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Abstract: Targeting of proteins to the plasma membrane
of cells may be useful for vaccine development, tissue
engineering, genetic research, bioseparations, and dis-
ease treatment. The ability of different transmembrane
domains (TM) to direct a reporter protein (human alpha-
feto protein, AFP) to the surface of mammalian cells was
examined. High surface expression was achieved with
chimeric proteins composed of AFP and the TM and cy-
tosolic tail of murine B7-1 (AFP-B7) as well as with AFP
containing a GPl-anchor from decay-accelerating factor
(AFP-DAF). Lower surface expression of AFP was ob-
served when the TM of human platelet-derived growth
factor receptor or the human asialoglycoprotein receptor
H1 subunit were employed. Introduction of the hinge-
CH2-CH3 region of human IgG (y1 domain) between AFP
and TM allowed efficient formation of disulfide-linked
dimers. Surface expression of AFP-y1-B7 dimers was im-
paired compared to AFP-B7 whereas AFP-y1-DAF dimers
were efficiently targeted to the surface. Accumulation of
chimeric proteins on the cell surface did not correlate
with the level of protein expression. This study demon-
strates that high levels of monomeric and dimeric pro-
teins can be targeted to the cell membrane of mamma-
lian cells by proper selection of TM. © 1999 John Wiley &
Sons, Inc. Biotechnol Bioeng 65: 160-169, 1999.
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INTRODUCTION

The display of recombinant proteins on the surface of ﬁla’feto-protein (AFP) (Morinaga et al.,
mentous phage (Barbas, 1993) and more recently on yeagt )
and bacteria (Georgiou et al., 1997) has found many appli-
cations in basic research and biotechnology. Expression g
homologous and heterologous proteins on the surface

mammalian cells should also be useful for a variety of bio-
engingeering and medical applications. Various element

brane of cells. For example, the transmembrane domains
(TM) of type-I (oriented with the N-terminus outside the
cell) and type-II (oriented with the N-terminus in the cyto-
sol) integral membrane proteins can be used to target chi-
meric proteins to the plasma membrane. Proteins can also be
attached to the cell surface by fusion of a GPI (glycophos-
phatidylinositol lipid) signal to the '3end of genes. Cleav-
age of the short carboxy-terminal peptide allows attachment
of a glycolipid to the newly exposed C-terminus through an
amide linkage (Udenfriend and Kodukula, 1995). Although
several TM have been employed to target proteins to the
plasma membrane (Marais et al., 1997; Winberg et al.,
1996; Moore at al., 1997; Chesnut et al., 1996), the relative
efficiencies of cell surface targeting by different domains
has not been investigated. A major aim of our study, there-
fore, was to compare the ability of different targeting do-
mains to direct the expression of a reporter protein to the
cell surface.

The cell surface targeting domains examined in this study
included TM from the human platelet-derived growth factor
receptor B chain (PDGFR) (Gronwald et al., 1988), the TM
and cytosolic domains of murine B7-1 (B7) (Freeman et al.,
1991), the type-Il TM of the human asialoglycoprotein re-
ceptor H1 subunit (ASGPR) (Spiess et al., 1985), and a
C-terminal GPIl-anchor signal sequence from human decay
accelerating factor (DAF) (Caras et al., 1987). Human
1983) was employed as
odel protein for surface expression. We also investigated
hether protein dimers could be expressed on the surface of
ells. This was accomplished by inserting the hinge-CH2-
H3 (y1) region of the human IgG1 heavy chain between
AFP and TM to allow the formation of disulfide-linked
dimers. Our results show that the choice of TM influenced

can be employed to anchor proteins on the plasma MeMhe surface expression of AFP chimeric proteins. The B7
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TM allowed the highest expression of AFP on the cell sur-
face. Theyl domain allowed efficient formation of dimers
but reduced the surface expression of dimeric ARPB7
compared to monomeric AFP-B7 whereas dimeric AHP-
DAF was well expressed.
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MATERIALS AND METHODS Leek, The Netherlands) in place of the phOx scFv (single-
chain antibody) gene to obtain pAFP-PDGFR.

To construct pAFP-B7, a plasmid containing the murine
B7-1 gene (kindly provided by Dr. Gordon Freeman, Dana-
BHK-21 (baby hamster kidney) cells were obtained fromFarber Cancer Institute, Harvard Medical School, Boston,
Veteran's General Hospital (Taipei, Taiwan). HepG2 hu-MA) was used as template to amplify the B7-1 transmem-
man hepatoma and HelLa human cervical carcinoma cellsrane domain and cytosolic tail (Pro237 to the stop codon)
were obtained from the American Type Culture Collectionpy PCR with the primers p3 and p4. The PCR product, after
(Manassas, VA). All cells were cultured in Dulbecco’s digestion withSal and Xhd, was ligated in the same sites
minimal essential medium (Sigma, St. Louis, MO) supple-of pAFP-PDGFR in place of the myc-PDGFR TM frag-
mented with 10% bovine serum, 100 units/mL penicillin, ment.

and 100ug/mL streptomycin at 37°C in an atmosphere of  The sequence encoding the C-terminal 37 amino acids of

Cell Lines and Tissue Culture

5% CO,. human decay accelerating factor (DAF) was amplified from
HelLa cells by RT-PCR. In the first round of PCR, primers
RNA Isolation p5 and p6 were employed to amplify DAF cDNA from

Pro345 to Thr381. cDNA encoding half of the c-myc epi-
10" cells were harvested and homogenized in 7@00f  tope was introduced at theé Bnd and aNotl restriction site
solution A (0.5% SDS, 0.M sodium acetate, pH 4.2). An was added after the stop codon. A second round of PCR
equal volume of water-saturated phen0| was addEd, and thﬁlth primers p? and p6 was emp|0yed to extend the c-myc
homogenate was vortexed 5 min at room temperature befoigpitope on the 5end of the cDNA and introduce &al
extraction with 1OQLL chloroform. After Centl’ifugation at restriction site. The PCR product was digested \8igh and
14,000 rpm for 5 min, the aqueous supernatant was sequeRot before ligation in the same sites of pAFP-PDGFR in
tially extracted with equal volumes of water-saturated phep|ace of the myc-PDGFR TM fragment to create pAFP-
nol—-chloroform and chloroform. RNA was precipitated by paF.
addition of 0.8 vol of isopropyl alcohol and centrifuged at  a fragment containing the hinge, CH2 and CH3 domain
15,000 rpm at 4°C for 30 min. The pellet was washed with(y1) of the human IgG1 heavy chain was amplified by PCR
80% ethanol and stored at —70°C. using pUC-19-Ig1 as template (kindly provided by Dr. S. L.
Hsieh, Department of Microbiology and Immunology, Na-
tional Yang Ming University, Taipei, Taiwan) with the
primers p8 and p9. The PCR product was digested &ith
Human AFP cDNA was amplified by RT-PCR with primers and inserted into the uniqu8al site in pAFP-PDGFR,
pl and p2 (Table I) from RNA isolated from HepG2 cells. pAFP-B7, and pAFP-DAF between AFP and the respective
The amplified product encompassed the first codon of maTM domains to produce pAFR1-PDGFR, pAFPy1-B7,
ture AFP (Thr20) to the stop codon which was mutated tcand pAFPy1-DAF.
Val. The PCR product was cleaved wigfil and Sal re- cDNA encoding the human ASGPR H1 subunit trans-
striction enzymes and subcloned into pHook-1 (Invitrogenmembrane domain from Metl to GIn65 was amplified by

Plasmid Construction

Table I. DNA primers employed for PCR amplification.

Restriction
site or
Name Sequenée (epitope)
pl AAATTTGGCCCAGCCGGCBCACTGCATAGAAATGAATATGGA Sfil
p2 AGCTTAGTCGACAACTCCCAAAGCAGCACGAGTTTT Sal
p3 AAAAGTCGACCCCCCAGAAGACCCTCCTGATAGC Sal
p4 AACTCGAGCTAAAGGAAGACGGTCTGTTCAGC Xhd
p5  ATCTCAGAAGAGGATCTGAAT CCAAATAAAGGAAGTGGAACCACT (myc)
p6 ACTCGCGGCCGCTAAGTCAGCAAGCCCATGGTTAC Not
p7 CTATGTCGAGSAACAAAAACTC ATCTCAGAAGAGGATCTGAAT Sal (myc)
p8 CCGTCGAGAGCCCAAATCTTGTGACAAAACT Sal
p9 TTTTGTCGACTTTACCCGGAGACAGGGAGAGGCT Sal
pl0 TTGGGGATATGCACCATGACCAAGGAGTATCAAGACCTTCAG EcoRV

pll ATCTGGAACATCATATGGATA CTGGGAGTTTTGGGATCCGATCAC (HA)
pl2 CATGGCCGGCTGGGCCCAGCATA ATCTGGAACATCATATGGATA Sfil (HA)
pl3 CCCTGAGTCGATTAAACTCCCAAAGCAGCACGAGT Sal

pl4d TTGGGGATATGCACCATGACCAAGGAGGCTCAAGACCTTCAG EcaRV

3All sequences are arranged frorhtd 3'. Restriction sites are underlined. Sequences encoding
partial myc or HA epitopes are shown in bold.
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RT-PCR from HepG2 cells. In the first round of PCR, prim- anti-AFP antibodies were purified on protein A-Sepharose
ers p10 and p11 were employed to introduceEaoRV site  CL-4B. Polyclonal antiBG serum was prepared as de-
at the 8 end of the ASGPR TM sequence and append halkcribed (Cheng et al., 1997).
of the HA epitope sequence to thé &nd. The remaining
portion of the HA epitope sequence an8fd restriction site
were introduced at the’ &nd of the ASGPR TM domain in
a second round of PCR with primers p10 and p12. The PCR.5 x 10 BHK cells per well were cultured in 6-well dishes
product, after digestion witkcdRV andSfil, was subcloned for 24 h. Transfection was performed by mixingu® of
into pHook-1 in place of the sequence encoding the signgblasmid DNA with 10uL lipofectamine (Gibco) according
peptide-HA epitope to create pASGPR-Hook. The humarto the manufacturer’s instructions. For co-transfection, 1.5
AFP gene was PCR amplified from pAFP-PDGFR with g of each AFP-TM plasmid was mixed with 159 of
primers p1l and p13 to introduce a stop codon befor&dle  pNeo-Gus before addition of lipofectamine. Stable transfec-
site at the 3end of AFP. The PCR product was digestedtants were obtained by culturing cells in G418 for 2 weeks.
with Sfil and Sal before ligation into the same sites of Stable transfectants were cloned by limiting dilution in 96-
pASGPR-Hook in place of the phOx scFv gene to createvell culture plates. Clones were expanded and screened by
pASGPR(Y)-AFP. This plasmid encodes for a transgendlow cytometer analysis of surface AFP expression.
composed of the leader/TM domain of ASGPR followed by
a HA epitope and mature AFP. pASGPR(A)-AFP in which . . . .
the codon for Tyr5 was mutated to Ala5, was constructed ir!mmunoblottmg of Chimeric Proteins
an analogous fashion by PCR amplification of the ASGPRBHK cells were harvested 48 h after co-transfection with
TM cDNA with primers p14 and pl1l in the first round of AFP-TM transgenes and pNeo-Gus. The cells were washed
amplification, and p14 and p12 in the second round of PCRwith PBS, al 5 x 10" cells were boiled for 10 min in
pNeo-Gus was constructed by excising the full lengthSDS—PAGE sample buffer with or without 2-mercaptoetha-
Escherichia coliB-glucuronidase §G) gene from nol. Proteins were electrophoresed on an 8% SDS-PAGE
pGusN358- S (Clontech, Palo Alto, CA) by digestion with and transferred to two sheets of nitrocellulose paper (Gel-
Hindlll and EcaoRI and ligating the fragment into pcDNA3 man Sciences, Ann Arbor, MI) in transfer buffer (1Gvim
(Invitrogen). All DNA sequences were verified. Tris-HCI, pH 7.5, 50 M NaCl, 2 nM EDTA, 0.5 nM
2-mercaptoethanol) by capillary diffusion. Blots were
Antibodies blocked with 5% skim milk and incubated with dg/mL
purified rabbit anti-AFP antibody or rabbit argic serum
Female BALB/c mice (4—6 weeks old) were i.p. injected diluted 1:1000 in 0.1% Tween-20/PBS for 60 min. Blots
with 10 g of AFP in complete Freund’s adjuvant followed were extensively washed in the same buffer, incubated with
by two weekly i.p. injections of 1Q.g of AFP in incomplete horse radish peroxidase-conjugated goat anti-rabbit 1gG di-
Freund’s adjuvant and three weekly i.p. injections ofud® luted 1:4000, washed, and visualized by ECL detection ac-
of AFP in PBS. Four days after the last immunization, cording to the manufacturer’s instructions (Pierce, Rock-
spleens were removed and fused with NS1 myeloma cells dsrd, IL). X-ray films were scanned on a computing densi-
described (Yeh et al., 1979). Two hybridomas secretingometer (Molecular Dynamics, Mountain View, CA), and
IgG2a antibodies were selected based on their ELISA titer¢he band intensities were quantified with Image Quant soft-
against human AFP. Competitive ELISA results demon-ware.
strated that mAb 3.3 and 36.2 bound to nonoverlapping
epitopes on human AFP (data not shown). mAb 5A8 agains&uncace Immunofluorescence
38C13 mouse B cell lymphoma cells was employed as a
negative control (Maloney et al., 1985). Antibodies wereBHK cells grown on glass slides in a 6-well dish were
purified from ascites produced in pristane-primed BALB/c transfected with AFP-TM transgenes. The cells were fixed
mice on protein A-Sepharose CL-4B. on the glass slides 48 h later with 2% formaldehyde. The
Affinity-purified human AFP was employed for rabbit slides were incubated with rabbit anti-AFP serum (1:500)
immunizations. mAb 3.3 (13 mg/mL gel) was coupled toand FITC-conjugated goat anti-rabbit 1gG (1:400) before
glutaraldehyde-activated AcA 22 gel. Human fetal cord sebeing mounted and viewed with a Leitz microscope under
rum or supernatant from HepG2 cells cultured in an Opticellboth visible and fluorescence illumination.
5200R bioreactor (Charles River Biotechnical Services,
Wilmington, MA) was passed through the column which
was then extensively washed with PBS and eluted with O.
M glycine, pH 2.5. Purified AFP was dialyzed against PBSBHK cells harvested 48 h after transfection with AFP-TM
and assayed for purity by SDS—-PAGE. Rabbits were imtransgenes were washed and suspended in DMEM contain-
munized with 50ug of AFP in complete Freund’s adjuvant ing 0.5% bovine serum at 4°C. Cells were co-transfected
and boosted with 25-5@g of AFP in incomplete adjuvant with pNeo-Gus in some experiments to control for transfec-
at 4-6 week intervals before rabbits were bled. Polyclonation efficiency 5 x 1& cells were incubated with pg/mL

Transfection of BHK Cells

flow Cytometer Analysis of Surface Expression
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mAb 36.2 or mAb 5A8 for 60 min followed by FITC- replacing the single-chain antibody cDNA in pHook-1 with
conjugated goat anti-mouse antibody (1:400) for 60 min orthe gene encoding mature AFP. This construct contains a
ice. The surface immunofluorescence of* Mable cells  chimeric gene that includes cDNA encoding (i) a murine
was measured with a FACSCalibur flow cytometer (Bectonimmunoglobulink chain signal peptide; jiia 9 amino acid
Dickinson, Mountain View, CA) after dead cells stained by HA epitope; (iii) AFP; (iv) an 11 amino acid c-myc epitope;
addition of 5ug/mL propidium iodide were gated out. Fluo- gng (v) the PDGFR TM. pAFP-B7 was constructed by re-
rescence intensities were measured with Cell Quest SObeacing the PDGFR TM cDNA with the cDNA encoding the
ware (Becton Dickinson). TM and cytoplasmic domain of the murine B7-1 gene,
whereas pAFP-DAF was created by inserting the cDNA
encoding the C-terminal extension of decay accelerating
factor. PDGFR and B7-1 are type-I integral membrane pro-
BHK cells transfected with pAFP-PDGFR, pAFP-B7, or teins, oriented such that the N-terminal is extracellular and
PAFP-DAF were harvested 48 h later and washed with PBSthe C-terminal is located in the cytosol. The C-terminal
10° cells were incubated with 50 mU/mL phosphatidylino- extension of DAF in pAFP-DAF, in contrast, directs the
sitol phospholipase C (PI-PLC) at 37°C in PBS for 60 min. attachment of a GPI-anchor to the C-terminal of AFP.
Cells were stained for AFP surface expression and analyzquSGpR(y)_AFp was constructed by ligating cDNA en-

PI-PLC Digestion of Fusion Proteins

by flow cytometry as described above. coding the N-terminal hydrophobic domain and the flank-
ing sequence of the human ASGPR H1 subunit to the 5
RESULTS end of AFP. The human ASGPR H1 subunit is a type-II

integral membrane protein oriented with the N-terminal in
the cytosol and the C-terminus outside the plasma mem-
brane. The ASGPR H1 subunit contains a tyrosine residue
(Tyr5) which is believed to promote internalization of the
Figure 1 depicts the AFP-TM transgenes that were conreceptor from the cell surface (Fuhrer et al., 1991). The
structed in this study. pAFP-PDGFR was constructed bycodon encoding Tyr5 was therefore mutated to alanine in

Generation of Vectors for Surface Expression of
Chimeric Proteins

LS HA scFv (phOx) [myc]2 PDGFR TM
pHook-1 o o e 2
EcoR V Sfil Sall Notl Xhol
AFP

pAFP-PDGFR B T /
pAFP-y1-PDGFR B |
pAFP-B7 B
pAFP-y1-B7 T
pAFP-DAF T
pAFP-y1-DAF T

ASGPR TM , , ,
PASGPR(Y)-AFP [ S W ),

A
pASGPR(A)-AFP [ [ V77 7z 2z 2

Figure 1. Diagram of AFP-TM chimeric transgenes. The AFP-TM chimeric transgenes were based on the pHook-1 vector which codes for a murine
immunoglobulink chain signal peptide, a 9 amino acid HA epitope, the phOx scFv, two 11 amino acid myc epitopes, and the TM of PDGFR. pAFP-PDGFR
contains the human AFP gene in place of the phOx scFv cDNA. The PDGFR TM cDNA was replaced with the murine B7-1 TM and cytosolic tail cDNA
in pAFP-B7. The c-myc epitope was removed during the cloning procedure in this construct. pAFP-DAF contains cDNA coding for the C-terminal 37
amino acids of human DAF. The human IgG1 hinge,&EH; domain (1) cDNA was inserted between the sequences coding for AFP and the TM of
pAFP-PDGFR, pAFP-B7, and pAFP-DAF to generate pAAPPDGFR, pAFPy1-B7, and pAFPy1l-DAF. The type-Il TM cDNA from the human
asialoglycoprotein receptor H1 subunit was ligated to thensl of the AFP gene to create pASGPR(Y)-AFP. pASGPR(A)-AFP is identical to pASGPR(Y)-
AFP except that tyr5 codon in the TM was mutated to alanine. All transgenes are under the control of the CMV promoter in pHook-1.
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pPASGPR(A)-AFP to reduce internalization. The domain A
(hinge-CH2-CH3) cDNA of human IgG1 was also inserted . ey
between AFP and transmembrane domain sequence 12— - 4 . 1 -
(pPAFP+y1-PDGFR, pAFPy1-B7, and pAFPyl-DAF) to 87— - == T e ‘ anti-AFP
create chimeric genes that can potentially express protein 59_; . t..« ' - '? ' -

that form disulfide-linked dimers on the cell surface. = NORRC R -

Chimeric Proteins Can Be Expressed as ﬁl anti-gG

Monomers or Dimers

The expression of AFP-TM chimeric proteins was exam- B 150 _

ined by immunoblotting whole cell lysates prepared from c

BHK cells that were co-transfected with AFP-TM trans- ©

genes and pNeo-Gus to expr@sglucuronidaseG) as an § - _‘
internal transfection control. Immunoblotting with poly- § \ T
clonal rabbit serum against AFP revealed that all the AFP- & (5 \ e
TM transgenes were expressed in BHK cells (Fig. 2A). £ E \: ;
Immunostaining for AFP was specific as shown by the lack % o i

of a signal in untransfected BHK cells (Fig. 2A, lane 1). The & % 1 Bk L
molecular weights of the chimeric proteins estimated by 2 \ LB
their relative positions on the gel corresponded to their pre-g =~ ; %\\ 1 B % % i
dicted sizes. The molecular sizes of AFP-PDGFR, AFP- © : " f fr 11!
v1-B7, and AFPy1-DAF were increased by approximately O ol :\\ bbb § LU
28 kDa, in agreement with the predicted size of tjie T o~ N~ WL o oo
domain. All chimeric proteins predominately migrated as é "('5 E j'f Enf 5 I'<'n:.' '3:::
monomers on a reducing SDS-PAGE. The appearance ¢ e oL a & -;_ s <
multiple bands in several of the lanes (ARB-PDGFR, E-'_ '$— i < a o ol
lane 3; AFPy1-B7, lane 5; AFP-DAF, lane 6; ASGPR(Y)- < g « 9 a
AFP, lane 8) is likely due to degradation of the chimeric < < <

roteins. . I o
P Th lati . f the fusi tei det Figure 2.  Immunoblot of AFP-TM chimeric proteins in transfected cells.
€ relanve expression o € lusion proteins was de er(A) Cells harvested 48 h after transfection with AFP-TM transgenes and

mined by densitometric scanning of the bands in each langg reporter plasmid were lysed and separated on a 8% reducing SDS—
normalized for the expression of cytosoiG to control for ~ PAGE. Proteins transferred to nitrocellulose paper were immunoblotted
differences in transfection efficiency. Figure 2B shows that‘gmamlil'A'I:P (tgpLgLagng(solﬁom)SaztibC’dPi%SétaRnT 1 U:tf':”;fg?w
cells; lane 2, - ylane s, - ,lane 4, -B/;
AFP-PDGFR, ASGPR(Y)-AFP, and ASGPR(A)-AFP were lape 5, AFPy1-B7; lane 6, AFP-DAF; Iangg, AFR1-DAF; lane 8, AS-
EXpressgd at the highest levels whereas the expression of %ILR(Y)—AFP; lane 9, ASGPR(A)-AFP. The molecular masses of the pro-
other chimeric proteins was significantly lower than AFP- teins are indicated in kDa. (B) X-ray films similar to those shown in panel
PDGFR. Introduction of theyl domain decreased the ex- A were scanned on a densitometer and quantified by Image Quant soft-
pression of AFPy1-PDGFR by 40% compared to AFP- ware. Relative AFP expression was calculateq as 100[Daﬁph}\,,/[Da_l_
PDGFR. The expression AFPE-DAF but not AFPy1-B7 Db]A.FF,_'F,DGFR whgre Da and Db represent the mtegrated band densities of
. the indicated chimeric protein an@lG, respectively. Results represent
was also_ S'Qr_"f'ca”“YF( S 0.05) reduced_ compared to the mean values from 4 independent experiments. Significant differences rela-
same chimeric protein withoutgl domain. tive to AFP-PDGFR are indicated (5 < 0.05: **, p = 0.005; ***, p <
Cell lysates from BHK cells transfected with AFP trans- 0.0005). Bars, SE.
genes were also electrophoresed on a nonreducing SDS—
PAGE and immunoblotted with AFP polyclonal serum. Fig-
ure 3 shows that proteins containing the domain exhib- viewed under fluorescence illumination after staining with
ited reduced migration on a nonreduced gel (Fig. 3, lanes 3AFP antibody and FITC-conjugated second antibody. BHK
5, 7) compared to their migration on a reduced gel (Fig. 2cells transfected with pAFP-PDGFR (Fig. 4B), pAFP-B7
lanes 3, 5, 7), demonstrating that th& domain allowed (Fig. 4C), pAFP-DAF (Fig. 4D), and pASGPR(Y)-AFP
formation of disulfide-linked dimers. The efficiency of (Fig. 4E) expressed AFP on the plasma membrane. Surface
dimerization was good with only small amounts of mono-fluorescence was not observed in untransfected BHK cells
meric AFP«1-PDGFR and AFPR/1-B7 evident (Fig. 3, treated in an identical fashion, showing that immunostain-

lanes 3 and 5). ing for AFP was specific (Fig. 4A). BHK cells transfected

with pAFP-B7 also did not display fluorescence after stain-
Monomeric and Dimeric Proteins Are Expressed ing with a control polyclonal antibody (Fig. 4F), further
on the Cell Surface confirming the specificity of AFP immunostaining.

To determine whether AFP-TM chimeric proteins were ex- To verify that the C-terminal domain of human decay
pressed on the cell surface, viable transfected cells weraccelerating factor was correctly processed such that a GPI-

164 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 65, NO. 2, OCTOBER 20, 1999



1 2 3 4 5 6 7 8 The surface expression of AFP-TM chimeric proteins
kDa P = P Dimer was quantifi_ed by flow cytometer analysis_ of t_ransfec_ted
205 — - s BHK cells. Figure 6 shows that all of the chimeric proteins
19— . were expressed on the surface of BHK cells. The B7 trans-

- - - : membrane domain (pAFP-B7) directed the most AFP to the
87 — . L) . Monomer cell surface, whereas the ASGPR TM was the least effec-
, - tive. Table Il compares the fluorescence intensities of the

different AFP-TM chimeric proteins on the cell surface rela-
Figure 3. Dimerization of chimeric proteins. Cell lysates were separatedijye to the expression of AFP-PDGFR (100%)_ The surface

9 i _ i i .
on a 5% nonreducing SDS-PAGE and detected by immunoblotting foly, o ssion of AFP-B7 and AFP-DAF were 3-fold and 2.4-
AFP. Chimeric protein monomers and dimers are indicated. Lane 1, un-

transfected BHK cells; lane 2, AFP-PDGFR; lane 3, AFRPDGFR; lane  10ld higher than AFP-PDGFR, respectively. The type-Il TM
4, AFP-B7; lane 5, AFRA-B7; lane 6, AFP-DAF; lane 7, AFR1-DAF; chimeras (ASGPR(Y)-AFP and ASGPR(A)-AFP) were
lane 8, purified AFP from HepG2 cells. poorly expressed on the surface. Dimerization of the pro-
teins did not significantly change the surface expression of
AFP-y1-PDGFR and AFPR#1-DAF relative to the AFP-
anchor was attached to AFP, transfected BHK cells werd? DGFR and AFP-DAF monomers. The surface expression
incubated with PI-PLC to cleave cell surface GPI-linkedof AFP-y1-B7, in contrast, was significantlyp(= 0.01)
proteins. The surface fluorescence of BHK cells transfectetbwer than AFP-B7. Differences in surface expression were
with the type-I TM constructs (AFP-PDGFR and AFP-B7) not due to differences in transfection efficiency because
was unaffected by treatment with PI-PLC (Figs. 5A,B). In similar amounts of the internal control proteipQ) were
contrast, PI-PLC treatment of BHK cells transfected withdetected in the transfectants (+25%, results not shown).
pAFP-DAF decreased the surface immunofluorescence of To investigate whether heterologous proteins could be
the cells (Fig. 5C), demonstrating that AFP-DAF was an-stably expressed on cells, BHK cells were transfected with
chored to the cell surface by a GPIl-anchor. pAFP-B7 and selected for resistance to G418. Figure 6

Figure 4. Surface immunofluorescence of AFP-TM chimeric proteins. 48 h after transfection, cells were fixed and incubated with AFP-specific antibody
or control antibody (antBG) followed by FITC-conjugated second antibody. Cells viewed under fluorescence illumination were photographed. (A)
Untransfected BHK cells incubated with AFP-specific antibody. (B—E), pAFP-PDGFR, pAFP-B7, pAFP-DAF, and pASGPR(Y)-AFP transfected cells
incubated with AFP-specific antibody. (F) pAFP-B7 transfected cells incubated with control antibody.
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50 A pAFP-PDGFR pAFP-y1-PDGFR

-PI-PLC
+PI-PLC

Number of Cells
Number of Cells

1

102 10° 10

10 10
Fluorescent Intensity Fluorescent Intensity

Figure 5. Surface immunofluorescence of cells after PI-PLC treatment.Figure 6. AFP-TM chimeric protein surface expression. Transfected
Cells transfected with pAFP-PDGFR (A), pAFP-B7 (B), or pAFP-DAF (C) cells were incubated with AFP-specific mAb 36.2 (solid lines) or control
were incubated with or without PI-PLC at 37°C for 30 min. Surface ex- mAb (dotted lines) followed by FITC-conjugated second antibody. Stable
pression of AFP-TM chimeric proteins was quantified on a flow cytometer pAFP-B7 cells were selected in G418 and cloned before analysis whereas
after staining with mAb 36.2 or mAb 5A8. (Thick solid lines, mAb 36.2 all other cells were transient transfectants. The immunofluorescencé of 10
without PI-PLC treatment; thin solid lines, mAb 36.2 with PI-PLC treat- live cells was determined by flow cytometry.

ment; dotted lines, control mAb 5A8 without PI-PLC treatment).

plasma membrane of cells and determine whether disulfide-
shows that a single cell clone isolated from the G418 resisjinked dimers could be expressed on the cell surface. Hu-
tant population expressed AFP on the surface of the plasmggp, AFP, a 590 amino acid secretory protein with a mo-
membrane, demonstrating that long-term expression of hefgcylar weight of 69,000 (Morinaga et al., 1983), was em-
erologous proteins on the cell surf_ace can be achieveqﬂoyed as a reporter protein in our study because (1) it is
Stable cell transfectants expressing AFP-DAF, AFP-ggcreted as a monomer which should facilitate interpretation
PDGFR, ASGPR(Y)-AFP, and ASGPR(A)-AFP were also of expression studies and prevent complications associated
successfully established (results not shown). with multisubunit proteins, (2) AFP contains a single gly-
cosylation site that may be employed as a marker of protein
DISCUSSION maturat.ion (Morinaga et al., 1983), (3) AEP appears _to be

non-toxic to cells (Chen et al., 1997) and is relatively inert
The major goals of this study were to analyze the ability ofcompare to most growth factor, and (4) we have developed
different transmembrane domains to target proteins to thenmunological reagents that can be utilized for the detec-
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Table Il.  Mean surface fluorescence of chimeric proteins. large size of AFP (69 kDa) may interfere with oligomeriza-
tion of the ASGPR TM, resulting in improper protein fold-

Mean relative fluorescence

Chimeric protein (% AFP-PDGFR) ing, processing, or sorting, leading to reduced surface ex-
pression. Tyr5 in the cytosolic tail of the ASGPR has been
AFP-PDGFR 100 implicated in receptor endocytosis upon binding to asi-
AFP-y1-PDGFR 110+15 lyglycoproteins (Fuhrer et al., 1991). The similar surface
AFP-B7 300 + 33** alyglycop ” : )
AFP-y1-B7 135+ 7 1* expression of ASGPR(Y)-AFP and ASGPR(A)-AFP, in
AFP-DAF 240 + 40* which Tyr5 was mutated to alanine, however, argues against
AFP-y1-DAF 200 + 24* endocytosis of the chimeric protein as a major mechanism
ASGPR(Y)-AFP 70+9.6 of low surface expression.
ASGPR(A)-AFP 70+13

The murine B7-1 TM targeted the most monomeric AFP
*The geometric mean fluorescence of cells transfected with AFP-TMLO the plasma membrane of cells even though the expression
transgenes, normalized to cells transfected with AFP-PDGFR. Results re@f total AFP-B7 protein was significantly lower than AFP-
resent mean values from 4 independent experiments. Significant differPDGFR. The efficient routing of AFP-B7 to the cell surface
ences in the surface fluorescence compared to AFP-PDGFR are indicatqﬁay reflect the absence of ER and golgi retention signals
(*, p = 0.05; **, p = 0.005). (Rothman and Wieland, 1996) in the cytosolic tail of B7-1.
The lack of B7-1 internalization (June et al., 1994) may also
tion of AFP. To control for transfection efficiency and allow contribute to the high surface expression of AFP-B7. The
valid comparison of the different transgenes, cells were colow levels of total cellular AFP-B7 protein, however, indi-
transfected with a reporter plasmid to exprgs3 in the  cates that some chimeric protein was degraded, possibly due
cytosol of cells; transgene expression levels were then noto TM-mediated conformational restraints in the folding of
malized toBG expression. We found that the efficiency of the normally soluble AFP protein. The significantly lower
cell surface expression depended on the choice of TM. Iisurface expression of dimerized ARR-B7 compared to
addition, introduction of theyl domain allowed efficient AFP-B7 monomer is also likely due to conformational re-
dimer formation at the expense of reduced surface exprestraints on protein folding or transport. Further increases in
sion in some cases. the expression and surface targeting of B7-1 TM chimeric
The commercial vector, pHook-1, was employed as theproteins may be possible by introducing a flexible linker
backbone to construct all of the AFP-TM transgenesbetween the extracellular and TM domains to diminish re-
examined in our study. The human PDGFR TM presenstrictions on protein folding. The expression of AFP-B7 on
in pHook-1 allowed expression of high amounts of chimericthe surface of cells selected for stable expression of the
protein in BHK cells but only intermediate levels of pAFP-B7 plasmid shows that chimeric protein expression is
reporter protein on the cell surface. The amino acid senot toxic to cells and indicates that long-term expression of
quence of the PDGFR TM in pHook-1 contains a di-lysineheterologous proteins on the cell membrane can be
ER retention signal (Nilsson et al., 1989) at its C-teminusachieved.
(VVVISILALVVLTISLILIMLW QKKPR, the TM is un- Appendage of the C-terminal extension of DAF to AFP
derlined). At least 18 amino acids, however, are requiredesulted in the attachment of a GPI anchor to AFP. AFP-
between the TM and the di-lysine signal for efficient ER DAF was highly expressed on the cell surface although at
retention (Vincent et al., 1998). The low ratio of AFP- slightly lower levels than AFP-B7. It is possible that the
PDGFR surface expression to total chimeric protein produceverexpression of AFP-DAF saturated cellular machinery
tion suggests that the short distance between the KKXXequired for cleavage of the C-terminal extension or attach-
retention signal and the PDGFR TM may still allow partial ment of the GPI-anchor. GPI-anchored proteins possess po-
binding of the signal t@3-COP in the ER, resulting in re- tential advantages and disadvantages compared to chimeric
tarded transport of the chimeric protein to the cell surfaceproteins containing integral membrane TM. The soluble C-
A chimeric protein composed of the type-Il TM of the terminal extension may place fewer constraints on the fold-
human ASGPR H1 subunit fused to the N-terminal of AFPing of chimeric proteins compared to proteins fixed to the
resulted in high protein expression but poor surface acculumen of the ER by a TM. The high surface expression of
mulation. The ASGPR is composed of a complex of H1 andAFP-y1-DAF compared to AFRA-B7 may reflect the
H2 subunits in liver cells (Bischoff et al., 1988) and trans-more physiological folding of soluble AFf1-DAF dimers
fected fibroblasts (Fuhrer et al., 1991). The human ASGPRn the ER. GPIl-anchored proteins can spontaneously release
H1 subunit has been shown to form homodimers and trimerffom the membrane of cells and reinsert in neighboring cells
in HepG2 cells (Lodish et al., 1992). The N-terminal 60 (Low, 1987). This could be useful in applications where a
amino acids of the chicken ASGPR, which encompassed thtbystander” effect is advantageous, for example with in
cytoplasmic, TM and a small portion of the exoplasmicvivo transduced cells. However, GPI-anchored proteins can
domain, was sufficient for receptor oligomerization (Loebalso be cleaved and released from the cell surface by cell-
and Drickamer, 1987). These results suggest that the Nassociated GPIl-specific phospholipase D (Metz et al.,
terminal cytoplasmic tail and TM of the human ASGPR H1 1994). Immunoprecipitation 6PS-methionine-labeled cells
subunit is sufficient for receptor homo-oligomerization. Thetransfected with pAFP-DAF detected AFP in the culture
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supernatant (unpublished results), indicating that AFP-DAFNOMENCLATURE
is released from the cell surface. GPIl-anchored chimeric

proteins may therefor be less desirable for applications re- rp « feto-protein

quiring stable surface attachment such as the expression ofascpPr asialoglycoprotein receptor
prodrug-activating enzymes on the cell surface (Marais et BG B-glucuronidase derived frord. coli
al., 1997) or for tissue engineering. DAF decay accelerating factor

Dimer formation may be useful to increase the avidity of E-'SA enzyme-linked immunosorbent assay
M transmembrane domain

surface-expressed peptides (Longo et al., 1997; Carrithersppger platelet-derived growth factor receptor

and Lerner, 1996) or proteins (Pepinsky et al., 1991; Scho- scryv single-chain antibody

din and Kranz, 1993), to maintain the biological activity of SDS-PAGE sodium dodecy! sulfate—polyacrylamide gel
natural dimeric proteins (Agou et al., 1996; Zhang and Rol- electrophoresis _ _
lins, 1995; Kolbeck et al, 1994), to increase the stability of ** hinge-CH2-CH3 domain of human 1gG1 heavy chain

proteins (Mainfroid et al., 1996), change the substrate speci-
ficity of enzymes (Muraki et al., 1994), and allow increased
cross-linking and activation of cell surface receptors (Yee eReferences
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