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Abstract

To evaluate the ability of insect cells to produce complex-type N-glycans, �-(1�4)-galactosyltransferase (�4GalT) activity in
several insect cell lines was analyzed. For this purpose, we developed a simple and highly sensitive assay for �-(1�4)-galactosyl-
transferase (�4GalT) activity, which is based on time-resolved fluorometry of europium. Bovine serum albumin (BSA) modified
with GlcNAc (GlcNAc44–BSA) was used as the acceptor. GlcNAc44–BSA was coated on a 96-well microplate, and after
incubation with the enzyme sample in the presence of UDP-Gal, Eu-labeled RCA120 (Ricinus communis aggutin I), was added.
RCA120 binds to the Gal�(1�4)GlcNAc structure in the product, and the bound Eu-RCA120 was measured by the fluorescence
of europium. When bovine �4Gal-T-I was used as a standard reference enzyme, a linear relationship between enzyme activity and
fluorescent signal was obtained over the range of 0–1000 �Units (IU). Using this system, we were able to measure a low but
significant level of �4GalT activity in Trichoplusia ni cells (‘High Five’). In contrast, no endogenous �4GalT activity was detected
in a Spodoptera frugiperda (Sf-9) cell line. However, Sf-9 cells stably transfected with the bovine �4GalT-I gene and ‘High Five’
cells infected with a baculovirus containing the same gene produced activity levels that were comparable to or greater than those
found in Chinese hamster ovary cells. We also showed that the �4GalT activity level observed in the baculovirus-infected T. ni
cells under the control of immediate early promoter was highly dependent on the post-infection time, suggesting that
galactosylation level may also be variable during the infection period. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There are numerous different N-glycan oligosaccha-
ride structures found in nature. Most, if not all, N-gly-
cans are synthesized from a common precursor with
common initial processing steps, but they are eventually
modified by various processing enzymes—glycosyl-
transferases and glycosidases—to form a vast array of
different oligosaccharides. In mammalian systems,
highly branched and complex oligosaccharide structures

can be synthesized, and the latter are predominant
structures expressed on circulating proteins and on
cell-surface proteins in humans. Although insect cells
are capable of performing N-glycosylation,1,2 their N-
glycans are generally either high-mannose or low-man-
nose (truncated) types, and complex or sialylated types
are only rarely encountered.1 In many instances, the
low-mannose oligosaccharides are also �-(1�3)- and/
or �-(1�6)-fucosylated at the innermost GlcNAc (see
Ref. 3 for a review). There are a few reports of galacto-
sylated N-glycans in insect cells.4–6 About 20% of the
IgG expressed in Trichoplusia ni cells was galactosy-
lated,6 as determined by a 2D HPLC mapping tech-
nique.7 Interferon � expressed in an Estigmena acrea
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cell line was found to have galactosylated oligosaccha-
rides as determined by mass spectrometry of the
product.5 Compositional analysis of glycoproteins from
T. ni and Danaus plexippus eggs showed low but de-
tectable amounts of galactose in native glycoproteins.8

Recent sugar nucleotide analyses of T. ni and Sf-9 cells9

suggest that these cells have as much UDP-Gal as in
Chinese hamster ovary (CHO) cells, which avidly pro-
duce galactose-containing oligosaccharides. These re-
sults support a notion that both acceptor substrate
(GlcNAc-terminal) and the donor for �4GalT (UDP-
Gal), are available in sufficient quantities for galactosy-
lation in insect cells, and yet the galactosylated
glycoproteins are not as abundantly formed as in ani-
mal cells. Therefore, it became imperative to learn
about the �4GalT activity in the insect cells. There has
been no direct evidence for �4GalT activity in other
insect cell lines except for a trace activity demonstrated
in Ea4 cells.10

A number of methods are available for measurement
of glycosyltransferase activities. Most commonly, sugar
nucleotides radiolabeled in the sugar residue are used as
donor, and the amount of radiolabeled sugar trans-
ferred to the acceptor is determined. Although this
method is quite sensitive, it has considerable drawbacks
because storage, usage, and disposal of radioisotopes
must be carefully controlled. Some of these methods
require an ion-exchange resin to remove the sugar
nucleotide from the product.11 Although there exists a
highly sensitive (subfemtomol range) capillary elec-
trophoresis method based on separation of fluorecein-
conjugated glycosides by capillary electrophoresis and
laser-induced detection,12 it is not suitable for simulta-
neous determination of multiple samples. In another
approach, lectins, capable of recognizing specific sugar
epitopes, are utilized to measure various glycosyltrans-
ferase activities. For instance, when a biotin-labeled
lectin specific for the product is added to the reaction
mixture, the amount of the product formed can be
determined by the amount of lectin bound to the
product. The biotin on the lectin allows it to be cap-
tured by streptavidin or avidin conjugated with horse-
radish peroxidase or alkaline phosphatase to facilitate
quantification.13 Lectins modified with a fluorescent
probe also had been used for a similar determination.14

A newer alternative to these techniques is to use
lanthanide elements as fluorescent probes. The long
Stoke’s shift (over 200 nm) and exceptionally long
fluorescence decay time (0.1–1 ms) are the major ad-
vantages of lanthanide fluorescence.15 The latter allows
time-resolved fluorescence (TR-F) measurement in a
plastic microplate, since the lanthanide fluorescence can
be measured after the fluorescence of plastic material of
microplate has dissipated. By a special technique called
‘dissociation enhanced lanthanide fluorescence im-
munoassay’ (DELFIA)16 which dissociates Eu from the

chelating group in the probe and places it in a special
micellar environment for maximum fluorescence inten-
sity, sensitivity equal to or better than radioisotopic
assays can be attained.17,18 Eu is the most highly
fluorescent among the lanthanide elements and is most
frequently used in various biomedical assays.18,19 Un-
like some radioisotopes, Eu-labeled reagents are stable
and sustain a long shelf life.

In this report, we present a newly developed and
highly sensitive nonradioisotopic assay for �4GalT ac-
tivity. The method uses microplate-coated GlcNAc-
BSA as the acceptor and Eu-labeled RCA120 lectin as a
probe for the newly formed Gal�(1�4)GlcNAc epi-
tope. Activities of �4GalT in various insect cell lines
were evaluated easily by this method.

2. Materials and methods

Materials.—Bovine serum albumin (BSA) was from
Pentex (Bayer, Kankkee, IL). GlcNAc44–BSA20 was
produced in the Y.C.L. laboratory. RCA120, UDP-Glc-
NAc, UDP-Gal and bovine �4GalT-I were obtained
from Sigma Chemical Co. (St. Louis, MO). Diethylene-
triaminepentaacetic acid (DTPA) dianhydride was from
Aldrich Chemical Co. (Milwaukee, WI). �-Galactosi-
dase inhibitor (a D-galactose-type 1-iminosugar), a very
potent �-galactosidase inhibitor (showing IC50 for As-
pergillus niger �-galactosidase as 12 nM)21 was a gift
from Dr. Y. Ichikawa, Johns Hopkins University
School of Medicine. FluoroNunc™ Module
Maxisorp™ Surface 96 well Plates were from Nalge
Nunc International (via Fisher Scientific, Pittsburgh,
PA). The enhancing solution for maximizing Eu
fluorescence was prepared as described.16

Cell culture and microsome preparation.—Chinese
hamster ovary (CHO) cells (ATCC) were cultured at
37 °C in a humidified atmosphere with 5% CO2 in
Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin, 100 �g/mL strep-
tomycin, 100 �M minimal essential amino acids and 4
mM L-glutamine. Cells were grown to confluency in
T-75 flasks, washed twice with phosphate-buffered sa-
line (PBS), and lysed in 50 mM Tris–HCl, pH 7.2,
containing 2 mM EDTA, 1 mM dithiothreitol and 1%
Triton X-100.

T. ni cells (‘High Five’, BTI-TN5B1-4) were obtained
from Invitrogen (Carlsbad, CA). Sf-9 cells were ob-
tained from ATCC (Manassas, VA). Sf-9 cells stably
transformed with bovine �4GalT-I (SF-9�4GalT) were
produced in the laboratory of D. J. (University of
Wyoming, Laramie, WY). All cell lines were grown and
maintained in a HyClone insect cell serum-free media
(HyQR SFX-Insect) in T-75 flask or 20–30 mL culture
in a 250-mL shaker flask, and the cells subcultured
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every 3–4 days. The culture medium was supplemented
with 5 mM glutamine and 100 �g/mL penicillin–strep-
tomycin. For a typical enzyme analysis, cells at 3×106

cells/mL were harvested by centrifugation for 10 min at
3000×g (Sorvall RC6000 Benchtop centrifuge) and
rinsed twice with 10 mL of PBS. Cells were suspended
in a lysis buffer (50 mM Tris-HCl, pH 7.5, containing
1% Triton X-100, 10 mM EDTA, 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, PMSF) on ice for 45
min. Intact cells were removed by centrifugation for 5
min under the conditions described above.

For microsome preparation, the cell pellet was sus-
pended in 5 mM imidazole-HCl buffer, pH 7.3, con-
taining 0.25 M sucrose and 1 mM PMSF. The cells
were hand-homogenized with a Potter–Elvehjem ho-
mogenizer for 5–10 min, monitoring the progress with
a microscope. Intact cells and large particles were re-
moved by centrifugation as above. The pellet was dis-
carded and the supernatant was subjected to
ultracentrifugation at 100,000×g for 1 h (Beckmann
Ultracentrifugation, L7-65). The pellet was defined as
the microsome fraction and was used for enzyme as-
says. Protein concentrations were determined by micro-
BCA (bicinchoninic acid) assay following the
manufacturer’s instruction (Pierce, Rockford, IL).
Bovine serum albumin was used as standard, and its
absorbance measured with a Shimadzu UV-160U spec-
trophotometer at 562 nm.

Baculo�irus and protein expression.—Two recombi-
nant baculoviruses carrying the bovine �4GalT-I
cDNA under the control of polyhedrin promoter22 or
under immediate early promoter (ie1)23 have been de-
scribed. Recombinant baculovirus carrying human
transferrin cDNA was prepared and developed as de-
scribed.24 All recombinant baculoviruses were propa-
gated in Sf-9 cells, and 0.45 �m of the filtered culture
medium was used as a viral stock.

For protein expression, all viruses were seeded into a
50-mL culture of ‘High Five’ cells at a density of
1×106 cells/mL and a multiplicity of infection (MOI)
of 5 at 27 °C on a rotary shaker. Cells were harvested

by centrifugation at 3000×g (Sorvall SS32 rotor) at 72
h post infection and homogenized as described above
for the enzyme assays.

Preparation of europium-labeled RCA120.—All mea-
surements of Eu fluorescence were conducted with a
multilabel counter (Victor, Model 1420 by Wallac,
Gaithersburg, MD). Ten mg of lyophilized RCA120 was
dissolved in 200 �L of 10% (w/v) sodium bicarbonate
solution, and 3.3 �mol of solid DTPA-dianhydride
(equivalent to 40 mol DTPA-dianhydride per mol of
RCA120) was added. The reactants were gently mixed
on a rotary shaker for 2 h. The solution was carefully
adjusted to pH 4.0 with dilute acetic acid to decompose
any excess bicarbonate, and after a few minutes, ad-
justed to pH 7.0 with NaOH. After 30 min, 3.3 �mol
EuCl3 (40 mol per mol protein) in 0.1 M acetic acid was
added, and the mixture was gently stirred for 1 h. The
mixture was separated by gel-permeation chromatogra-
phy using a Sephadex G-10 column (1×90 cm) equili-
brated in 10 mM ammonium bicarbonate, collecting
0.5-mL fractions. Fractions containing Eu-labeled
RCA120 were pooled and lyophilized. About 2 mol Eu
was incorporated per mol of RCA120 as determined by
time-resolved fluorometry for total Eu and BCA assay
for total protein using BSA as a standard.

Assay of �-(1�4)-galactosyltransferase acti�ity.—
GlcNAc44–BSA, 100 nM in PBS, was placed into wells
of a 96-well microplate and kept at 4 °C overnight. The
excess unbound GlcNAc44–BSA was removed by wash-
ing (3 times) with PBST (phosphate-buffered saline
with Triton). The plate was blocked with BSA 1% (w/v)
in PBST for 2 h at room temperature, and again
washed three times with PBST to remove unbound
BSA. The reaction mixture (100 �L per well) contained
125 �M UDP-Gal, 40 mM MnCl2, 50 �M galactosidase
inhibitor (see below), 1% Triton X-100, and up to 100
�g total protein from cell lysate or microsomes in 50
mM Na-cacodylate buffer, pH 6.8. �4GalT-1 from
bovine milk was used as the standard. The transferase
reaction was allowed to proceed at 37 °C for 1 h, and
the reaction was stopped by washing three times with
PBST. Fifty �L of 100 nM Eu3+-RCA was then added
to each well, and the mixture was kept at 4 °C for 1 h.
The unbound Eu3+-RCA was removed by washing
(four times) with PBST, and the enhancement solution
(200 �L per well) was added. After gentle shaking on a
rotary shaker for 30 min at room temperature, the
fluorescence was measured. All reaction mixtures con-
tained 50 �M ‘galactose-type iminosugar’ to circumvent
potential action of �-galactosidase.

3. Results

�-(1�4)-Galactosyltransferase assay.—The princi-
ple of the assay is diagramed in Fig. 1. After the

Fig. 1. Diagram for the galactosyltransferase assay using
DELFIA technology.
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Fig. 2. Linearity of bovine �-(1�4)-galactosyltransferase ac-
tivity assayed under the conditions proposed.

obtained over the range of 0–1.0 �U (IU) (Fig. 2),
which is comparable to 0–0.9 �U of a radioactivity
method11 or nonlinear range of 100–1000 pmol/h by an
ELISA method.25

�4Gal-T le�el in insect cells.—Two widely used insect
cell lines, Sf-9 (from Spodoptera frugiperda) and ‘High
Five’ (from T. ni ), were grown in serum-free culture
medium and then lysed in order to evaluate their en-
dogenous galactosylation potential in lysates or micro-
somal fractions. No �4GalT activity could be detected
above the detection limit (0.01 �U) in Sf-9 cells in either
cell lysate and its membrane fractions even after 24-h
incubation. The low level of �4GalT may explain the
previous report on the absence of galactose-terminated
N-glycans in IFN � expressed by Sf-9.5 In contrast, a
low level of �4GalT activity (ca. 1 mU/mg protein) was
detected in ‘High Five’ cell lysates and the microsomal
fractions. This result can be used to rationalize the low
level of galactosylation in the ‘High Five’-generated
glycoproteins.6,24 The amount of the galactosylation
product was proportional to the incubation time and
amount of the protein used in the incubation. Inclusion
of EDTA in the mixture or boiling the enzyme sample
(negative controls) reduced this activity to the back-
ground levels.The �4GalT activities in the lysates of
genetically engineered insect cells (50 �g protein each)
was also analyzed and compared to those in the widely
used mammalian CHO cell line. As shown in Fig. 3,
Sf-9 cells stably transformed with bovine �4GalT-1
contained ca.14 mU �4GalT/mg protein compared with
10 mU/mg in CHO cells. ‘High Five’ cells infected with
the bovine �4GalT-1 gene via baculovirus under the
control of the polyhedrin (pol) promoter24 showed even
higher �4GalT-1 levels (ca. 17 mU/mg protein). Since
the level of the recombinant �4GalT-I in either stably
transformed or baculovirus-vector infected insect cells
exceeds that of CHO cells, this activity should be
sufficient for galactosylation, if the enzyme is correctly
localized and the proper substrates are available.

We further tested the effectiveness of the assay sys-
tem in monitoring �4GalT-I expression level over time
in ‘High Five’ cells infected with a baculovirus carrying
the bovine �4GalT-I cDNA, under control of the im-
mediate-early (ie1) baculovirus promoter. As shown in
Fig. 4, the �4GalT-I activity peaked after 24 h of
infection and quickly diminished after 48 h to almost
the background level at 72 h post-infection. This ex-
pression profile is characteristic of the immediate-early
promoter, which is most active immediately following
the baculovirus infection. Consequently, the galactosy-
lation activity can vary widely in infected insect cells
and depends significantly on the particular promoter
used in the baculovirus construct. Understanding the
activity level with infection time will be useful in deter-
mining the optimal product harvesting time from the
standpoint of galactosylation.

Fig. 3. Galactosyltransferase activities in normal, transiently
transfected, or stable transformed insect cell lines and CHO
cells.

Fig. 4. Time course of the galactosyltransferase activity in
‘High Five’ cells post-infection.

enzyme has transferred Gal from UDP-Gal to the
GlcNAc on BSA, Eu-labeled RCA120 will bind to the
newly formed Gal�(1�4)GlcNAc structure. In the next
step, Eu is dissociated from the lectin by the action of
the enhancement solution and allowed to form a highly
fluorescent complex, which was measured in a time-re-
solved manner. When bovine milk �4GalT-I was used
as the enzyme standard, a linear relationship between
the amount of Eu3+ and the amount of enzyme was
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4. Discussion

The level of �4GalT activity in all systems described
above has been evaluated using the newly developed
assay based on Eu fluorescence. Samples of crude cell
lysate containing 1% Triton X-100 were analyzed suc-
cessfully in all assays. The proposed method of measur-
ing the �4GalT activity represents a viable alternative
to the assays that rely on radioisotopes. Moreover, the
use of 96-well microplates allows a large number of
samples to be processed simultaneously. Direct attach-
ment of Eu to the lectin significantly shortens the
processing time, compared with the some ELISA type
assays where several steps of binding/washing are in-
volved before the actual activity is measured. The
method is highly accurate. For example, the correlation
coefficient for the standard curve shown in Fig. 2 is
0.9976 (SD=1%).

The results of our �-galactosyltransferase analyses
(Fig. 3) indicate that �4GalT may be one of the limiting
factors in generating complex type N-glycans in insect
cells. Endogenous �4GalT activity was not detected in
SF-9, while a low, but measurable level (1.0�0.1 mU/
mg protein) could be detected in ‘High Five’. Even in
these cells, the activity is much lower than the level
found in CHO cells (5–10 mU/mg), and may be insuffi-
cient for proper galactosylation, especially during the
period of high expression of recombinant proteins that
occurs in the late phase of the baculovirus infection. It
was reported that endogenous �-(1�4)-GalNAc-trans-
ferase activity in cell lines derived from T. ni, S.
frugiperda, and Mamestra brassicae dropped to almost
1/100 of the original after baculovirus infection.26 A
similar reduction may occur for other transferases, and
thus further reduce the cell’s capacity for
galactosylation.

Cell engineering to extend the glycosylation capabili-
ties of insect cells and other expression systems has
been applied widely in recent years. In the baculovirus
system, N-glycan processing can be modified by the
expression of necessary enzymes during the infection
period. Since the levels of �4GalT activity are appar-
ently insufficient in all insect cell lines, supplementing
�4GalT activity would be expected to yield glycosyla-
tion patterns closer to human glycoproteins (i.e., ‘hu-
manization’ of glycoproteins).

There are two strategies to enhance galactosylation
during processing in insect cell lines. One is to use a
stably transformed insect cell line expressing mam-
malian �4GalT, and transfect the cells with a bac-
ulovirus carrying the glycoprotein gene of interest. An
alternative is to co-infect the cells with two bac-
uloviruses, one carrying the gene of interest and an-
other carrying bovine �4GalT, under the control of
either the immediate early promoter (ie1)23 or the very
late polyhedrin promoter (pol).22 As shown in Figs. 3

and 4, the activity levels of the �4GalT in the trans-
fected ‘High Five’ and transformed Sf-9 cells, as com-
pared with the CHO cells, may be sufficient for the
effective galactosylation of the recombinant glyco-
protein, provided the enzyme is properly localized and
sufficient acceptor substrate is available. Future studies
in our laboratory will examine the extent of galactosy-
lation that can be achieved in these engineered cell lines

In conclusion, a simple and sensitive assay based on
time-resolved fluorescence was developed to measure
and monitor the recombinant bovine �4GalT-I expres-
sion in insect cells. With a working range comparable
to radioisotopic methods, the microplate format pre-
sented here will greatly facilitate throughput of galacto-
syl transferase assays.
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