolecular Engineering, Johns UDP-GIcNAc 2-epimerase/ManNAc kinase gene; Ackdngcalifornica
Hopkins University. baculovirus containing mutated UDP-GIcNAc 2-epimerase/ManNAc
§ Freie UniversitaBerlin. kinase gene with only ManNAc kinase activity; ACEpif, californica
' Department of Biomedical Engineering, Johns Hopkins University. baculovirus containing mutated UDP-GIcNAc 2-epimerase/ManNAc
U Department of Biology, Johns Hopkins University. kinase gene with only 2-epimerase activity.
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Ficure 1: Schematic of the sialic acid biosynthetic pathways in mammalian cells. (A, top) Pathway for synthesis of NeuSAc and CMP-
Neu5Ac in mammalian cells. (B, bottom) Steps in the synthesis of KDN and CMP-KDN in mammalian cells.

Metabolic engineering represents one approach for im- GIcNAc) generated from basic metabolites is first converted
proving the glycosylation properties of insect cell proteins. to N-acetylmannosamine (ManNAc) by the 2-epimerase
Previous efforts in this area have focused primarily on the activity of the bifunctional enzyme UDP-GIcNAc 2-epime-
expression of transferas@sAcetylglucosaminyltransferase-l  rase/ManNAc kinase (EpimKin). ManNAc is then phospho-
(GIcNACT-I) (8) and-1,4-galactosyltransferase (Gal®) ( rylated to ManNAc 6-phosphate (ManNAc-6-P) by the kinase
10) have been expressed in insect cells to improve the levelsactivity present on the same enzyniegl)( ManNAc-6-P is
of GIcNAc and galactose (Gal) appearing on insect cell the substrate for sialic acid 9-phosphate synthase (SAS) to
glycoproteins. Recently, the combined expressionNef synthesize Neu5Ac 9-phosphalé). The same enzymes can
acetylglucosaminyltransferase-1l (GIcNAcT-Il) and GalT in  also yield an alternate sialic acid, KDN 9-phosphate (KDN
a Trichoplusia ni(TN-5B1-4) insect cell line resulted in = 2-keto-3-deoxys-glycerap-galactanononic acid), using
glycoproteins containing more than 50% structures that wereMan 6-phosphate (Man-6-P) as substrate (Figure 1B).
fully galactosylated on both branchesly. This cell line Unknown specific or nonspecific dephosphorylases act on
generated only paucimannosidic structures terminating inthese intermediates to yield Neu5Ac and KDN, which are
Man with a few structures containing GIcNAc on one of in turn converted to CMP-Neu5Ac and CMP-KDN by CMP-
two Man branches in the absence of these heterologoussialic acid synthase (CMP-SAS)®). These CMP-sialic acids
transferasedd. Sialyltransferases have also been expressedare the activated molecules that transfer the sialic acid to
in combination with galactosyltransferases in both mam- the glycan on the proteins. As an alternative, ManNAc, the
malian and insect cells to improve sialylation of the proteins first dedicated precursor of Neu5Ac, has been added to CHO
(12, 13). However, the expression of these transferases will cell culture media to enhance sialylation of interfejo(i7).
be most effective if there is an adequate supply of the This same pathway for sialic acid synthesis has been shown
substrates, the activated sugar nucleotides, which are utilizedo utilize other unnatural ManNAc derivatives and synthesize
in the galactosylation and sialylation reactions. unnatural analogues of sialic aci@8. The promiscuous

The primary donor substrate for sialylation is CN\P- nature of the pathway has been exploited to introduce reactive
acetylneuraminic acid (CMP-Neu5Ac), and the metabolic functional groups such as ketond®) and azidesZ0) on
pathway used by mammalian cells for generating CMP- the modified sialic acids at the cell surface. In addition, sialic
Neu5Ac and its dedicated metabolic precursor, Neu5Ac, is acid when supplemented to certain eukaryotic cell line media
shown in Figure 1A. UDRN-acetylglucosamine (UDP- has been shown to be incorporated into glycoprote2ds (
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Sialylated structures have been detected in insect cellsSubsequently, the solvent was removed in vacuo, and the
expressing recombinant galactosyltransferases and sialyltesidue was dissolved in GHI; and washed successively

transferases 2@, 23). However, supplementation of the
culture medium with serum, which is rich in sialic aci@sly,
was necessary to obtain these sialylated forms.

with 30 mL of concentrated HCI (twice) and then 30 mL of
saturated N&5Qy. Finally, the mixture was dried over b0,
and concentrated. The residue was purified by silica gel

Applying metabolic engineering strategies to include the chromatography, eluting with a gradient of 2:1 to 1:2
enzymes involved in sialic acid metabolism and transport hexanes/EtOAc. The resulting white amorphous foam was
represents another approach for altering the levels of necescharacterized by NMR as a mixture of anomers. The product
sary substrates for sialylation. Previous studies in insect cellswas stored at-20 °C; periodically 100 mM stock solutions
have indicated negligible intracellular levels of endogenous ©f tetraO-acetylated ManNAc were prepared in ethanol and

sialic acids including Neu5Ac16) and CMP-sialic acids,
the active substrate for sialylatio@5, 26). The overexpres-

stored at 4°C until use.
Cell Culture. Sf9 (ATCC, Manassas, VA) cells were

sion of the human SAS in combination with supplementation grown in serum-free HyClone SFX media in shaker flasks.
of ManNAc has been shown to overcome the absence OprprOXImater 0.8x 1P Sf9 cells taken from cell cultures

detectable Neu5Ac production in these insect cells).(

at densities between 1.5 and X5L0° cells/mL were plated

Interestingly, the insect cells apparently included endogenouson each well of a six-well plate. After attachment, the
specific and nonspecific kinase and phosphatase activiiesmedium was removed and 2 mL of fresh medium was
to phosphorylate and dephosphorylate ManNAc and Neu5Ac supplied to each well. The cells were infected with 20

9-phosphate, respectively (Figure 1A). Similarly, the expres- Of each virus or left uninfected. Baculovirus infections were

sion of both human SAS and CMP-SAS in combination with
ManNAc feeding is found to be sufficient to generate
intracellular CMP-Neu5Ac in insect celld§). In addition

performed as described by O'Reilly et al)(
The medium was supplemented by the appropriate sugar
solution at the time of infection. For ManNAc supplementa-

to Neu5Ac, the insect cells can generate the alternative sialiction, Sf9 cells were grown in media supplemented with 0.1,

acid KDN (15). Following expression of SAS, KDN

2, and 5 mM ManNAc (from the 0.1 M ManNAc stock)

9-phosphate is synthesized by conversion of endogenousand 10, 20, and 50 mM ManNAc (fromehl M ManNAc

Man-6-P. This KDN 9-phosphate is then converted to KDN

stock). For GIcNAc supplementation, Sf9 cells were grown

by endogenous phosphatases present in insect cells. In cell§ media supplemented with 0.1, 2, and 5 mM GlcNAc (from

infected with CMP-SAS, this KDN is converted to CMP-
KDN (Figure 1B).

In the present study we further examine the metabolic
pathways for sialic acid production in insect cells. Using the
mammalian sialic acid synthesis pathway as a framework,

the 0.1 M GIcNAc stock) and 10 and 20 mM GIcNAc (from
the 1 M GIcNAc stock). For AdManNAc supplementation,
the cells were grown in medium supplemented with 0.1, 0.2,
0.5, and 1 mM AgManNAc (from 100 mM AgManNAc).
Cells were harvested 72 h postinfection by removing the

we have identified the bottlenecks that exist in the sialic acid cell culture medium and washing the cells twice with

synthesis in insect cells. To elucidate bottlenecks, w

incorporated the genes for selective enzymes of the pathwa))vI

in combination with appropriate substrateéSpodoptera
frugiperda (Sf9) cells were infected with baculoviruses

containing the sialic acid 9-phosphate synthase gene (ACSAS
in combination with the AcEpim (baculovirus containing the (Rockford,

functional UDP-GIcNAc 2-epimerase gene without ManNAc
kinase activity), AcKin (baculovirus containing the functional
ManNAc kinase gene without UDP-GIcNAc 2-epimerase
activity), and AcEpimKin (baculovirus containing the UDP-
GlcNAc 2-epimerase/ManNAc kinase bifunctional gene) in

the presence or absence of ManNAc and GIcNAc in the
media. By suitable infections and substrate feeding, we were
able to overcome specific pathway limitations and enhance

sialic acid production as well as control the ratio of the two
different sialic acids (Neu5Ac and KDN) synthesized by the
cells.

MATERIALS AND METHODS

Preparation of Sugar SolutionSugar solutions of Man-
NAc and GIcNAc (0.1 ad 1 M each) (Sigma Chemicals,
St. Louis, MO) were prepared by dissolving them in water
followed by filter sterilization. Tetrad-acetylated ManNAc
(AcsManNAc) was prepared by following a protocol adapted
from a previously published procedur27j. Briefly, 7.0
mmol of ManNAc (Pfanstiel, Waukegan, IL) was dissolved
in 30 mL of a 2:1 solution of pyridine and acetic anhydride.
The mixture was stirred at room temperature for 12 h.

e Phosphate-buffered saline (Life Technologies, Bethesda,

D). The cells were vortexed and then sonicated with a
Tekmar sonic disruptor (Cincinnati, OH) for 30 s at 50%
cycle at a power setting of 2.5. The samples were analyzed

)for total protein content with a Pierce BCA assay kit

IL) and a 96-well plate reader (Molecular
Devices, Sunnyvale, CA), and analyzed for sialic acids as
described below.

Neu5Ac/KDN DetectiorPrevious studies have indicated
the absence of sialic acid on cellular proteins for Sf9 cells
lacking the expression of both heterologous galactosyltrans-
ferase and sialyltransferase gen#8, 23). Consequently,
any incorporation of Neu5Ac or KDN into cell proteins was
ignored. The free sialic acid content was measured by the
procedure as described by Hara et 2ll)( A 95 uL sample
of 1,2-diamino-4,5-methylenedioxybenzene dihydrochloride
(DMB; Sigma) reducing solution (7.0 mM DMB in 1.4 M
acetic acid, 0.75 Mp-mercaptoethanol, and 18 mM sodium
hydrosulfite) was added to/d_ of sample and incubated at
50 °C for 2.5 h, 3-10 uL of which was used for HPLC
analysis on a Shimadzu (Columbia, MD) VP series HPLC
instrument using a Waters (Milford, MA) Spherisorbu&
ODS2 column. A Shimadzu RF-10AXL fluorescence detec-
tor with 448-nm emission and 373-nm excitation wavelengths
was used for detecting the peaks. An acetonitrile, methanol,
and water mixture (9:7:84, viviv) with a flow rate of 0.7
mL/min was the mobile phase. Response factors of Neu5Ac
and KDN were established with authentic standards on the
basis of peak areas for quantifying sample sialic acid levels.



15218 Biochemistry, Vol. 42, No. 51, 2003 Viswanathan et al.

The sialic acid content was normalized on the basis of the detected. In Sf9 cells infected with AcSAS, the KDN levels

total protein content measured with the Pierce BCA assaywere detectable at levels between 170 and 260 frgabf

kit and a Molecular Devices (Sunnyvale, CA) microplate total protein (Figure 2C). The levels of intracellular KDN

reader. decreased slightly as ManNAc was fed but still remained
GIcNAc Kinase/ManNAc Kinase Adty Measurement.  above 150 fmolig of protein. When the production of

Enzyme activities were determined as described eafli@r (  Neu5Ac relative to KDN is calculated, the NeuSAc to KDN

Briefly, assays contain 60 mM Tris/HCI, pH 7.5, 20 mM ratio rises rapidly with the initial addition of ManNAc due

MgCl,, 5 mM GlcNAc/ManNAc, 50 nCiF*C]GIcNAc/[“C]- in large part to the rapid increase in Neu5Ac production

ManNAc, and 20 mM ATP in a final volume of 200L. accompanying ManNAc feeding (Figure 2C).

Assays were run for 30 min at 3T and stopped by addition Effect of Coinfecting ACEpimKin and AcSA® alterna-

of 300uL of ethanol. Radiolabeled substrates were separatedtive to ManNAc supplementation is to engineer the cells with

by descendent paper chromatography, and radioactivity wasthe capacity to generate ManNAc, since Sf9 cells have

determined in a Tri-Carb 1900A liquid scintillation counter negligible endogenous capacity to synthesize ManN&. (

(Packard). In mammalian cells ManNAc is synthesized in vivo by the
epimerization of UDP-GIcNAc using UDP-GIcNAc 2-epi-
RESULTS merase. The ManNAc is then converted to ManNAc-6-P by

) . _ . akinase encoded on the same bifunctional complex (Figure

Effect of ManNAc Media Supplementation on the Sialic 1a). The bifunctional rat enzyme (Figure 3) that generates
Acid Levels in AcSAS-Infected CelldlanNAc is a metabolic  panNAc 6-phosphate from UDP-GIcNAc has been cloned
precursor in the biosynthesis of NeuSAc as shown in Figure jnig paculovirus (AcEpimKin), and infection of Sf9 cells with
1A. This conversion involves the phosphorylation of Man- aAcEpimKin results in the production of the active enzyme
NAc to ManNAc-6-P, which then fuses with phosphoenol (29)" To determine if Sf9 cells could be engineered to
pyruvate (PEP) to generate NeuSAc-9-P. This intermediate proguce NeuSAc without substrate supplementation, Sf9 cells
is subsequently dephosphorylated to give NeuSAc. In previ- ere coinfected with the AcEpimKin and AcSAS baculovi-
ous studies, Sf9 cells grown in serum-free media were yses simultaneously and then analyzed for intracellular sialic
observed to include negligible levels of NeuSALS) To acid. Cells infected with AcEpimKin alone had negligible
determine if insect cells could be engineered to produce |eyels of NeuSAc (Figure 4) as did cells infected with ACSAS
Neu5Ac using ManNAc substrates, Sf9 cells were infected g,gne (Figure 2A). However, coinfection with AcSAS and
with the AcSAS baculovirus containing the sialic acid AcEpimKin enabled the cells to generate significant NeuSAc
9-phosphate synthase (sas) gene and supplemented withyg 900 fmolig) intracellularly. This coinfection indicates
ManNAc at the time of infection. As shown in Figure 2A,  {hat Sf9 cells generate the essential UDP-GICNAC precursor
these AcSAS-infected cells generated significant levels of o, the synthesis of ManNAc and Neu5Ac endogenously.
Neu5Ac that varied with the amount of fed ManNAc. Inthe  Thys  cells infected with AcEpimKin and AcSAS can
absence of ManNAc supplementation, however, the levels synthesize NeuSAc in the absence of any additional media
of NeuSAc were very low (approximately 100 fmedf of  gpplementation. In fact, the NeuSAc levels observed in the
total protein), suggesting that Sf9 cells have a limitation in cginfected cells were comparable to the levels observed in
the amount of ManNAc available for NeuSAc synthesis. As e AcSAS-infected cells supplemented with 10 mM Man-
ManNAc supplementation levels were increased, the levels yac (Figure 4).
of Neu5Ac synthesized increased over the entire range Up  Effects of GIcNAC Feeding on NeuSAc ProductiGitNAC
to 27000 fmolkg of total protein with 50 mM ManNAC  feeding represents another possible alternative for increasing
supplementation as shown in Figure 2A. However, the e synthesis of sialic acid in insect cells. The substrate for
increase in Neu5Ac obtained began to slow around 20 mM AcEpimKin is UDP-GIcNAc, and a 10-fold increase in the
fed ManNAc, and there was only a relatively small increase (pp.GgicNAc levels was found with 10 mM GlcNAc
in the NeuSAc levels in changing from 20 to 50 mM  gypplementation to the media (data not shown). To see the
ManNAc supplementation to the media. effect of GIcNAc feeding on sialic acid production, cells were

A similar experiment was done with uninfected Sf9 cells coinfected with AcEpimKin and AcSAS in the presence of
and Sf9 cells infected with a control virus without any foreign  different concentrations of GIcNAc (Figure 5). The amount

gene (A35). The Neu5Ac levels in the uninfected cells as
well as the cells infected with the A35 (negative control)
virus also increased with ManNAc feeding (Figure 2B), with

of Neu5Ac generated increased with higher concentrations
of GIcNAc, reaching a level of 115000 fmalj of protein
at 10 mM fed GIcNAc. This Neu5Ac level was more than 6

the same dependency on sugar concentration. However, thesgmes higher than the amount of NeuSAc generated when
guantities were more than 2 orders of magnitude below thosethe cells were infected with AcSAS and fed 10 mM
seen with the AcSAS infection. This difference suggests a ManNAc.
native, albeit low, sialic acid 9-phosphate synthase activity  Effects of Infection with AcKin, a Virus with Only ManNAc
in Sf9 cells. The lowest levels of NeuSAc were observed Kinase Actiity. Insect cells are capable of phosphorylating
following infection of the A35 virus and may reflect the  ManNAc to give ManNAc-6-P as evidenced by the genera-
negative effects of viral infection on host cell functions. tion of Neu5Ac in cells infected with AcSAS and supple-
In addition to Neu5Ac, the levels of the alternate sialic mented with ManNAc. The SAS enzyme acts almost
acid KDN were also measured for these ManNAc feeding exclusively on ManNAc-6-P substratelb|. Previous studies
experiments. The sialic acid KDN is synthesized by SAS showed that mammalian cells lacking the specific ManNAc
with Man-6-P and PEP as substrates. In A35-infected and kinase still display ManNAc kinase activity, which is derived
uninfected (data not shown) cells, KDN levels were not from a secondary activity of GIcNAc kinase3Q). To
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Ficure 2: Effect of different ManNAc concentrations on Neu5Ac and KDN levels in Sf9 insect cells. (A, top) Intracellular Neu5SAc levels
for cells infected with ACSAS virus or left uninfected in the presence of varying quantities of ManNAc. The cells were harvested 3 days
postinfection, and Neu5Ac levels were measured by DMB labeling. The right panel includes the Neu5Ac synthesis pathway. The bold
arrows represent recombinant activity, and the dashed arrows represent native activity’ Anet the arrow represents a step in the
pathway for which the enzyme activity is either negligible or not present at all. (B, middle) Intracellular Neu5Ac levels for cells infected
with A35 (negative control virus) or left uninfected in media supplemented with varying quantities of ManNAc. The cells were harvested
at 3 days postinfection, and the intracellular Neu5Ac levels were measured as before. (C, bottom) Absolute and relative KDN production
levels for Sf9 cells infected with A35 (negative control virus) or AcSAS in medium supplemented with different ManNAc quantities. The
left axis and closed symbols refer to the intracellular KDN content measured by DMB labeling. The right axis and open symbols refer to
the ratio of Neu5Ac level to KDN level. All experiments were performed in duplicate with similar trends.
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Ficure 3: Schematic of the UDP-GIcNAc 2-epimerase/ManNAc
kinase bifunctional gene along with mutants. The region of
epimerase activity is located at the amino terminus of the protein,
while the kinase active site is localized to the carboxy terminus of
the protein. The AcEpimKin virus includes domains for fully
functional epimerase and kinase activities. The AcKin virus contains
an active kinase domain with a mutation in the epimerase domain
(H45A) to eliminate epimerase activity. The AcEpim virus includes
a functional epimerase gene with a mutation in the kinase domain
(R420M).
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Ficure 4: Sialic acid production as measured by an HPLC detector
for Sf9 cells infected with AcSAS and AcEpimKin compared to
production following infection with AcSAS alone in media
supplemented with 10 mM ManNAc. Also included as a negative
control is the activity following infection with AcEpimKin alone.
Neu5Ac and KDN levels were measured following DMB deriva-

tization using a fluorescence detector with a reversed-phase HPLC
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GIcNAc 2-epimerase/ManNAc kinase suggests a possible
limitation in the production of ManNAc-6-P from the
ManNAc added to the cell culture media. Even when
ManNAc is fed up to 50 mM, the level of Neu5Ac saturates
at 25000 fmoltg of protein as compared to 115000 fmol/
ug found for coinfection with AcSAS and AcEpimKin in
the presence of 10 mM GIcNAc feeding. The limitation could
occur in the intracellular enzymatic synthesis of ManNAc
6-phosphate from ManNAc, in the uptake of ManNAc by
the cells, or at both steps. To examine for a limitation in the
ManNAc kinase activity which is responsible for the
synthesis of ManNAc-6-P from ManNAc, the cells were
infected with an AcKin virus along with AcCSAS in the
presence of variable amounts of fed ManNAc. AcKin is a
baculovirus that expresses a UDP-GIcNAc-2-epimerase/
ManNAc kinase gene that contains unchanged ManNAc
kinase activity but lacks any 2-epimerase activity due to the
H45A point mutation in the epimerase domain of the
bifunctional enzyme (Figure 329). The Neu5Ac production
levels for coinfections with AcCSAS and AcKin were then
compared with those for cells infected with AcSAS alone
in the absence of any recombinant ManNAc kinase activity
(Figure 6). At levels of ManNAc supplementation of 10 mM
and below, the Neu5Ac vyields were comparable in the
presence or absence of the additional AcKin infection,
suggesting that the ManNAc kinase activity of Sf9 GICNAc
kinase is sufficient for ManNAc phosphorylation. However,
at levels of ManNAc of 20 mM and above, the Neu5Ac
levels were significantly higher in the AcKin coinfected cells,
reaching a level of NeuS5Ac that was more than 2.5-fold
higher at 50 mM ManNAc. This increase in Neu5Ac
production in the presence of recombinant ManNAc kinase
suggests a limitation in the endogenous ManNAc kinase
activity of Sf9 cells at higher ManNAc feeding levels.
However, even though the Neu5Ac levels increased with the
AcKin infection and ManNAc supplementation, the total
Neu5Ac yields were not as high as those obtained with
AcEpimKin and AcSAS coinfection in the presence of fed
GIcNAc, indicating other possible limitations in the conver-
sion of fed ManNAc to Neu5Ac.

Effect of Feeding AdManNAc on Neu5Ac Productioo
examine for a possible transport limitation in the uptake of
ManNAc by insect cells, the ManNAc was tettaacetylated
prior to being provided as a substrate to the medium.

setup. Detector responses on the chromatograms have been norma@-Acetylation of ManNAc is known to facilitate its uptake

ized using the total protein concentration in lysates for each sample

investigate if such an activity exists in insect cells as well,
the ManNAc kinase and GIcNAc kinase activities in Sf9 cells
were determined. The GIcNAc kinase activity was found to
be 4.6 mU/mg and the ManNAc kinase activity 2.9 mU/mg.
In the presence of equimolar ratios of GIcNAc and ManNAc,
the ManNAc kinase activity dropped to less than 10% of its

value measured in the absence of GIcNAc. This behavior is

consistent with the activity observed for a mammalian
GIcNAc kinase 80) and confirms that the ManNAc kinase
activity in Sf9 cells is likely to be derived from the
endogenous insect GIcNAc kinase.

The high levels of Neu5Ac generated when ManNAc
6-phosphate is synthesized intracellularly using UDP-

-in mammalian cells31). O-Acetylation involves the chemi-
cal modifications of the hydroxyl groups to acetyl groups
as shown in Figure 7A. The chemical modifications cause
the ManNAc to be more lipophilic, which in turn allows the
resulting AgManNAc to diffuse more easily through the cell
membrane. Once inside the cell, the;®ManNAc is deacety-
lated to free ManNAc by nonspecific esterases in the cytosol
(32).

To investigate for a possible limitation in ManNAc
transport, Sf9 cells cultured in serum-free media were
supplemented with 0.2 mM AlanNAc and then coinfected
with AcSAS and AcKin. The Neu5Ac level obtained using
Ac,ManNAc was comparable to the amount from cells
coinfected with AcEpimKin and AcSAS in the presence of
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an equivalent level (0.2 mM) of GIcNAc. Furthermore, this experiments in which the AManNAc concentration was
value was higher than the amount of Neu5Ac obtained with held at or below 0.2 mM.

the same viruses (AcSAS and AcKin) supplemented with KDN Production in Insect CelldNeu5Ac is the predomi-
10 mM ManNAc (Figure 7B). The production of slightly  nant form of sialic acid generated when the AcCSAS infection
higher levels of Neu5Ac using much lower levels of fed/Ac  is carried out in the presence of ManNAc or following
ManNAc compared with free ManNAc suggests a limitation coinfection with AcEpimKin. The alternate sialic acid KDN
does exist in the ManNAc transport into insect cells, and is also synthesized, albeit at much lower levels, by this same
this transport limitation inhibits the cells’ ability to generate SAS enzyme using Man-6-P as the substraf (Figure
high levels of intracellular Neu5Ac. Unfortunately, Ac 1B). Man-6-P is generated by phosphorylation of Man in
ManNAc is also lethal to insect cells at elevated levels. For cells. To determine if the levels of KDN could be increased
example, 1 mM AgManNAc supplementation resulted in by substrate addition, additional Man was added to the
the death of the majority of the cells after-2 days. medium. However, feeding Man did not alter the KDN levels
Consequently, addition of AbManNAc was limited to significantly (data not shown). This absence of any effect
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FIGURe 7: (A, top) The modification of the hydroxyl groups of ManNAc I&-acetyl groups leads to the generation of,enNAc. (B,
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feeding following AcEpimKin+ AcSAS coinfection, and AcKint AcCSAS coinfection with ManNAc feeding. Infection with ACSAS
supplemented with 10 mM ManNAc was also included as a comparison. Experiments in (B, bottom) were performed multiple times with
similar results.

on KDN production with Man feeding could be due to high this mutant enzyme is feedback inhibited completely by 0.1
intracellular Man-6-P levels naturally or because high levels M CMP-Neu5Ac @9). Cells infected with AcKin along with

of Man are present in the serum-free media used. As anAcEpim and AcSAS synthesized high levels of Neu5Ac with
alternative, methods to increase KDN production relative to GIcNAc feeding as expected (Figure 8). In contrast, in
that of NeubAc were evaluated through the inhibition of the GIcNAc-fed cells infected with AcEpim and AcSAS in the
synthesis of ManNAc-6-P. As shown in Figure 1A GIcNAc absence of AcKin infection, the synthesis of NeuSAc was
is incorporated into the metabolic pathway as GICNAc limited to negligible levels and KDN became the predomi-
6-phosphate. The phosphorylation of GIcNAc was carried nant sialic acid synthesized (Figure 8).

out in Sf9 by GIcNAc kinase, which also includes a

secondary ManNAc kinase activity. Previously, we observed DISCUSSION

that feeding an excess of GICNAc could restrict the ManNAc

kinase activity of GIcNAc kinase and limit the levels of Previous research in our laboratories has demonstrated that
ManNAc-6-P available to the cells. Therefore, GIcNAc insect cells can be engineered to produce sialylation sub-
feeding was considered as a possible method to limit NeuSAcstrates 15, 16). The present work focused on identifying
production in insect cells. Sf9 cells were coinfected with particular bottlenecks that may exist in the sialic acid
AcSAS and AcEpim (with and without AcKin) in the synthesis pathways of insect cells. In particular, we focused
presence of fed GIcNAc, and the production of Neu5Ac and on the production of the sialic acids Neu5Ac and KDN in
KDN was measured. AcEpim is a baculovirus that expressesSf9 cells. By varying the specific pathway genes as well as
a UDP-GIcNAc 2-epimerase/ManNAc kinase that contains the substrates involved, we determined that particular
unchanged epimerase activity but lacks any ManNAc kinase processing steps can indeed limit the production of sialic
activity due to the R420M point mutation in the kinase acid. Furthermore, a suitable combination of substrate feeding
domain of the gene for this bifunctional enzyn#9). Also alternatives and expression of various genes can be used to
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control the levels of sialic acid as well as the type of sialic  To determine if ManNAc feeding could be avoided and
acid formed. if insect cells could be engineered to generate Neu5Ac

As previously reported by Lawrence et a5, Sf9 cells completely from intracellular metabolites, insect cells were
synthesize Neu5Ac and KDN when infected with a bacu- coinfected with the AcEpimKin and AcSAS virus without
lovirus carrying the gene for sialic acid 9-phosphate synthase@ny media supplementation. The coinfections of AcEpimKin
in the presence of exogenously fed ManNAc. In this study, @d ACSAS were performed with the intent of avoiding
the levels of NeuSAc were observed to increase with Potentially costly ManNAc feeding by introducing the
ManNAc supplementation up to 20 mM fed ManNAc. This enzymatlc n_1ach|nery for ManNAc productlon_mto the cells.
increase in NeuSAc production clearly indicates a limitation The bifunctional enzyme UDP-GIcNAc 2-epimerase/Man-
in the available ManNAc for NeuSAc synthesis in Sf9 cells. NAC kinase @9) present on AcEpimKin produces ManNAc
However, the addition of 50 mM ManNAc gave only a 12% @and then ManNAc-6-P, the precursor for the SAS enzyme,
increase in the synthesis of NeuSAc over the level obtained from UDP-GICNAc. Previous studies have indicated that Sf9
with 20 mM ManNAc. Thus, a bottleneck in the sialic acid Cells have significant levels of the UDP-GICNAc present
pathway is present in insect cells such that increasing theintracellularly €6). Indeed, the generation of NeuSAc in the
level of ManNAc present in the medium above 20 mM does Presence of ACSAS and AcEpimKin indicates that metabolic
not cause a significant enhancement in the amount of engineering can be used to complete the sialic acid synthesis
Neu5Ac generated. This bottleneck could exist either at the Pathway and that sialic acid can be synthesized in cells
step involving ManNAc transport into the cells or in the without any addlthnal.substrates. .In fact, comfeqtlon of
metabolic conversion of ManNAc to substrates which can ACSAS and AcEpimKin resulted in the production of
be utilized by the sialic acid synthesis enzyme. Nonetheless,NEUSAC levels comparable to those seen with ACSAS
the intracellular NeuSAc content was still over 100 times infection and 10 mM ManNAc feeding. Furthermore, the
higher in the AcSAS-infected lysates as compared to control coinfection of ACSAS and AcEpimKin in cells supplemented
culture lysates. However, the presence of detectable NeusAcVith 10 mM GIcNAc (a more cost-effective reagent than
in control cultures suggests that insect cells may contain veryManNAc) generated levels of NeuSAc that were around 6
low endogenous levels of the enzymes for sialic acid tlmes'h|gher than those.f.rom the coinfection ofAcSAS and
synthesis. The gene for sialic acid synthesis indeed has beef*CEPIMKin without additional substrates and in fact satu-
detected inDrosophila melanogaste(32) although the rated the experimental Neu5Ac d.etect|on system. _These high
endogenous enzymatic activity was undetectable in Schneidef€vels of NeuSAc observed with GlcNAc feeding also
S2 cell lines. KDN, an alternate sialic acid, was also indicate that GIcNAc feeding is much more efficient for
generated in the current studies following AcSAS infection. NeUSAC generation as compared to ManNAc feeding.

The ratio of KDN to Neu5Ac decreased drastically following The AcEpimKin and AcSAS coinfection results present
ManNAc feeding due to a rapid increase in the synthesis of further evidence that a bottleneck to Neu5Ac synthesis exists
Neu5Ac, indicating that ManNAc-6-P is the preferred following ManNAc feeding. The presence of efficient
substrate of SAS. synthesis of high levels of Neu5Ac from intracellularly
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generated ManNAc-6-P in these studies suggests that thesupplementation levels up to 10 mM. In contrast, the
bottleneck to Neu5Ac production for exogenously supplied limitation in ManNAc kinase activity is only clearly apparent
ManNAc occurs in the ability of insect cells to either uptake at levels of ManNAc exceeding 20 m\D-Acetylation is a
or phosphorylate ManNAc. Although GIcNAc feeding led way of increasing efficiency of transport, but it cannot be
to higher levels of Neu5Ac than ManNAc feeding, under- used at higher concentrations because of its toxicity. A
standing the bottleneck in the Neu5Ac synthesis from fed method for improving ManNAc transport efficiency without
ManNAc is useful due to the feedback inhibition of the any toxic side effects may be beneficial for further enhancing
epimerization of UDP-GIcNAc by CMP-Neu5A83%). As a the sialic acid metabolism from fed ManNAc.
result, generation of high amounts of CMP-Neu5Ac may  Substrate feeding and metabolic engineering may also be
require the epimerization step to be bypassed and thus mayused to control the type of sialic acid formed. The alternate
ultimately depend on ManNAc feeding. To identify the sialic acid KDN is formed in addition to Neu5Ac when cells
bottleneck in the synthesis of Neu5Ac with fed ManNAc, are infected with AcSAS1E). While Neu5Ac is derived from
both ManNAc transport from the media to the cells and the ManNAc-6-P, KDN is generated by the same enzyme from
phosphorylation of ManNAc by ManNAc kinase were Man-6-P (Figure 1B). Furthermore, the levels of KDN
examined. synthesized increased when the cells lack the ManNAc-6-P
In the absence of any recombinant ManNAc kinase precursor for Neu5Ac synthesis. One way to lower the
activity, Neu5Ac was still synthesized in cells infected with  ManNAc-6-P level is to eliminate ManNAc supplementation
AcSAS and supplemented with ManNAc to indicate that the to the media, and another is to inhibit the intracellular
ManNAc was converted to ManNAc-6-P. As suggested formation of ManNAc-6-P. As Sf9 cells depend on GIcNAc
previously in mammalian cells, the ManNAc kinase activity kinase for phosphorylation of ManNAc, the synthesis of
in insect cells was found to be derived from GIcNAc kinase ManNAc-6-P can be restricted by feeding GIcNAc to the
(30). Indeed, when the ManNAc kinase activity was mea- cells. Since the GIcNAc kinase preferentially acts on
sured in the presence of equimolar ratios of GIcNAc and GIcNAc, this activity inhibits its ManNAc kinase function.
ManNAc, the ManNAc kinase activity fell to 10% of the Indeed, the addition of 10 mM GIcNAc was shown to favor
activity found in the absence of GIcNAc. However, even KDN synthesis with little or no trace of Neu5SAc synthesis.
though GIcNAc kinase can perform this enzymatic step, In the absence of any available ManNAc-6-P in ACSAS-
GIcNAc kinase is likely to be much less efficient than the infected cells, the sialic acid 9-phosphate synthase enzyme
activity obtained using a specific ManNAc kinase. We found acts on the available Man-6-P and converts it to KDN.
that infection of the cells with AcKin (baculovirus containing However, the total levels of KDN obtained intracellularly
the ManNAc kinase gene) in combination with AcSAS were several orders of magnitude below those of Neu5Ac
resulted in higher yields of Neu5Ac, especially at ManNAc obtained when the AcSAS-infected cells were supplemented
levels greater than 20 mM. With 50 mM ManNAc feeding with 10 mM ManNAc. This low amount of cellular KDN
the coinfection of AcKin and AcSAS resulted in Neu5Ac synthesis may limit the feasibility of generating significant
levels more than 2.5 times higher than those found with levels of glycoproteins terminating in KDN.
AcSAS infection alone. This increase in Neu5Ac indicated  The current study has demonstrated that metabolic bottle-
that, in the absence of AcKin, a bottleneck exists in the necks can exist in the production of sialic acids in engineered
phosphorylation of exogenously supplied ManNAc especially insect cells at the levels of expressed pathway genes and in
at higher concentrations of fed ManNAc. the availability of substrates for the production of sialic acids
Despite overcoming the limitation in ManNAc kinase Neu5Ac and KDN. These bottlenecks can be overcome by
activity using AcKin and AcSAS, the levels of NeuSAc in  modifying the sialic acid pathway to include critical enzymes
insect cells were still found to be lower than those with that are missing or at low levels and by altering the substrate
infection with the AcEpimKin and AcSAS viruses comple- or substrate transport in order to maximize sialic acid
mented with GIcNAc feeding. To determine if this limitation production. Previous studies with mammalian cells have
was due to poor uptake of ManNAc by the cells, the revealed limitations in the sialylation pathway that can affect
supplemented ManNAc was modified I@-acetylation in the level of sialylation observed aw-glycans 85). Insect
an effort to enhance the efficiency of transport. In Jurkat cells represent an excellent model to evaluate sialylation
cellsO-acetylated compounds have been shown to be utilized bottlenecks since many of the genes are missing or expressed
as efficiently as the free sugars at concentrations 200-fold at very low levels in these cells.
lower (34). The reason for this increase in efficiency is The critical steps limiting complete sialylation of insect-
believed to be linked to the more efficient transport of highly cell-derived glycoproteins are the generation and transport
lipophilic O-acetylated ManNAc through the cell membranes of the nucleotide sugar CMP-Neu5Ac, the expression of
as compared to unmodified ManNAc. In our studies, Sf9 transferases to yield acceptor substrates terminating in
cells coinfected with AcKin and AcSAS with 0.2 mM galactose, and the expression of sialyltransferase for transfer
Ac;ManNAc were able to synthesize Neu5Ac at levels of Neu5Ac onto galactosylated acceptors. Previous research
comparable to those of cells coinfected with AcCEpimKin and has shown that exogenous ManNAc feeding in combination
AcSAS and supplemented with 0.2 mM GIcNAc or cells with SAS and CMP-SAS expression will generate the
coinfected with AcKin and AcSAS with ManNAc feeding essential nucleotide sugar for sialylation, CMP-Neu5Ac, as
levels 50 times higher at 10 mM. Thus, Neu5Ac synthesis well as the alternative nucleotide sugar CMP-KDON)( The
for AcSAS-infected Sf9 cells is limited at the point of expression of GalT in combination with GICNACT-Il yields
ManNAc transport for almost all concentrations of fed acceptor substrates terminating in galactose on both branches
ManNAc since the Neu5Ac levels obtained when using 0.2 (11). Recently, the genes for these two bottlenecks were
mM AcsManNAc exceeded those obtained for all ManNAc combined with sialyltransferase expression to generate fully
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sialylated glycoproteins for insect cells grown in serum-free
medium @6). Apparently, insect cells can achieve full

sialylation without expression of the transporter that moves
the CMP-Neu5Ac into the golgi apparatus. However, these
studies were performed in medium supplemented with
exogenous ManNAc. The current study shows that the
requirement for any medium supplementation can be elimi-
nated completely by expressing the UDP-GIcNAc 2-epime-
rase/ManNAc kinase gene in combination with other sialic
acid pathway genes. Adding the UDP-GIcNAc 2-epimerase/
ManNAc kinase gene to the others listed above will enable
insect cells to become, to our knowledge, the first nonmam-
malian species to generate fully sialylated glycoproteins
completely from intracellular metabolic components. Fur-

thermore, the absence of these genes in insect cells hasl6.

enabled the elucidation of specific bottlenecks in the sialic
acid synthesis pathway. Critical bottlenecks including intra-
cellular ManNAc transport as well as phosphorylation were
identified to suggest ways in which production of CMP-

Neu5Ac may be enhanced in the future. The elucidation of
particular bottlenecks may be applicable to mammalian cell

be limiting in these cellsl(7). Metabolic engineering efforts

such as the ones described here will enable the optimization

of intracellular pathways in insect cells, mammalian cells,

of sialylation and other glycosylation modifications in the
future.

ACKNOWLEDGMENT

We thank Mark B. Jones from the Department of
Biomedical Engineering, Johns Hopkins University, for the
synthesis of tetr®-acetylated ManNAc.

REFERENCES

1. O'Reilly, D. R., Miller, L. K., and Luckow, V. A. (1992)
Baculairus Expression Vectors: A Laboratory Manudl. H.
Freeman and Co., New York.

2. Varki, A. (1993)Glycobiology 3 97-130.

3. Traving, C., and Schauer, R. (1993l. Mol. Life Sci. 541330~
49.

4. Ailor, E., Takahashi, N., Tsukamoto, Y., Masuda, K., Rahman,
B. A., Jarvis, D. L., Lee, Y. C., and Betenbaugh, M. J. (2000)
Glycobiology 10 837—47.

5. Jarvis, D. L., and Finn, E. E. (199¥)rology 212 500-11.

6. Altmann, F., Staudacher, E., Wilson, I. B., and Marz, L. (1999)
Glycoconjugate J. 1,6109-23.

7. Grossmann, M., Wong, R., Teh, N. G., Tropea, J. E., East-Palmer,
J., Weintraub, B. D., and Szkudlinski, M. W. (19%hdocrinol-
ogy 138 92—-100.

8. Wagner, R., Liedtke, S., Kretzschmar, E., Geyer, H., Geyer, R.,
and Klenk, H. D. (1996)Glycobiology 6 165-75.

10.
11.

12.

13.
14.

15.

17.
18.

19.

20.
cultures as well since some of these pathway steps may also 21.

Biochemistry, Vol. 42, No. 51, 20035225

.Jarvis, D. L., and Finn, E. E. (1998)at. Biotechnol. 141288~
92.
Hollister, J. R., Shaper, J. H., and Jarvis, D. L. (138§obiology

8, 473-80.

Tomiya, N., Howe, D., Aumiller, J. J., Pathak, M., Park, J., Palter,
K. B., Jarvis, D. L., Betenbaugh, M. J., and Lee, Y. C. (2003)
Glycobiology 1323—34.

Weikert, S., Papac, D., Briggs, J., Cowfer, D., Tom, S., Gawlitzek,
M., Lofgren, J., Mehta, S., Chisholm, V., Modi, N., Eppler, S.,
Carroll, K., Chamow, S., Peers, D., Berman, P., and Krummen,
L. (1999) Nat. Biotechnol. 171116-21.

Seo, N. S., Hollister, J. R., and Jarvis, D. L. (20@*ptein
Expression Purif. 22234-41.

Hinderlich, S., Stasche, R., Zeitler, R., and Reutter, W. (1997)
Biol. Chem 272, 24313-8.

Lawrence, S. M., Huddleston, K. A., Pitts, L. R., Nguyen, N.,
Lee, Y. C., Vann, W. F., Coleman, T. A., and Betenbaugh, M. J.
(2000)J. Biol. Chem 275, 17869-77.

Lawrence, S. M., Huddleston, K. A., Tomiya, N., Nguyen, N.,
Lee, Y. C., Vann, W. F., Coleman, T. A., and Betenbaugh, M. J.
(2001) Glycoconjugate J. 18205-13.

Gu, X., and Wang, D. |. (1998iotechnol. Bioeng. 5842-8.
Keppler, O. T., Horstkorte, R., Pawlita, M., Schmidt, C., and
Reutter, W. (2001)5lycobiology 11 11R-18.

Mabhal, L. K., Yarema, K. J., and Bertozzi, C. R. (19%t)jence
276, 1125-8.

Saxon, E., and Bertozzi, C. R. (2008ience 28,72007-10.
Oetke, C., Hinderlich, S., Brossmer, R., Reutter, W., Pawlita, M.,
and Keppler, O. T. (2001ur. J. Biochem. 2684553-61.

22. Breitbach, K., and Jarvis, D. L. (200B)jotechnol. Bioeng. 74

23.
and perhaps other species in order to achieve desirable levels24-

25.

26.

27.

28.
29.
30.
31.
32.

33.
34.

35.
36.

230-9.

Hollister, J. R., and Jarvis, D. L. (200G)Jycobiology 11 1-9.
Hara, S., Yamaguchi, M., Takemori, Y., Furuhata, K., Ogura, H.,
and Nakamura, M. (198%nal. Biochem179, 162-6.

Hooker, A. D., Green, N. H., Baines, A. J., Bull, A. T., Jenkins,
N., Strange, P. G., and James, D. C. (19B®technol. Bioeng.
63, 559-72.

Tomiya, N., Ailor, E., Lawrence, S., Betenbaugh, M., and Lee,
Y. C. (2001)Anal. Biochem. 293(1)129-37.

Jacobs, C. L., Goon, S., Yarema, K. J., Hinderlich, S., Hang, H.
C., Chai, D. H., and Bertozzi, C. R. (200Bjochemistry 40
12864-74.

Hinderlich, S., Nohring, S., Weise, C., Franke, P., Stasche, R.,
and Reutter, W. (1998Fur. J. Biochem252 133-9.

Effertz, K., Hinderlich, S., and Reutter, W. (1999)Biol. Chem.
274, 28771-8.

Hinderlich, S., Berger, M., Keppler, O. T., Pawlita, M., and Reultter,
W. (2001)Biol. Chem. 382291-7.

Sarkar, A. K., Fritz, T. A., Taylor, W. H., and Esko, J. D. (1995)
Proc. Natl. Acad. Sci. U.S.A. 93323-7.

Kim, K., Lawrence, S. M., Park, J., Pitts, L., Vann, W. F.,
Betenbaugh, M. J., and Palter, K. B. (20@y/cobiology 1273—

83.

Kornfeld, S., Kornfeld, R., Neufeld, E. F., and O'Brien, P. J. (1964)
Proc. Natl. Acad. Sci. U.S.A. 5371-379.

Jacobs, C. L., Yarema, K. J., Mahal, L. K., Nauman, D. A.,
Charters, N. W., and Bertozzi, C. R. (200@ethods Enzymol
327, 260-75.

Keppler, O. T., Hinderlich, S., Langner, J., Schwartz-Albiez, R.,
Reutter, W., and Pawlita, M. (199%cience 2841372-6.
Aumiller, J. J., Hollister, J. R., and Jarvis, D. L. (20@3)co-
biology 13 497-507.

BI1034994S



