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The ability of several lepidopteran and dipteran
nsect cell lines to express human melanotransferrin
p97), a glycosyl phosphatidylinositol (GPI)-an-
hored, iron-binding sialoglycoprotein, was as-
essed. Spodoptera frugiperda-derived (Sf9) cell
ines, transformed with the p97 gene under control
f a baculovirus immediate-early promoter, were
ble to constitutively express the protein and cor-
ectly attach it to the outer cell membrane via a GPI
nchor as demonstrated by PI-PLC treatment. In
ontrast, stable constitutive expression could not be
emonstrated with cell lines derived from either
rosophila melanogaster (Kc1 or SL2) or Lymantria
ispar (Ld652Y) despite the observation that p97
ould be detected in transient expression assays.
his may indicate that the long-term expression and
ccumulation of p97 is inhibitory to Drosophila
ells, possibly due to improper localization of the
rotein and resultant competition for cellular iron.
n stably transformed Sf9 cells, p97 was expressed
n the cell at a maximal level of 0.18 mg/106 cells and
as secreted at a maximal rate of 9.03 ng/106 cells/h.
his level was comparable to the amount expressed
ith the baculovirus system (0.37 mg/106 cells and

1.2 ng/106 cells/h) and transformed CHO cells (0.88
g/106 cells and 7.8 ng/106 cells/h). Deletion of the
PI cleavage/attachment site resulted in an eight-

old increase in the secretion rate of p97, when com-

1 Present address: Agriculture and Agri-Food Canada, 107 Science
lace, Saskatoon, SK S7N 0X2 Canada.

2 Also affiliated with the Departments of Microbiology, Medical
enetics, and Biotechnology at University of British Columbia.
3 To whom correspondence should be addressed. Fax: (604) 822-
l416.

96
ared to the intact construct suggesting that the
ate-limiting step involves processing of the GPI
nchor. © 1999 Academic Press

Key Words: human melanotransferrin; p97; glycosyl
hosphatidylinositol anchor; insect cell lines; trans-
ormation; protein expression.

The analyses of complex eukaryotic proteins often
ecessitates expression in heterologous systems that
re free of endogenous factors that might interact with
he protein or components in the assay system. In
ecent years several highly processed mammalian pro-
eins have been successfully expressed in either bacu-
ovirus-infected or stably transformed insect cell lines.
or example, human G-protein-coupled receptors

GPCRs) were expressed in baculovirus-infected Sf9
nsect cells which do not contain the identical GPCRs.
his cell line does, however, possess low levels of G-
roteins that can be activated by heterologous GPCRs
llowing structure/function analyses to be conducted
Tate and Grisshammer, 1996). In another instance,
he role of calnexin, a membrane-bound endoplasmic
eticulum-associated protein that is not present in Dro-
ophila, in the transport and assembly of class I major
istocompatibility complex molecules, was firmly es-
ablished (Jackson et al., 1994). The inherent ability of
nsect cells to express, process, and localize mamma-
ian proteins, in a manner similar to that of their

ammalian counterparts, has been exploited to pro-
ide high-quality material for studies involving protein
rystallization (Garcia et al., 1996), antibody produc-
ion (Kirkpatrick et al., 1995), and analysis of receptor/

igand interactions (Ivey-Hoyle et al., 1991). Indeed,
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297MELANOTRANSFERRIN EXPRESSION IN INSECT CELLS
any of the posttranslational modification pathways
ypical of mammalian systems also occur in insect cells
Jarvis et al., 1990; Jarvis and Finn, 1995). Similar to
heir mammalian counterparts, these pathways are
ften cell line- or tissue-specific (Roth et al., 1992;
avis and Wood, 1995; Wagner et al., 1996). Recently it
as been demonstrated that the N-glycosylation path-
ay present in insect cells can be modified by providing

he genes encoding these deficient enzymes (Jarvis and
inn, 1996; Jarvis et al., 1997). This genetic engineer-

ng of posttranslational processes is especially signifi-
ant for those using baculovirus expression systems,
ince the viruses infect only a limited repertoire of cell
ines. The narrow host range or lack of versatility in
ell line selection with the baculovirus system has
rompted the development of expression systems capa-
le of functioning in a broader range of dipteran (Jo-
ansen et al., 1989) and/or lepidopteran cell lines

Shotkoski et al., 1996; Pfeifer et al., 1997; McLachlin
nd Miller, 1997; Hegedus et al., 1998).
An important posttranslational event that can sig-

ificantly influence the integrity and function of pro-
eins expressed in heterologous systems is proper cel-
ular localization. Most cell surface-associated proteins
re bound to the outer membrane through the physical
nteraction of a hydrophobic transmembrane domain
ith the lipid bilayer; however, a relatively small, but

mportant, group of proteins is linked to the membrane
ia a glycosyl phosphatidylinositol (GPI) anchor. This
rrangement consists of a hydrophobic phosphatidyl-
nositol residue embedded within the plasma mem-
rane which is linked to the carboxyl terminus of the
rotein via a variable glycan chain and phosphoeth-
nolamine intermediary (Ferguson and Williams,
988). A few GPI-linked proteins have been success-
ully expressed in insect cells; however, this has been
estricted to lepidopteran cell lines susceptible to bac-
lovirus infection (Schierle et al., 1992; Davies et al.,
993; Choudrai et al., 1994; Longacre et al., 1995; Ken-
ard et al., 1997).
Recently, human melanotransferrin (p97), a GPI-

nchored sialoglycoprotein, was expressed using the
aculovirus system (Kennard et al., 1997). The protein
as first described as a melanoma-specific antigen

Brown et al., 1981) and has been expressed as a 738-
mino-acid precursor possessing a 19-amino-acid ami-
o-terminal signal peptide as well as a 25-amino-acid
ydrophobic carboxyl-terminal region (Rose et al.,
986). Initially, the hydrophobic terminus was pre-
umed to anchor the protein to the outer membrane;
owever, this was subsequently shown to be a GPI
leavage/attachment signal sequence (Food et al.,
994). The protein consists of two symmetrical do-
ains, each presumed to contain seven disulfide

ridges, and several putative N-glycosylation sites and

t bears a strong similarity to the transferrin-like iron- t
inding proteins (Rose et al., 1986). The role of p97 in
ediating a transferrin-independent iron metabolism

athway was confirmed by the observation that iron
ptake was significantly increased in transferrin re-
eptor-deficient CHO cell lines transformed with a p97
DNA construct (Kennard et al., 1995). In addition,
hase partitioning revealed that two forms of p97 exist
n mammalian cell cultures, a membrane-bound form
nd a secreted form that may originate from alternate
rocessing of the mRNA (Food et al., 1994) as is the
ase with the chicken homologue (McNagny et al.,
996). Recently, elevated levels of p97 were detected in
myloid plaques within the brain tissues of Alzhei-
er’s disease patients, suggesting that it may play a

ole, either direct or indirect, in disease pathology (Jef-
eries et al., 1996). Here we assess the intrinsic ability
f stably transformed lepidopteran and dipteran cell
ines to express human melanotransferrin under the
irection of constitutive or inducible promoters.

ATERIALS AND METHODS

ell Lines and Baculovirus

The human melanoma line SK-MEL-28 was ob-
ained from the American Type Culture Collection and
aintained on Dulbecco’s modified Eagle’s medium

DMEM) supplemented with 10% fetal bovine serum, 2
M L-glutamine and 20 mM Hepes (Food et al., 1994).
he Chinese hamster ovary cell line (p97aWTBc3)
ransformed with a p97 mammalian expression con-
truct (Food et al., 1994) was maintained on Ham’s F12
edium (Gibco) supplemented with 10% FBS, 20 mM
epes, 100 units/ml penicillin, 100 mg/ml streptomy-

in and 2 mM L-glutamine in a humidified chamber at
7°C under 5% CO2. Cell lines derived from the lepi-
opteran insects Spodoptera frugiperda (Sf9) and Ly-
antria dispar (Ld652Y) or the dipteran insect Dro-

ophila melanogaster (Kc1 and SL2) were maintained
n TC-100 complete medium (20.36 g/L TC-100 me-
ium (Gibco-BRL), 0.35 g/L NaHCO3, 3.3 g/L TC-yeas-
olate (Gibco), and 3.3 g/L TC-lactalbumin hydrolysate;
djusted to pH 6.2 with 5 M KOH) with 10% fetal
ovine serum (Gibco-BRL) at 27°C. Cell number and
iability were determined using a hemocytometer and
taining with a 1/10 vol of 0.4% trypan blue solution.
The recombinant AcMNPV baculovirus expressing

97, designated p97 B-2-1, was propagated as per Ken-
ard et al. (1997).

onstruction of p97 Expression Vectors

The metal-inducible p2ZMtn97 and constitutive
2ZOp2C97 constructs were generated by cloning a
.4-kb EcoRI–NruI fragment from pA3-2 containing
he entire open reading frame from the p97 cDNA into

he EcoRI–PvuII site of the mammalian expression
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298 HEGEDUS ET AL.
ector pZeoSV (Invitrogen) to generate pZeoSV97. Sub-
equently, a 2.6-kb EcoRI–BglII fragment containing
he p97 coding region plus the SV40 polyadenylation
equence was subcloned from pZeoSV97 into the
coRI–BamHI site of p2ZOp2A to generate
2ZOp2C97 (Hegedus et al., 1998). This vector uses the
rgyia pseudotsugata multicapsid nucleopolyhedrovi-

us (OpMNPV) immediate-early 2 gene promoter
IE-2) to direct constitutive expression in insect cell
ines (Pfeifer et al., 1997) and a chimeric IE-2-bacterial
ynthetic promoter to confer resistance to the antibi-
tic Zeocin (Invitrogen) in both insect cell lines and
scherichia coli. In another series, a 2.6-kb SpeI–BglII

ragment from pZeoSV97 was subcloned into the XbaI–
glII site of p2ZMtn (Hegedus et al., 1998) to generate
2ZMtn97. This construct places the p97 cDNA under
he direction of the heavy metal-inducible D. melano-
aster metallothionein promoter which is only func-
ional in dipteran cell lines.

A series of nested 39 deletions were generated to
liminate the p97 GPI signal sequence using the exo-
uclease 3/S1 nuclease method (Sambrook et al., 1989).
pproximately 10 mg of the plasmid pA3-2 was di-
ested with NruI, which cleaves 87 bp downstream of
he stop codon, and subjected to exonuclease 3 treat-
ents ranging from 30 to 180 s to remove the terminal

00 bp (approximately 25 amino acids) from the NruI
ite, after which the ends were made blunt using Kle-
ow DNA polymerase and dNTPs. The plasmid was
igested with HindIII which cleaves 59 to the start
odon and the pooled fragments from each time point
loned into the HindIII–EcoRV site of p2ZOp2F (Hege-
us et al., 1998). This vector possesses stop codons in
ll three frames to replace the stop codon eliminated

TAB

Comparison of Cellular p97 E

Clonal line Cell type

p97aWTBc3 CHO
p97B-2-1 Sf9 Spodoptera frugiper

(baculovirus-infected
48hpi)c

p2ZOp2C97 C.16 Sf9 Spodoptera frugiper
(stable clonal cell line

p2ZOp2F97d C.16 Sf9 Spodoptera frugiper
(stable clonal cell line

p2ZOp2F97d C.21 Sf9 Spodoptera frugiper
(stable clonal cell line

p2ZMtn97 C.7 and C.8 SL2 Drosophila melanog
(stable clonal cell line

a Based on p97 harvested from PI-PLC-treated cells.
b Based on p97 secreted into the growth media.
c p97 expression levels are based on 48-h cultures (maximal expre
hen generating the 39 deletions. s
nsect Cell Line Transformation

Insect cells were transformed with 2 mg of CsCl-
urified DNA using 10 ml of Cellfectin (Gibco) and
table Zeocin-resistant cell lines selected as described
reviously (Pfeifer et al., 1997). Stable cell lines ana-
yzed in this paper are described in Table 1.

Southern blot analysis of resistant transformed cell
ines was conducted as described previously (Pfeifer et
l., 1997).

rotein Analysis

(1) Western blot analysis. In transient transfection
ssays, insect cells were harvested 48 h after transfor-
ation, pelleted at 4000 g in a microcentrifuge and

esuspended in 50 ml of cell lysis buffer (20 mM Tris–
Cl (pH 7.2), 0.15 M NaCl, 2 mM EDTA, 1% NP-40,
nd 0.5 mM PMSF) for protein determination and
nalysis. To detect secreted p97, culture supernatant
as concentrated under vacuum using a SpeedVac (Sa-
ant) and resuspended in 1/10 vol of lysis buffer.
Western blot analysis was conducted by separating

0 mg of protein on 10% nondenaturing SDS–PAGE
els and transferring to nitrocellulose membranes. The
97 protein was detected using the anti-p97 monoclo-
al antibody L235 (ATCC HB8446), as the primary
ntibody at a 1/10 dilution of hybridoma culture super-
atant in phosphate-buffered saline and horseradish
eroxidase-conjugated goat anti-mouse antibody (Bio-
ad, Richmond, CA) as the secondary at a 1/20,000
ilution followed by detection using the ECL chemilu-
inescent system (Amersham).
(2) Pulse–chase labeling and immunoprecipitation.

f9 cell lines transformed with p97 expression con-

1

ession in Various Cell Types

Cell surface-
specific p97a

(mg/106 cells)

Cell-specific p97
secretion rateb

(ng/106 cells/h)

0.88 (0.88) 6.2 (7.8)
0.37 (0.37) 31.2 (31.2)

0.12 (0.18) 2.96 (9.03)

0 58.0 (58.0)

0 56.0 (76.9)

er 0 0

on).
LE

xpr

da

da
)
da
)
da
)
ast

)

tructs were grown to mid log phase (approximately
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299MELANOTRANSFERRIN EXPRESSION IN INSECT CELLS
–4 3 106 cells/ml) in TC-100 complete medium sup-
lemented with 10% fetal bovine serum and 250 mg/ml
eocin in a 50-ml spinner flask at 27°C. The cells were
arvested by centrifugation at 2000 g for 10 min and

ncubated for 1 h in methionine-free, cysteine-free
MEM (Gibco). Cellular protein was pulse-labeled in 5
l of methionine-free, cysteine-free DMEM supple-
ented with 500 mCi/ml [35S]methionine/cysteine

Promix, Amersham) for 45 min. The cells were har-
ested by centrifugation, washed twice with TC-100
edium, and then chased with 3.0 ml of TC-100 sup-

lemented with 10% FBS. Cell culture aliquots of 1.0
l were removed after 0, 4, and 24 h and harvested by

entrifugation and the cells were lysed in 1.0 ml of
olubilization buffer [20 mM Tris–HCl (pH 7.2), 0.15 M
aCl, 2 mM EDTA, 1% Triton X-114, and 0.5 mM
MSF]. Five microliters of 100 mM PMSF was added
o the cell-free culture supernatant and the samples
tored at 280°C.
Prior to immunoprecipitation, the p97 samples were

rst centrifuged at 11,000 rpm for 20 min at 4°C to
emove cellular debris. Aliquots of 100 ml (cell lysate)
r 200 ml (cell supernatant) were precleared at 4°C for
5 min with the addition of 3 ml of normal rabbit serum
t which time 50 ml of protein A–Sepharose (Sigma),
hat had been washed three times with solubilization
uffer, was added and the mixture was incubated at
°C for an additional 45 min prior to brief centrifuga-
ion. To the supernatant 200 ml of undiluted L235
onoclonal antibody hybridoma culture supernatant
as added and this was incubated for 1 h at 4°C at
hich time 50 ml of protein A–Sepharose coated with

abbit anti-mouse IgG (Jackson) was added and incu-
ated for 1 h at 4°C. The beads were pelleted by brief
entrifugation and washed twice in 0.2% NP-40, 150
M NaCl, 2 mM EDTA, 10 mM Tris–HCl (pH 7.4),

nce with 0.2% NP-40, 500 mM NaCl, 2 mM EDTA, 10
M Tris–HCl (pH 7.4) and once with 10 mM Tris–HCl

pH 7.4).
(3) Two-dimensional gel electrophoresis. Isoelectric

ocusing pH gradient two-dimensional gel electro-
horesis was conducted according to Celis et al. (1990).
irst-dimension gels were prepared by dissolving
.24 g of urea in 3.0 ml 10% NP-40, 3.0 ml dH2O and
.95 ml acrylamide solution (28.38% acrylamide; 1.62%
isacrylamide) and then adding 600 ml (pH 5–7) and
00 ml (pH 3.5–10) carrier ampholytes. The gels were
llowed to polymerize for 2 h after the addition of 10 ml
EMED and 15 ml 10% ammonium persulfate; the tops
ere washed three times with dH2O and prerun with
0 ml lysis solution (9.8 M urea, 2% NP-40, 2% carrier
mpholytes (pH 7–9), 100 mM DTT) overlayed with 20
l overlay solution (8 M urea, 1% carrier ampholytes

pH 7–9), 5% NP-40, 100 mM DTT) for 15 min at 200 V,

0 min at 300 V, 60 min at 400 V using 20 mM NaOH “
n the upper cathode chamber and 10 mM H3PO4 in the
ottom anode chamber. A 50-ml volume of lysis solution
as added to the beads; this was mixed and centri-

uged and 40 ml of the supernatant was applied to the
els, which had been washed three times with dH2O,
verlayed with 20 ml overlay solution diluted one half
n dH2O and run for 20 h at 400 V. The gels were
emoved, placed in equilibrium solution [0.6 M Tris–
Cl (pH 6.8), 2% SDS, 100 mM DTT, 10% glycerol],
nd subjected to SDS–PAGE using a 10% separating
nd 5% stacking gel. [14C]-methylated molecular
eight markers (Amersham) were prepared by boiling

n 13 sample buffer. After electrophoresis the gels
ere removed, fixed in a solution of 40% methanol; 10%
cetic acid for 1 h, and placed in DMSO with 7.5%
iphenyloxazole for 1 h. The gels were washed twice
ith dH2O, dried, and subjected to autoradiography for
0 days at 280°C.
(4) Immunohistochemistry. Transformed cells were

llowed to adhere to glass coverslips that had previ-
usly been coated with a solution of 1 mg/ml poly-L-
ysine (400,000 MW) and allowed to dry for 30 min. The
lides were rinsed in phosphate-buffered saline (PBS)
nd fixed for 5 min in freshly prepared 4% paraformal-
ehyde followed by a 45-s incubation in a 1:1 solution of
ethanol:acetone. The slides were then rinsed three

imes in PBS, and in some cases incubated in 0.5%
riton X-100 in PBS for 10 min followed by three
dditional rinses in PBS. The cells were blocked for 20
in in FATS (20% FBS, 0.5% Tween 20 in PBS) fol-

owed by a 60-min incubation with either the L235 or C
nti-p97 monoclonal antibodies (used as undiluted hy-
ridoma supernatants) in a humidified chamber. The
lides were washed three times in PBS over the course
f 10 min and then incubated with the secondary an-
ibody consisting of a 1/30 dilution of FITC-conjugated
oat anti-mouse-Fab fragments (Jackson) for 60 min.
he slides were washed three times with PBS,
ounted, and viewed using either an epifluorescence

r confocal microscope.

uantitation of p97 Expression

Thirty milliliters of TC-100 complete medium sup-
lemented with 10% FBS in a 50-ml spinner flask was
noculated at an initial density of 1 3 106 viable
ells/ml. Aliquots of 1.0 ml were removed daily to de-
ermine total and viable cell number and to quantify
ell-associated and secreted p97 levels.
The amount of p97 produced was determined using a
odified immunofluorescence assay (Kennard et al.,

993). Cell-free samples were assayed by binding the
97 to L235 immobilized on carboxyl-polystyrene cap-
ure particles (0.77 mm, Idexx). The bound p97 was
hen labeled with a fluoresceinated secondary antibody

C” (33B6E4, provided by Dr. S.-K. Liao, McMaster
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300 HEGEDUS ET AL.
niversity, Hamilton, Ontario, Canada). The fluores-
ence of the complex which corresponded to the origi-
al concentration of soluble p97 in the supernatant
as read using a Pandex fluorimeter (PCFA, Idexx)
nd compared to purified p97 standards. In the case of
he cell membrane-associated GPI-anchored p97, the
rotein was first cleaved from the cell surface using
artially purified phosphatidylinositol phospholipase
(PI-PLC). Approximately 2 3 107 cells were pelleted

nd resuspended in 1.0 ml of 300 mU/ml PI-PLC in
BS and incubated for 1 h at 37°C. The PI-PLC solu-
ion was recovered and the concentration of the cleaved
97 was determined according to the previously de-
cribed method. Based on the total cell density and p97
oncentration, GPI-anchored or secreted p97 per cell
ould be determined.

ESULTS

table Expression of Human p97 in Insect Cell Lines

Previous Western blot analysis of transiently trans-
ected insect cell lines showed that Sf9, Drosophila,
nd to a lesser extent Ld652Y cell lines were capable of
xpressing p97 (Hegedus et al., 1998). In all cases the
olecular weight of the protein was less than that of

he mammalian counterpart with Drosophila cell lines
roducing the smallest protein, Sf9 producing an inter-
ediate-sized but larger product, and Ld652Y produc-

ng a protein only slightly smaller than the mamma-
ian p97 (Hegedus et al., 1998).

Initially, various insect cell lines were transformed
ith the constitutive expression construct,
2ZOp2C97, and stable Zeocin-resistant clones were
elected and analyzed for expression of p97 (see Table
). All of the Zeocin-resistant Sf9 clones expressed p97,
lbeit at varying levels, with a molecular weight iden-
ical to that observed using the baculovirus expression
ystem in Sf9 cells (Fig. 1A). The transformed Sf9 lines
ere stable and showed no overall decline in p97 ex-
ression after 12 passages over the course of 3 months
n the presence or absence of antibiotic selective pres-
ure. Conversely, stable p97 expression was not de-
ected in any resistant clonal or polyclonal cell lines
erived from either Drosophila (Kc1 or SL2) or
d652Y. These cell lines were capable of transiently
xpressing p97, indicating that long-term constitutive
xpression of p97 may in some way be deleterious to
ell physiology. To test this hypothesis Drosophila cell
ines were transformed with the inducible expression
onstruct, p2ZMtn97, and selected for Zeocin resis-
ance. When induced with 500 mM CuSO4 for 24 h
rior to protein isolation several individual clones ex-
ibited detectable levels of p97 expression (Fig. 1B).
he effect of p97 expression on clonal Drosophila cell

ines was examined by measuring the growth rate and

ell viability using the two highest expressing SL2 o
lones (p2ZMtn97 C.7 and C.8) induced with 0–1000
M CuSO4 over a 10-day period (Fig. 2). Both trans-

ormed cell lines exhibited a significant reduction in
rowth rate when induced with CuSO4. However, this
eduction did not differ appreciably from that observed
hen the nontransformed SL2 control cell line was
xposed to the same concentration of CuSO4. Western
lot analysis confirmed that at the end of the 10-day
eriod p97 was present in the induced cultures and
as associated with the cellular phase (Fig. 3); no p97
as detectable in the culture supernatant. This would

ndicate that the observed inhibition is in response to
uSO4 stress and that p97 expression has no “imme-
iate” toxic effects in these cell lines.

ocalization of Recombinant p97 in Transformed
Insect Cells

Two forms of the p97 occur naturally in mammals: a
embrane-bound form which is attached to the cell

urface via a GPI anchor covalently linked to the car-
oxyl terminus of the protein and a soluble form that is
ecreted into the medium (Food et al., 1994). Immuno-
uorescence was used to determine the precise cellular

ocalization of the p97 expressed in insect cell lines. In
97-transformed stable Sf9 cell lines, p97 was found to
e localized specifically to the plasma membrane of the
ell when viewed using confocal microscopy (Fig. 4).
reatment of these cells with PI-PLC significantly re-
uced the immunofluorescent intensity, indicating
hat the p97 is properly attached to the membrane via

GPI anchor. Conversely, transformed Drosophila
SL2 or Kc1) cell lines did not exhibit any fluorescence

IG. 1. Western blot analysis of selected stable clonal cell lines
xpressing p97. (A) Sf9 cell lines transformed with the constitutive
xpression construct p2ZOp2C97; (B) stable Drosophila SL2 cell
ines transformed with the metal inducible construct p2ZMT97 and
nduced with 500 mM CuSO4. The numbers above the lanes indicate
he clone number. Lane C contains protein from nontransformed
ells and the positive control lane (p97) contains baculovirus-ex-
ressed p97 protein.
n the cell surface despite producing substantial



a
b
0
t
D
s
c
s
t
t

“
d
r
D
i
a
t
s
c
b

F
s
a

F
f
1
p
c

F
t
r
p

301MELANOTRANSFERRIN EXPRESSION IN INSECT CELLS
mounts of cell-associated p97, as revealed by Western
lot analysis. Using confocal microscopy, in which
.1-nm slices were taken through the cell, it was clear
hat p97 is not found on the cell surface of transformed
rosophila cell lines. Often, punctate staining was ob-

erved within the cell in p97-transformed SL2 and Kc1
ell lines; however, this staining was not localized to a
pecific region or organelle and suggests that the pro-
ein was present in the cytoplasm. Permeabilization of

IG. 2. Effects of CuSO4 on the growth of the untransformed Dro-
ophila SL2 cell line and p2ZMT97 transformed clonal cell lines C.7
nd C.8 (indicated). 0 (E), 250 (Œ), 500 (■), or 1000 (F) mM CuSO4.
he cells by treatment with Triton X-100 or use of the f
C” monoclonal antibody, which recognizes an epitope
ifferent from that of the L235 monoclonal, did not
esult in antibody binding to the cell membrane in the
rosophila cell lines, indicating that the lack of stain-

ng was not due to the inability of the antibody to
ccess or recognize the epitope within the cell. Collec-
ively, these observations suggest that p97 is synthe-
ized in Drosophila cell lines and accumulates in the
ytoplasm, but is not transported to the plasma mem-
rane.

IG. 3. Western blot analysis of Drosophila SL2 p2ZMT97 trans-
ormed clonal cell lines C.7 and C.8 induced with 0, 250, 500, and
000 mM of CuSO4 for 10 days. The negative control lane (C) contains
rotein from nontransformed cells and the positive control lane (p97)
ontains baculovirus-expressed protein.

IG. 4. Confocal image showing the immunolocalization of p97 on
he surface of an Sf9 cell transformed with p2ZOp2C97 (bottom
ight) compared to a control nontransformed cell (top left). Each cell
opulations was uniform when analyzed separately and were mixed

or the purpose of the photograph.
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302 HEGEDUS ET AL.
uantitation of p97 Expression

Equivalent numbers of cells from mid stationary
hase cultures were used to determine the total
mount of p97 production (Table 1). Forty-eight hours
fter transfer into fresh medium the Sf9 clone
2ZOp2C97 C.16 expressed approximately 0.12 mg of
97/106 cells that was physically associated with the
ell surface via a GPI anchor and secreted p97 at a rate
f 3 ng/106 cells/h. In the case of baculovirus-infected
f9 cells it was noted that p97 was secreted at a rate of
1.2 ng/106 cells/h (Kennard et al., 1997). The CHO cell
ine p97aWTBc3, originally selected for hyperexpres-
ion from an antibiotic-amplified cell population by
uorescent immunolabeling and cell sorting, expressed
pproximately 0.83 mg of p97/106 cells on the cell sur-
ace after 48 h, and secreted an additional amount of
97 into the culture medium at a rate of 3.5 ng/106

ells/h (Kennard et al., 1997). The stable Drosophila
L2 cell line p2ZMtn97 C.8 produced approximately
.3 mg of p97 protein/106 cells, all of which was intra-
ellular and could not be released by PI-PLC treat-
ent, suggesting that it was located within the cyto-

lasm and not attached to the outer membrane via a
PI anchor.

ecretion of p97 Using GPI-Deficient Constructs

The majority of the p97 expressed using the full-
ength cDNA construct in the transformed Sf9 clones
as associated with the cell. Therefore, it seemed

ikely that the attachment of the protein to the cell
embrane might constrain p97 production. To deter-
ine if the rate-limiting step in p97 production was in

he processing or attachment of the GPI anchor, a
eries of carboxyl-terminal deletions were generated to
liminate the GPI cleavage/attachment preanchor se-
uence (PAS). In general, the PAS consists of 25–50
olar amino acids comprising three distinct domains
Fig. 5); a tripeptide sequence of small amino acids, a
pacer region of 8-12 moderately polar amino acids and
terminal hydrophobic domain of 10–20 amino acids
hich, in itself, is not sufficient to form a transmem-
rane sequence (Kenard et al., 1998). Several pertinent
eletions are also shown in Fig. 5 and are categorized
ith respect to the amino acid sequence of the chicken
omologue (McNagny et al., 1996). Elimination of the
erminal 16 amino acids (constructs 216 and 215)
rom the human p97 gives rise to a protein that is
ffectively analogous to the secreted form found in the
hicken, which results from differential splicing of the
RNA transcript. Constructs 220 and 221 have lost

he majority of the GPI cleavage/attachment signal
equence but have retained both the alanine residue to
hich the GPI anchor is presumably attached and the

ost terminal cysteine residue to ensure correct pro-
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303MELANOTRANSFERRIN EXPRESSION IN INSECT CELLS
ein folding. Both of these critical amino acids have
een eliminated in constructs 235 and 237.
Transformation of Sf9 cells with deletion constructs

nder the control of the constitutive promoter resulted
n many resistant p97-expressing clones. Western blot
nalysis of cell pellets and the corresponding amount of
oncentrated culture supernatant revealed that al-
hough variable, the majority of the p97 was secreted
nto the culture medium as expected (Fig. 6). Two
orms of p97 with slightly different molecular weights
ere observed in the cellular pellet of cell lines trans-

ormed with constructs 215, 216, 220, and 221. A
rominent p97 band was observed in samples of cul-
ure medium. Construct 235, which does not contain
he terminal cysteine residue, was also actively se-
reted but appeared as a larger diffuse band on the
estern blots. The epitope that is recognized by the

ntibody contains a disulfide bond, and thus nondena-
uring conditions are required to keep the p97 protein
artially intact. The 235 construct does not encode the
erminal cysteine residue and thus the carboxyl por-
ion of the protein remains free to bind additional SDS,
esulting in a larger but more diffuse band. Nonethe-
ess, the protein is secreted into the culture medium.

A time-course experiment was conducted to deter-
ine if removal of the GPI signal sequence, which

esulted in no cell surface expression of p97, also in-
reased the rate of p97 secretion (Fig. 7). The highest
verall rate of expression occurred in early-mid log
hase but p97 continued to accumulate well into the
tationary phase with synthesis ceasing only with the
nset of cell death. Total accumulation (both intra- and

IG. 6. Western blot analysis of stable Sf9 cell lines transformed
ith p97 GPI-deficient deletion series (indicated numbers refer to
eletions shown in Fig. 5). Supernatant (sup) and cell-associated
cell) samples from two individual clones are shown for each con-
truct. The negative control lane (C) contains protein from nontrans-
ormed cells and the positive control lane (p97) contains baculovirus-
xpressed protein. Dots in lane margin indicate location of p97
ands.
xtracellular) in the culture after 8 days approached 10 p
g/ml, corresponding to a maximal secretion rate of
pproximately 58 and 76.9 ng/106 cells/h for Sf9 p97-16
nd p97-21 cells, respectively. This represents a 6- to
0-fold increase in secretion when compared to the
ull-length GPI-anchored form expressed in trans-
ormed Sf9 cells and is over double that of the baculo-
irus expressed full-length p97 (Table 1). No attempts
ere made to express the GPI-deficient form in either
ammalian cells or using the baculovirus system, but
similar increase in productivity might be expected.
estern blot analysis revealed that the protein re-
ained physically intact for several days in the culture
edium despite the onset of cell death and lysis

Fig. 8).
When transformed with the same constitutively ex-

ressed GPI cleavage/attachment signal deletion con-
tructs, none of the stably-transformed Drosophila cell
ines exhibited detectable levels of p97 expression. In
ransient transfection assays, p97 expression was de-
ected in both the cell pellet and supernatant at ap-
roximately equivalent ratios (data not shown).

wo-Dimensional Gel Electrophoresis of Recombinant
p97

The extent of posttranslational modification of the
ild-type p97 isolated from SKMEL-28 cells and re-

IG. 7. Time-course analysis of GPI-deficient p97 expression in
table Sf9 cell lines transformed with either the p2ZOp2F97d-16 or

2ZOp2F97d-21 constructs (indicated).
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304 HEGEDUS ET AL.
ombinant p97 expressed in Sf9 cells using both stably
ransformed and baculovirus-infected cells was exam-
ned using two-dimensional gel analysis. SKMEL-28
ells, Sf9 cells transfected with recombinant baculovi-
us (Kennard et al., 1997) and stably transformed Sf9
ells expressing the recombinant p97, were pulse la-
eled for 15 min with radioactive methionine and cys-
eine and further chased with an excess of cold amino
cids for 0, 4, and 24 h. Figure 9 shows the 4-h chase
ime point after immunoprecipitation and 2D gel anal-
sis.
Analysis of the SKMEL-28-produced wild-type p97

uring intracellular transport (data not shown) indi-
ates that the glycoprotein is first synthesized as the
rotein indicated by an arrow in Fig. 9A. After the 4-h
hase, associated p97 migrates as four different spots
n the 2D gel, mostly indicative of a posttranslational
odification of the glycans occurring in the Golgi ap-

aratus. Most of the intermediate forms accumulate as
he acidic form after the 24-h chase, likely indicative of
ialic acid addition. The secreted form corresponds to
he most acidic form, indicating a similar posttransla-
ional modification and appears after 4 h with increas-
ng amounts found after 24 h (data not shown).

IG. 8. Western blot analysis of samples taken over the course of
0 days (indicated) from the culture medium of stable Sf9 cell lines
ransformed with the p97 GPI-deficient deletion construct
2ZOp2F97d-16. The positive control lane (p97) contains baculovi-
us-expressed protein.

IG. 9. Two-dimensional gel analysis of p97 expressed in human
ells (B), Sf9 cells constitutively expressing wild-type p97 (C), and Sf9
ulse-labeled and chased for 4 h as indicated under Materials a
lectrophoresis. p97 from cell lysates (Cell) and from the supernatan
asic pH on the right. Molecular weight markers are indicated on the

f the glycoprotein.
In contrast, pulse-chase of wild-type and recombi-
ant p97 expressed in insect cells (Sf9) show a much

ower level of posttranslational modification during in-
racellular transport to the cell surface (Figs. 9B and
C). The p97 present in the cellular fraction of the Sf9
ells transformed with the GPI cleavage/attachment
ignal deletion construct (p2ZOp2F97d-16) exhibited a
olecular weight identical to that of the wild-type p97

xpressed in insect cells, despite removal of the carbox-
l-terminal 16 amino acids (Fig. 9D). The secreted form
f p97 is very similar in molecular weight and in iso-
lectric point as the form synthesized internally (Figs.
B–9D). The p97 produced in insects does not show the
igher acid form seen when p97 is produced in SK-
EL-28 cells.

ISCUSSION

In this study we have demonstrated that inherent
ifferences exist in the ability of insect cell lines to
xpress, process, and localize human GPI-anchored
elanotransferrin (p97). Sf9, Drosophila, and Ld652Y

ell lines were capable of transiently expressing p97;
owever, the protein was slightly smaller than its na-
ive, human counterpart (Hegedus et al., 1998). The
97 protein is not only highly processed but also highly
olded, possessing two symmetrical iron-binding do-

ains and 14 disulfide linkages (Rose et al., 1986).
ince the protein is expressed, the reduced molecular
eight most likely reflects either incomplete posttrans-

ational processing resulting from incomplete glycosyl-
tion or inability to process and attach the GPI anchor.
t has been reported that other GPI-linked proteins
xpressed in Sf9 cells using the baculovirus system
lso exhibit molecular weights slightly less than the
ative forms (Davies et al., 1993; Choudrai et al., 1994).
emoval of carbohydrate modifications from baculovi-

insect cells. SKMEL-28 (A), recombinant baculovirus-infected Sf9
ls constitutively expressing the p97 120.6 deletion construct (D) were
Methods. The immunoprecipitated p97 was analyzed by 2D gel
up) are shown for each cell line with acidic pH on the left side and
ht side of the figure. The arrow indicates the first synthesized form
and
cel
nd
t (S
rig
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305MELANOTRANSFERRIN EXPRESSION IN INSECT CELLS
us-expressed and human p97 using endoglycosidase F
nd H digestion gives rise to proteins of identical size,
pproximately 80 kDa, indicating that the molecular
eight difference is due to differences in glycosylation

Kennard et al., 1997).
Despite a slight reduction in molecular weight of p97

xpressed in Sf9 cells, the cells are apparently capable
f conducting sufficient core modifications to allow
roper transport and localization. In contrast, while
oth Drosophila Kc1 and SL2 cell lines transformed
ith the same construct produced p97, neither were
ble to attach the p97 to the outer membrane in a form
etectable by confocal microscopy. This may be related
o the reduced size of the p97 expressed in either of the
rosophila cell lines when compared to Sf9, since the
osttranslational addition of complex carbohydrate
oieties to proteins while in the endoplasmic reticu-

um is associated with correct cellular localization. The
bservation that the p97 expressed in Drosophila is
nly slightly smaller than that produced by Sf9, and
ertainly larger than the 80 kDa reported for the un-
rocessed polypeptide (Kennard et al., 1997), indicates
hat some form of modification is occurring and that
he N-terminal signal peptide is most likely directing
he protein to the endoplasmic reticulum. However, if
ne or more of the three putative N-glycosylation sig-
als is unrecognized, or if the modifications are carried
ut incorrectly, the protein may remain in the endo-
lasmic reticulum and be shuttled back to the cyto-
lasm or cytoplasmic organelles. This in itself may
onfer a significant advantage, in that downstream
urification of cytoplasmic proteins is much easier
han for proteins that must first be dissociated from
embrane components.
In several attempts, we were unable to isolate any
rosophila or Ld652Y stable cell lines constitutively
xpressing p97. Previously, we reported that clones
xpressing b-galactosidase could be isolated for each of
hese cell lines. The levels of b-galactosidase produc-
ion were consistently very high with the Drosophila
ell lines, whereas the levels of production with
d652Y and Sf9 clones were lower (Hegedus et al.,
998). The failure to obtain stable transformed Ld652Y
ell lines that effectively express p97 suggests that the
ccumulation of the protein may be toxic. The inability
f Drosophila cell lines to constitutively express p97
ight be explained in terms of the iron-binding func-

ion of p97 and the improper cellular localization.
On a per cell basis the stably transformed Sf9 cell

ines generated during the course of this work pro-
uced levels of membrane-associated p97 approxi-
ately one-fifth that of an amplified CHO cell line and

ne-half that of the baculovirus system (Table 1). When
he relative size and surface areas of the two cell lines
re taken into consideration, the levels of expression

ith the transformed Sf9 and CHO cell lines are vir- t
ually equivalent. However, the Sf9 cell lines can be
rown to higher densities than most mammalian cell
ines, suggesting that the expression vectors and the
ransformed insect cell lines in their current form can
roduce as much, if not more, total p97 than the se-
ected CHO cells. We emphasize that no attempt was

ade to optimize the expression of p97 with the Sf9 cell
ines nor was any attempt made to select cell lines
xpressing higher levels of p97. This could be accom-
lished by screening larger number of clones, by fluo-
escent cell-sorting selection, by increasing the expres-
ion cassette copy number through modified
ransformation protocols, by analyzing expression
hroughout the growth phase to determine the optimal
ime for cell harvest, or by a combination of these.

We did attempt to produce p97 in a form that was not
ttached to the cell membrane and would be secreted
nto the culture medium. This would greatly enhance
he ease with which the protein could be isolated and
akes possible the opportunity for fed-batch and con-

inuous fermentations. Previous experiments to ex-
ress extracellular proteins in insect cells using the
aculovirus system, such as the thyrotropin receptor
Chazenbalk and Rapoport, 1995) and tissue plasmin-
gen activator (Jarvis et al., 1993), indicated that the
evels of secreted product were dependent upon factors
ther than processing of the secretion signal peptide or
lycosylation. Deletion of the GPI cleavage/attachment
ignal from the carboxyl terminus of p97 resulted in
ver a 10-fold increase in total p97 secreted from trans-
ormed Sf9 cell lines. This clearly indicates that pro-
essing of the GPI signal peptide and/or attachment of
he GPI anchor is limiting secreted expression. An
dditional advantage of engineering the protein so that
t is secreted and not attached to the cell surface was
hat the secreted protein was highly uniform as indi-
ated by two-dimensional gel electrophoretic analysis.
he homogeneity of the product is likely due to the fact
hat all posttranslational modifications are completed
rior to secretion. Furthermore, the secreted form of
he protein can be easily isolated from the culture
edium without having to disrupt the cells thus allow-

ng optimization of production, downstream process-
ng, and purification.

Two-dimensional gel analysis of p97 produced in SK-
EL-28, recombinant baculovirus, and stably trans-

ormed insect cells allowed comparison of posttransla-
ional modifications performed by these systems. The
KMEL-28 stable cell line demonstrated modification
f p97 resulting in a dramatic acidic shift of the protein
uring processing, resulting in secretion of a slightly
igher molecular weight protein than from the insect
ystems. This acidic shift may be due to sialylation of
he protein-associated glycans. In neither the recombi-
ant baculovirus nor the stable insect cell system was

his acidic shift of p97 observed. The lack of sialylation
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306 HEGEDUS ET AL.
ould explain the slight difference seen in molecular
eight between insect and SKMEL-28 produced p97.
he 2D gels also demonstrate the high levels of secre-
ion by the cells containing the truncated p97 (Fig. 9D).

GPI cleavage/attachment signal peptides are identi-
ed on the basis of similar sequence motifs, usually an
rray of carboxyl-terminus hydrophobic amino acids
Kennard et al., 1998), and not individual amino acid
dentities. It is conceivable that heterologous GPI
leavage/attachment signal peptides are not recog-
ized or processed as efficiently as those derived from
ative proteins. According to Caras and Weddell (1989)
oth the sequence and length of the hydrophilic/hydro-
hobic regions are critical for proper GPI processing.
e suggest that this be an important consideration
hen expressing GPI-anchored proteins, especially if

he observed production is less than anticipated. The
esults presented here clearly underscore the need for
universal series of insect protein expression vectors
hich function in a broad variety of cell lines derived

rom diverse genera. The system we have described
llows for the assessment and exploitation of the in-
erent, and possibly unique, protein processing char-
cteristics of individual cell lines depending on the
equirements of the specific protein being expressed.
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