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The addition of sialic acid residues to glycoproteins can affect important protein properties including biological activity
and in vivo circulatory half-life. For sialylation to occur, the donor sugar nucleotide cytidine monophospho-sialic acid
(CMP-SA) must be generated and enzymatically transferred to an acceptor oligosaccharide. However, examination of
insect cells grown in serum-free medium revealed negligible native levels of the most common sialic acid nucleotide,
CMP-N-acetylneuraminic acid (CMP-Neu5Ac). To increase substrate levels, the enzymes of the metabolic pathway for
CMP-SA synthesis have been engineered into insect cells using the baculovirus expression system. In this study, a
human CMP-sialic acid synthase cDNA was identified and found to encode a protein with 94% identity to the murine
homologue. The human CMP-sialic acid synthase (Cmp-Sas) is ubiquitously expressed in human cells from multiple
tissues. When expressed in insect cells using the baculovirus vector, the encoded protein is functional and localizes to
the nucleus as in mammalian cells. In addition, co-expression of Cmp-Sas with the recently cloned sialic acid phosphate
synthase with N-acetylmannosamine feeding yields intracellular CMP-Neu5Ac levels 30 times higher than those observed
in unsupplemented CHO cells. The absence of any one of these three components abolishes CMP-Neu5Ac production in
vivo. However, when N-acetylmannosamine feeding is omitted, the sugar nucleotide form of deaminated Neu5Ac, CMP-2-
keto-3-deoxy-D-glycero-D-galacto-nononic acid (CMP-KDN), is produced instead, indicating that alternative sialic acid
glycoforms may eventually be possible in insect cells. The human CMP-SAS enzyme is also capable of CMP-N-
glycolylneuraminic acid (CMP-Neu5Gc) synthesis when provided with the proper substrate. Engineering the CMP-SA
metabolic pathway may be beneficial in various cell lines in which CMP-Neu5Ac production limits sialylation of
glycoproteins or other glycans.
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Abbreviations: CMP-SA, cytidine monophospho-sialic acid; CMP-Neu5Ac, CMP-N-acetylneuraminic acid; Cmp-Sas,
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acetylmannosamine; neuA, E. coli CMP-sialic acid synthase gene; AcCMP-SAS, recombinant baculovirus containing
Cmp-Sas; Sf9, Spodoptera frugiperda cell line; AcSAS, recombinant baculovirus containing human sialic acid phosphate
synthase gene; EST, expressed sequence tag; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
TBA, thiobarbituric acid; CTP, cytidine triphosphate; Neu5Gc, N-glycolylneuraminic acid; KDN, 2-keto-3-deoxy-D-glycero-
D-galacto-nononic acid; MWCO, molecular weight cut-off; HPAEC, high performance anion exchange chromatography;
DMB, 1,2-diamino-4,5-methylene-dioxybenzene dihydrochloride; KDN, 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid.

Introduction

N-glycosylation is a particularly important post-translational

modification that can affect the solubility, biological activity,

and in vivo circulatory half-life of glycoproteins [1].

Mammalian cell lines produce glycoproteins with complex
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glycan patterns typically terminating in sialic acid residues.

Although insect cells N-glycosylate secretory and membrane

proteins, the final N-glycosylation pattern includes mostly high

mannose or paucimannosidic (low mannose) structures [2,3].

Some oligosaccharides terminating in N-acetylglucosamine or

galactose have also been observed [2–4]. Expression of

recombinant galactosyltransferases has increased the relative

amounts of N-glycans terminating in galactose [4–6]. The

differences between mammalian and insect glycosylation can

have a significant impact on a protein’s characteristics and are

important as recombinant glycoproteins are increasingly being

used as therapeutic agents. For example, the in vitro activity of

recombinant human thyrotropin expressed in insect cells was

five times higher than that produced by Chinese hamster ovary

cells (CHO), yet the in vivo activity of CHO thyrotropin was

higher in mice [7]. The reason for this difference in activity was

thought to be a more rapid clearance of the insect produced

thyrotropin due to the absence of N-glycans terminating in

sialic acid residues [7]. It is not yet known whether or not

insects have the basic metabolic machinery for glycoconjugate

sialylation. While some studies have suggested that insects or

insect cells can perform sialylation under certain conditions [8–

11], other studies have indicated that the essential genes may

not be present or at least not active [3,12–13].

Sialylation requires the metabolic generation of the sugar

nucleotide cytidine monophospho-sialic acid (CMP-SA) fol-

lowed by the transfer of the sialic acid to an acceptor

oligosaccharide in the Golgi apparatus by sialyltransferases.

Previous studies indicate that insect cells grown in serum-free

medium have undetectable levels of the most common sialic

acid nucleotide, CMP-N-acetylneuraminic acid (CMP-

Neu5Ac) [13,14] as well as negligible levels of its metabolic

precursor, N-acetylneuraminic acid (Neu5Ac) [15]. Since

CMP-Neu5Ac and Neu5Ac are not easily incorporated into

cells [16], alternative strategies should be considered to

produce Neu5Ac and CMP-Neu5Ac if sialylation is desired

in insect cells. One approach is to engineer the necessary

enzymatic pathways for CMP-SA synthesis. Unlike Neu5Ac or

CMP-Neu5Ac, the precursor to Neu5Ac, N-acetylmannosa-

mine (ManNAc) [16], and its analogs [17,18] are readily

incorporated into cells. In fact, feeding of ManNAc in concert

with the expression of the recently cloned sialic acid phosphate

synthase gene generated large intracellular pools of Neu5Ac in

insect cells [15]. In the case of mammalian cells, Neu5Ac is

subsequently activated to the nucleotide sugar CMP-Neu5Ac

by CMP-sialic acid synthase [19]. The activity of a CMP-sialic

acid synthase was described in pigs in 1962 [20], but the gene

has only recently been cloned in E. coli [21] and mouse [22].

Using homology searches, we identified the human Cmp-

Sas gene (GenBank AF397212) and cloned it into a transfer

vector to produce the recombinant baculovirus (AcCMP-

SAS). In order to determine if insect cells could be modified to

generate CMP-SA pools, Spodoptera frugiperda (Sf9) cells

were co-infected with AcCMP-SAS and the baculovirus

containing recombinant human sialic acid phosphate synthase

(AcSAS) [15] in the presence of ManNAc. The result was

the production of large pools of intracellular CMP-Neu5Ac,

overcoming a major limitation to the sialylation of glycopro-

teins in insect cells. Interestingly, another sugar nucleo-

tide, CMP-2-keto-3-deoxy-D-glycero-D-galacto-nononic acid

(CMP-KDN), was generated in insect cells following infection

with AcSAS and AcCMP-SAS when the cells were not

supplemented with ManNAc. The enzyme CMP-SAS could

also synthesize CMP-N-glycolylneuraminic acid (CMP-

Neu5Gc) when provided with the proper substrates in vitro.

The production of alternative nucleotide sugars in separate cell

cultures may potentially allow the generation of glycoproteins

with different sialic acid termini in insect cells.

Materials and methods

Gene identification, characterization, cloning, and expression

The E. coli neuA coding sequence was used to query the

Human Genome Sciences Inc. (Rockville, MD) human cDNA

database with BLAST software. One EST clone from a human

prostate cell line demonstrated significant homology to neuA

and was further characterized. The procedures used for

Northern blotting, in vitro transcription and translation, and

baculovirus cloning were the same as those described for

work with the human sialic acid phosphate synthase gene

[15]. For PCR amplification, the forward primer, 50-

TGTAATACGACTCACTATAGGGCGGATCCGCCATCAT-

GGACTCGGTGGAGAAGG, contained a synthetic T7 pro-

moter sequence (underlined), a BamHI site (italics), a KOZAK

sequence (bold), and a sequence corresponding to the first six

codons of Cmp-Sas (GenBank AF397212). The reverse

primer, 50- GTACGGTACCTTACTATTTTTGGCATGAAT-

TATTAACTTTTTCC, contained an Asp 718 site (italics),

two in-frame stop codons (bold), and sequence representing

the last six codons of Cmp-Sas.

Enzyme localization

Protein localization was determined with the Pierce NE-

PERTM kit and modifications of a previously published

procedure [23]. T-175 flasks were plated with 16� 106 Sf9

cells, and the medium was replaced. Two flasks of cells were

infected with A35-, AcSAS-, or AcCMP-SAS-amplified

viruses for approximately 60 h. Cells were washed twice with

PBS and incubated in 3 ml of the described hypotonic buffer

[23]. After centrifugation, 400 ml of stripping solution (10 mM

Tris HCl pH 7.3, 1% NP-40, 0.5% deoxycholate, 10 mM

NaCl, 1.5 mM MgCl2) was added to the pellet. The super-

natant was removed and the soluble nuclear fraction taken

after incubation with 200 ml of the described lysis buffer [23].

The protein content of all fractions was determined using the

Pierce (Rockford, IL) BCA assay kit with a Molecular Devices

(Sunnyvale, CA) 96-well plate reader. Total protein from each

fraction was analyzed by 12.5% SDS-PAGE. Samples were

transferred to a PVDF membrane, stained with Ponceau S,

206 Lawrence et al.



appropriate bands excised, and submitted for N-terminal

protein sequencing using an ABI-494 sequencer (PE Biosys-

tems, Foster City, CA).

CMP-sialic acid synthase assays

To assay CMP-sialic acid synthetic ability, CHO-K1 cells

(ATCC, Manassas, VA) were grown to confluence in T-75

flasks at 37�C in a humidified atmosphere with 5% CO2 in

Dulbecco’s Modified Eagle medium (Invitrogen, Carlsbad,

CA) supplemented with 10% FBS, 100 U=ml penicillin,

100 mg=ml streptomycin, 100 mM MEM essential amino acids,

and 4 mM L-glutamine (Invitrogen, Carlsbad, CA). After

washing with PBS, 1 ml of suspension solution (0.2 M Tris,

0.15 M NaCl, 1% NP-40 pH¼ 9.0) was added [24]. Sf9 cells

were plated in 6-well dishes with fresh Ex-Cell 405 medium

(JRH Biosciences, Lanexa, KS) and infected with the A35

control virus or AcCMP-SAS virus or left uninfected for 60 h.

The cells were washed with PBS, and the contents of two wells

were harvested with 400 ml of the resuspension solution in

each well. The resulting mixtures were centrifuged for 15 min

at 14,000 RPM, and the supernatant was used for enzyme

assays. The protein content of each sample was determined as

previously described. The activity assays were modified from

the TBA assay used to measure CMP-SA formation [25].

Twenty ml of lysates were incubated with 100 ml of substrate

solution [25] at 37�C for 40 min. Forty ml of 1.6 M NaBH4 was

used to reduce free Neu5Ac, and the mixture was then treated

with 40 ml of 20 N H3PO4. Released Neu5Ac was oxidized

with 0.1 ml 25 mM periodic acid for 30 min at 37�C then

treated with 0.1 ml of 62 mM sodium bisulfite. The use of

bisulfite instead of arsenite gave similar responses. 1.0 ml of

0.1 M TBA was added, and the mixture was placed in a boiling

water bath for 7.5 min. The tubes were placed on ice and 2 ml

of DMSO with 5% concentrated HCl was added. The

absorbance at 552 nm was measured using a Spectronic 20

spectrophotometer (Bausch and Lomb, Rochester, NY), and

the amount of CMP-Neu5Ac formed calculated by Neu5Ac

standards.

Nuclei for enzymatic assays were prepared by taking 30 ml of

Sf9 cells at a density of 1–1.2� 106 after infection with

AcCMP-SAS or control virus (A35) for three days. The cells

were spun down and washed with PBS. Cells were homogenized

on ice in 3 ml 20 mM Tris HCl pH 7.2, 0.32 M sucrose, 3 mM

MgCl2 with 20 strokes of a tight-fitting Dounce homogenizer.

0.25 M sucrose (2.4 ml) was added, and the mixture centrifuged

at 700g for 10 min. 2.4 M sucrose (3 ml) was added, and the

mixture spun at 50,000g for 1 h. The precipitate was

resuspended in 200 ml 0.25 M sucrose, 1 mM MgCl2, 10 mM

Tris HCl pH 7.6 and centrifuged at 7000g for 10 min. 20 ml of

substrate solution [25] with 2.8 mM of sialic acid (Neu5Ac,

Neu5Gc, or KDN) was incubated with 5 ml of the nuclear

preparation for 1 h at 37�C. Adenosine monophosphate was

added as an internal standard, and a recently developed

procedure was used to determine nucleotide sugar content

[14]. Intracellular Neu5Gc content was determined by DMB

derivatization according to previously described methods [15].

CMP-sialic acid levels

Sf9 cells were grown in 6-well plates and infected with

combinations of A35, AcSAS, and AcCMP-SAS viruses along

with 10 mM ManNAc feeding for approximately 90 h. CHO

cells grown according to the culture conditions described above

were grown in T-75 flasks with and without 10 mM ManNAc

supplementation for 48 h. All cells were washed with PBS and

aliquots taken for protein quantification. Cells were resus-

pended in 75% ethanol and sonicated on ice for 30 s. Lysates

were centrifuged, frozen in liquid nitrogen, and lyophilized.

Samples were resuspended in 120 ml of 40 mM phosphate

buffer, pH 9.2, to stabilize CMP-sialic acids. Samples were

centrifuged again and the supernatant filtered through 10,000

molecular weight cut-off membranes. CMP-sialic acids were

detected using HPAEC [14] and quantified versus the response

curves of standard CMP-Neu5Ac (Sigma, St. Louis, MO),

CMP-KDN (Dr. Yasuhiro Kajihara), and CMP-Neu5Gc (Dr.

Akemi Suzuki, RIKEN Frontier Research Systems, Japan).

Results

Gene identification

The human CMP-sialic acid synthase gene (GenBank

AF397212) was identified from the expressed sequence tag

(EST) database of Human Genome Sciences Inc. based on

homology searches using the known E. coli CMP-sialic acid

synthase gene [21]. The human sialic acid phosphate synthase

gene had previously been identified from the E. coli gene

using a similar technique [15]. The murine sequence was

subsequently published [22], and the homologies between the

human, bacterial, and murine sequences are shown (Figure 1).

Over the entire sequence, the putative human gene is 24%

identical and 48% similar to the bacterial sequence and 94%

identical and 96% similar to the murine sequence. Northern

blots probing human mRNA samples using the gene sequence

showed ubiquitous transcription of the gene in all human

tissues tested (Figure 2A).

Using in vitro transcription and translation, the putative gene

was shown to encode a protein of the expected molecular weight

(Figure 2B). The same gene was used to generate a recombinant

baculovirus, AcCMP-SAS, and this virus was used to infect Sf9

insect cells. Pulse labeling followed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) separation

showed a protein of 49 kDa (Figure 2C, lane 1), consistent with

the predicted weight of 48.5 kDa, that was not observed in the

control infection (A35) (Figure 2C, lane 2).

Enzyme localization

CMP-sialic acid synthetic activity in mammals has been

shown to localize to the nucleus [19], and fluorescent labeling
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of the recombinant murine enzyme expressed in 3T3 cells

confirmed this localization [22]. Analysis of the human CMP-

SAS sequence with the pSORT algorithm also predicted the

protein would localize to the nucleus because of the nuclear

localization sequence (KRPR) starting at amino acid 200. To

determine if the recombinant human enzyme localized to the

nucleus of insect cells, a nuclear separation using the Pierce

NE-PER2 kit was performed. A protein band from the

AcCMP-SAS infection was found predominantly in the

nuclear fraction (Figure 3, lane 5) but not in the nuclear

fraction of a control infection (Figure 3, lane 8). In contrast,

recombinant human sialic acid phosphate synthase (SAS)

localized in the cytoplasmic fraction (Figure 3, lane 2) but not

in the nuclear fraction (Figure 3, lane 7) as observed

previously for the native enzyme in mammalian cells [26].

Using a thiobarbituric acid (TBA) assay based on a previously

described procedure [25], the nuclear fraction of AcCMP-

SAS-infected but not AcSAS-infected cells showed CMP-SAS

activity (data not shown). The protein band in the nuclear

fraction following a detergent separation [23] was also

Figure 1. Homology alignment of murine (top row), human (middle row), and E. coli (bottom row) CMP-sialic acid synthase amino acid
sequences.
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transferred to a PVDF membrane for N-terminal protein

sequencing. Interestingly, the sequence was identical to amino

acids 29 through 33, as predicted from the gene sequence,

indicating cleavage of the first 28 amino acids of the nuclear

localized protein.

CMP-sialic acid synthase activity

The function of the putative gene product was determined in

vitro using cell lysates incubated with the precursors N-

acetylneuraminic acid and cytidine triphosphate (CTP) with

the modified TBA assay. CMP-SA synthetic ability was

observed only in Sf9 cells following AcCMP-SAS infection

and was not detectable in control infected or uninfected cells

(data not shown). Furthermore, lysates from Sf9 cells infected

with AcCMP-SAS had 60 times the CMP-Neu5Ac synthetic

ability (300 pmol=min=mg lysate protein) of CHO cell lysates.

The substrate specificity of the human enzyme was tested

using an in vitro assay. A nuclear fraction was taken, and the

fractions incubated with Neu5Ac, N-glycolylneuraminic acid

(Neu5Gc), and KDN (2-keto-3-deoxy-D-glycero-D-galacto-

nononic acid). After lyophilization and 10,000 molecular

weight cut-off (MWCO) filtration, the samples were analyzed

using high performance anion exchange chromatography

(HPAEC) with UV monitoring [14], and the resulting

chromatograms are shown in Figure 4. Human CMP-sialic

acid synthase has significant CMP-sialic acid synthetic ability

using Neu5Ac, Neu5Gc, or KDN as substrates with CTP.

Significant CMP-sialic acid synthetic ability was not observed

in the corresponding control infected lysates.

Completion of the CMP-sialic acid pathway in insect cells

The production of Neu5Ac in insect cells has been

accomplished by infection with the recombinant human sialic

acid phosphate synthase virus (AcSAS) in concert with

feeding of the precursor ManNAc [15]. Co-infection of

AcSAS and AcCMP-SAS with concomitant ManNAc feeding

was attempted in order to produce and activate sialic acids in

insect cells. Proteins with the molecular masses and cellular

locations expected for SAS and CMP-SAS are seen in lysates

Figure 2. (A) Autoradiogram of Northern blot probing for Cmp-Sas
mRNA from the indicated human tissues. PBL¼ peripheral blood
lymphocyte. (B) Autoradiogram of in vitro products from transcrip-
tion and translation of PCR product using primers for the Cmp-Sas
gene with T7 promoter as described inMaterials and Methods. The
baculovirus transfer vector pA2 containing Cmp-Sas was used as
the PCR template. (C) Autoradiogram of 35S pulse labeling
experiment showing AcCMP-SAS (lane 1) and A35 negative
control (lane 2) infected cell lysates. CMP-SAS band is indicated
by arrow.

Figure 3. Coomassie-stained SDS-PAGE separation of cytoplas-
mic (lanes 1–4) and nuclear (lanes 5–8) fractions prepared using
the Pierce NE-PERTM kit. Lysates from A35 (control)-infected
(lanes 1 and 8), AcSAS-infected (lanes 2 and 7), AcSAS- and
AcCMP-SAS- co-infected (lanes 3 and 6), and AcCMP-SAS-
infected (lanes 4 and 5) Sf9 cells were used to obtain the nuclear
and cytoplasmic fractions. SAS is observed in the cytoplasmic
fraction (molecular weight indicated by large arrow), and CMP-SAS
is predominantly found in the nuclear fraction (molecular weight
indicated by small arrow).

Cloning and expression of human sialic acid pathway genes 209



of cells infected with each virus individually and together

(Figure 3).

The HPAEC procedure that was used to determine CMP-

sialic acid levels in the in vitro assays was used to measure

CMP-Neu5Ac levels in samples from several different infec-

tions (Figure 5). The levels of CMP-Neu5Ac produced on a

protein basis are listed in Table 1. In agreement with previous

work [16], CHO cells are shown to have measurable CMP-

Neu5Ac levels which are augmented upon feeding of 10 mM

ManNAc (Figure 5A). Uninfected Sf9 cells grown in serum-

free medium do not have detectable CMP-Neu5Ac levels with

or without ManNAc feeding. High levels of CMP-Neu5Ac are

produced in insect cells only when all three components of the

sialic acid pathway are present: the precursor sugar ManNAc,

the sialic acid phosphate synthase from AcSAS, and the CMP-

sialic acid synthase from AcCMP-SAS. CMP-Neu5Ac levels in

the insect cells fed with ManNAc are approximately 6 times

those seen in CHO with ManNAc feeding and 30 times those

seen without ManNAc feeding.

When ManNAc feeding is omitted from an AcSAS and

AcCMP-SAS infection, a CMP-Neu5Ac peak is not observed

but a peak eluting at 8.5 min is detected (Figure 5B). This peak

has the same elution time as authentic CMP-KDN (gift of Dr.

Yasuhiro Kajihara, Yokohama City University, Japan) and is

found in quantities of 4 pmol/mg protein. Further confirmation

of the peak as CMP-KDN was obtained by acid hydrolysis of

the eluted peak followed by fluorescent labeling with 1,2-

diamino-4,5-methylene-dioxybenzene dihydrochloride (DMB)

and HPLC separation. The resulting fluorescent compound

eluted at the same time as authentic KDN derivatized with

DMB (data not shown).

Discussion

The baculovirus expression system offers several advantages,

including the capacity to generate significant levels of post-

translationally modified recombinant proteins in a eucaryotic

cell line. However, one of the drawbacks of recombinant

baculovirus expression is its inability to produce glycoproteins

with a significant percentage of complex N-glycans, especially

those terminating in sialic acid residues. Sialic acids have been

associated with numerous in vivo biological processes

Figure 4. Chromatograms showing the formation of CMP-sialic
acids from in vitro assays. The sugar nucleotides were detected
using UV absorption after the reaction mixture was treated and
separated by HPAEC chromatography. The top three chromato-
grams represent assays in which AcCMP-SAS lysates were
incubated with the free sialic acids as labeled (from top to bottom:
Neu5Ac, Neu5Gc, and KDN). The lower chromatogram shows the
assay in which A35-infected (control) lysates were incubated with
Neu5Ac. The identities of the peaks were determined using
standards and are: 1 CMP; 2 CMP-Neu5Ac; 3 CMP-Neu5Gc; 4
CMP-KDN; 5 AMP (internal standard); 6 CDP; 7 CTP. A small
CMP-Neu5Ac peak is observed in the CMP-Neu5Gc assay
because of Neu5Ac contamination in the Neu5Gc source.

Figure 5. Chromatograms illustrating presence of CMP-sialic acids
in CHO and Sf9 cell lines with the indicated medium supplementa-
tion and/or baculovirus infection strategies. The CMP-sialic acids
were separated by HPAEC and detected by UV absorbance. The
original chromatogram values have been divided by sample protein
concentration to normalize the chromatograms. (A) Intracellular
CMP-Neu5Ac levels in CHO and Sf9 under indicated conditions.
CMP-Neu5Ac standard eluted at 6.8min. (B) Intracellular CMP-
KDN levels under indicated conditions. CMP-KDN standard eluted
at 8.3min.
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including development [27], pathogen infectivity [28], ligand-

receptor interactions [28], cancer metastasis [29], and the

elimination of non-sialylated glycoproteins by the asialogly-

coprotein receptor [7].

The inability of insect cells to generate sufficient pools of

the donor nucleotide sugar CMP-Neu5Ac is likely to be one

reason for their deficiency in glycoprotein sialylation. Sf9 cells

lack sizeable pools of either this nucleotide sugar or the

alternative nucleotide sugar, CMP-KDN, when grown in

serum-free medium. Furthermore, the supplementation of

ManNAc does not overcome this limitation, indicating a

bottleneck in the conversion of ManNAc to CMP-Neu5Ac.

This limitation may be due to the absence of essential genes or

due to the inactivity of these genes in insect cell cultures.

However, this bottleneck to sialylation of glycoconjugates

can be overcome by substrate feeding and engineering the

CMP-SA synthesis genes into insect cells. In the present study,

the human CMP-sialic acid synthase gene has been identified

and expressed in an active form in insect cells. The enzyme

localizes to the nucleus of insect cells as observed in the native

mammalian host suggesting that the encoded nuclear localiza-

tion signals are functional in insect cells as well. Moreover, the

protein isolated from the nuclear fraction retains enzyme

activity, but its first 28 amino acids are truncated as determined

by N-terminal protein sequencing analysis. The cause of the

cleavage of the nuclear-localized CMP-SA synthase is

unknown as is the relevance of this cleavage to the nuclear

localization process in insect cells.

By feeding ManNAc along with expression of CMP-SAS

and SAS, CMP-Neu5Ac levels more than five times higher than

those observed in ManNAc-supplemented CHO cells are

achieved in Sf9 cells grown in serum-free medium. Some

low-level endogenous sialic acid metabolic activity may be

present in insect cells as seen with the addition of ManNAc and

just one component of the pathway (Table 1). However, CMP-

Neu5Ac levels are increased more than 100-fold by the addition

of all three components. In order to complete sialylation, the

CMP-Neu5Ac must be transported into the Golgi where a

sialyltransferase can incorporate the Neu5Ac to an acceptable

target oligosaccharide. Expression of recombinant galactose

transferase, sialyltransferases, and a CMP-sialic acid transpor-

ter may also be required to achieve sialylation in insect cell

culture. Recently, Jarvis and co-workers detected sialylation of

recombinant glycoproteins when heterologous galactosyltrans-

ferase and sialyltransferase were co-expressed in Sf9 cells [11].

The sialylation was accomplished in serum-bearing medium,

and serum has a significant sialic acid content [30].

In addition to its CMP-Neu5Ac synthetic ability, the human

enzyme also has broad substrate specificity forming CMP-

Neu5Gc and CMP-KDN from the corresponding free sialic

acids. A CMP-KDN synthase has been previously reported

from trout which has lower activity for producing CMP-

Neu5Ac and CMP-Neu5Gc [31]. The apparent high activity of

the human enzyme toward Neu5Gc compared to Neu5Ac

(Figure 4) is particularly significant. While the gene encoding

the CMP-sialic acid hydroxylase enzyme in humans does not

make active enzyme due to a frame-shift mutation [32–33],

human glycoconjugates with Neu5Gc have nonetheless been

reported in the literature [34]. The activity of the human

enzyme towards Neu5Gc could explain the presence of

Neu5Gc-containing glycostructures in humans if Neu5Gc is

provided in the diet as has been suggested [34].

Interestingly, significant levels of CMP-KDN are produced

in insect cells co-expressing CMP-SAS and SAS without

ManNAc feeding. In all other samples listed in Table 1, CMP-

KDN was not detected at the limit of 0.04 pmol/mg protein of

CMP-KDN. Previously, we observed the production of KDN

when insect cells expressed SAS in the presence or absence of

ManNAc feeding [15]. In the absence of SAS expression,

KDN was not detected in insect cell lysates. Since CMP-KDN

was generated in this study, both the SAS and CMP-SAS

enzymes accept the substrates for generating deaminated sialic

acid forms. Furthermore, it was not necessary to supplement

the insect cell medium for the generation of CMP-KDN. We

determined previously that the substrate for the SAS enzyme is

mannose-6-phosphate [15], and therefore this metabolite must

be present in insect cells grown in serum-free medium. More

significant is the observation that the CMP-KDN is generated

in the absence of detectable levels of CMP-Neu5Ac. This is

the first report of a cellular system that can produce substantial

levels of activated KDN without activated Neu5Ac. Further-

more, Sf9 cells natively have less than 20 pmol/mg protein of

potentially immunogenic Neu5Gc (free sugar or sugar

nucleotide) as measured by DMB derivatization with or

without 10,000 MWCO. In contrast, similar experiments with

CHO cells showed 90 and 200 pmol Neu5Gc/mg protein with

and without 10,000 MWCO filtration, respectively. Since at

Table 1. Intracellular CMP-Neu5Ac levels of CHO and Sf9
cells using the indicated feeding strategy and infection scheme.

The CMP-Neu5Ac content of cell lysates was determined by
HPAEC.

Sample
CMP-Neu5Ac
(pmol=mg protein)

CHO 0.3
CHO þ ManNAc 1.8
Sf9 < 0.02
Sf9 þ ManNAc < 0.02
Sf9 þ A35 þ ManNAc 0.02
Sf9 þ AcSAS þ ManNAc 0.02
Sf9 þ AcCMP-SAS þ ManNAc 0.1

Sf9 þ A35 þ AcSAS < 0.02
Sf9 þ A35 þ AcCMP-SAS < 0.02
Sf9 þ AcSAS þ AcCMP-SAS 0.02

Sf9 þ A35 þ AcSAS þ ManNAc 0.08
Sf9 þ A35 þ AcCMP-SAS þ ManNAc 0.04
Sf9 þ AcCMP-SAS þ AcSAS þ ManNAc 10.
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least one sialyltransferase recognizes both CMP-KDN as well

as CMP-Neu5Ac [35], this expression system may eventually

allow the exclusive KDN sialylation of glycoproteins. KDN

was first identified in 1986 [36], and its effects on function and

activity of a sialylated glycoprotein are largely unknown.

However, elevated KDN:Neu5Ac levels have been observed in

tissues during biological events such as cancer and develop-

ment [37]. In addition, glycoproteins sialylated by KDN rather

than Neu5Ac may be less susceptible to sialidases [36]. Such

proteins could have longer in vivo circulatory half-lives and

potentially greater pharmaceutical value if they are not

immunogenic.

The capacity to enhance sialylation by engineering the

CMP-SA pathway may have significance beyond the baculo-

virus expression system. Reports have suggested that limita-

tions in levels of activated sialic acids may exist in mammalian

cell lines as well [38]. Other expression systems such as yeast

and plant cells may also lack some of the genes involved in

generating CMP-SA, so the pathway may be engineered into

other recombinant hosts as well. In these cases, the

sialyltransferases and the enzymes involved in sugar nucleo-

tide transport may also be needed. Ultimately, the number of

cellular species that can generate complex ‘‘mammalian-like’’

glycoforms during recombinant protein expression may be

increased through the metabolic engineering of the CMP-SA

synthetic and transfer pathways.
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