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Structural studies of the human transferrin receptor have
shown that the molecule is a disulfide-bonded dimer consisting
of two identical subunits (Mr = 95 000) which are post-trans-
lationally modified by the addition of a fatty acyl moiety.
Oligonucleotide site-ieted mutagenesis has been used to ob-
tain mutant molecules in which each of the four cysteines,
residues 62, 67, 89 and 98, clustered within or adjacent to
the membrane-spanning region were modified to serine. By
frst preparing mutants with only one of these cysteine
residues modified to serine and then obtaining additional
mutants in which different combinations of two cysteine
residues were modified, we have shown that both cysteine 89
and cysteine 98, which are located in the extracellular do-
main of the receptor, are involved in intermolecular disulfide
bonds. Further, we have identified cysteine 62 as the major
site of acylation. Each of the mutant molecules is synthesiz-
ed and transported to the cell surface when the modified
human transferrin receptor cDNAs are transiently express-
ed in simian Cos cells. It should therefore now be possible
to design experiments to determine whether these modified
receptors bind transferrin normally and mediate iron uptake.
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Introduction
The transferrin receptor binds the serum transport protein, trans-
ferrin and facilitates iron uptake into the cell via receptor-mediated
endocytosis (reviewed in Newman et al., 1982; Trowbridge et
al., 1984; Dautry-Varsat and Lodish, 1984). The expression of
the transferrin receptor is coordinately regulated with cell growth,
and monoclonal antibodies that bind to the receptor and block
its function inhibit cellular proliferation (Trowbridge and Lopez,
1982; Trowbridge et al., 1982; Lesley and Schulte, 1984,1985).
The transferrin receptor has been structurally characterized and
is a disulfide-bonded dimer consisting of two identical subunits
(Mr = 95 000) (Omary and Trowbridge, 1981a,b). The recep-
tor is glycosylated and further post-translationally modified by
the addition of one or more fatty acyl groups and by phosphoryla-
tion (Omary and Trowbridge, 198 1a,b; Schneider et al., 1982).
The primary structure of the human transferrin receptor has been
deduced from the nucleotide sequence of its cDNA (Schneider
et al., 1984; McClelland et al., 1984). The receptor is 760 amino
acids in length and consists of a carboxy-terminal extracellular
domain of 670 residues, a hydrophobic transmembrane-spanning
region, and an amino-terminal cytoplasmic domain of 61 amino
acids. The functional significance of neither the dimeric nature
of the receptor nor its acylation is known. The human transfer-
rin receptor contains eight cysteine residues. Tryptic cleavage

IRL Press Limited, Oxford, England

of the receptor on the cell surface indicates that only four of these
residues, cysteines 62, 67, 89 and 98, which are clustered within
or adjacent to the hydrophobic transmembrane spanning region,
are candidates for involvement in intermolecular disulfide bonds
(Omary and Trowbridge, 1981a,b; Schneider et al., 1982;
Schneider et al., 1984; McClelland et al., 1984). On the basis
of the pH dependence of the nucleophilic cleavage of the lipid
moiety from the transferrin receptor (Omary and Trowbridge,
1981a), and by analogy with vesicular stomatitis virus (VSV)
transmembrane glycoprotein (Rose et al., 1984) and HLA-B7
and HLA-DR antigens (Kaufman et al., 1984), it is likely that
the fatty acid moiety is attached via a thioester bond. Tryptic
cleavage experiments indicate that if cysteine were the site of
attachment then the lipid moiety must be linked to one or more
of the four cysteine residues clustered around the transmem-
brane-spanning region. To determine which cysteines are involv-
ed in intermolecular disulfide bond formation and which are the
lipid attachment sites, we have used oligonucleotide site-directed
mutagenesis to modify the nucleotide sequence of the human
transferrin receptor cDNA so as to convert each of the four cys-
teine residues to serine. Transient expression of the modified
cDNAs in African green monkey Cos cells, followed by immuno-
precipitation and SDS -polyacrylamide gel electrophoresis of the
human transferrin receptor metabolically labeled with either
[35S]methionine or [3H]palmitate, has permitted the identifica-
tion of the cysteine residues involved in intermolecular disulfide
bonds and also the major lipid attachment site.

Results
Construction of mutants
The strategy for the construction of the human transferrin recep-
tor mutants is outlined in Figure 1. The 1.1-kb BamHI-HindHl
fragment isolated from pcDTR-1 (McClelland et al., 1984) en-
coding the 5' untranslated region and the first 237 residues of
the human transferrin receptor (see Figure lb) was cloned into
M13mpl9. Oligonucleotide site-directed mutagenesis was per-
formed using the oligonucleotides shown in Figure la. Mutants
were isolated as described in Materials and methods. The
BamHI-Hindll fragment containing the mutation was re-isolated
from Ml3mpl9 and together with the HindIHl-Bgmll fragment
of the human transferrin receptor isolated from pcDTR- 1 was
cloned into the BamHI site of the expression vector JC1 19. The
human transferrin receptor cDNA insert thus contained the en-
tire coding region for the human transferrin receptor (Figure ic).
Preliminary experiments in which the wild-type human transferrin
receptor BamHI -BgmH cDNA fragment was cloned into the
JC1 19 vector in the correct orientation and then transfected into
Cos cells showed that the human transferrin receptor was ex-

pressed on the surface of -0.2-2% of the transfected cells.
Thus, the entire 3' untranslated region of the human transferrin
receptor cDNA was not required for expression. Control ex-

periments showed that B3/25 monoclonal antibody could be us-
ed to specifically detect the human transferrin receptor without
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Construction of Human Transferrin Receptor Mutants

TR-Ser62 CCA-AAA-AGG-TCG-AGT-GGA-AG
CCA-AA A-AGG-TGT-AGT-GGA-AG

TR-Ser67 A-AGT-ATC-TCA-TAT-GGG-ACT-A
A-AGT-ATC-TGC-TAT-GGG-ACT-A

TR-Ser89 G-GGG-TAT-Td:-AAA-GGG-GTA-G
G-GGG-TAT-T GT-AAA-GGG-GTA-G

TR-Ser98 CA-AAA-ACT-GAG-T6C-GAG-AGA
CA-AAA-ACT-GAG-TGT-GAG- AGA
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Fig. 1. Construction of human transferrin receptor mutants. (a) Comparison
of the sequences of synthetic oligonucleotides used for site-directed
mutagenesis of the human transferrin receptor cDNA (upper) and the
sequences of the region of the human transferrin receptor cDNA (lower)
from which each was derived. Each 20-mer contains two base mismatches
(indicated by dots) with the nucleotide sequences surrounding the codons for
cysteines 62, 67, 89, 98 of the receptor, respectively. In addition to

converting each cysteine to serine, the nucleotide substitutions introduce a

new restriction site (underlined sequences) in the cDNA (TaqI for TR-Ser
62 and TR-Ser 89, NdeI for TR-Ser 67, and Hinfl for TR-Ser 98). (b)
Partial restriction map of the human transferrin receptor cDNA insert from
pcDTR-1 plasmid (from data given in McClelland et al., 1984). Also shown
is the transferrin receptor protein aligned with the coding region of the
cDNA. The hatched area represents the putative transmembrane spanning
region. (c) Schematic representation of the protocol used to prepare human
transferrin receptor mutants. As described in the text, the BamHI-Hindll
fragment from the 5'-end of the human transferrin receptor cDNA was

cloned into M13mpl9 and oligonucleotide site-directed mutagenesis
performed as described in Materials and methods. The BamHI-HindIIl
fragment containing the mutation was then cut out and together with the
HindHI-Bgll fragment from pcDTR-1 (see b) cloned into the BamHI site
of the expression vector, JC1 19. The orientation of the insert was

determined by digestion with PstI.

cross-reaction with the endogenous transferrin receptor of the
Cos cells. Further, metabolic labeling of the transfected cells witi
either [35S]methionine or [3H]palmitate showed that sufficient
amounts ofhuman transferrin receptor were synthesized to allow
detection by immunoprecipitation and SDS -polyacrylamide gel
electrophoresis.
Identification of the cysteine residues of the human transferrin
receptor involved in intermolecular disulfide bonds
In the initial experiments, four independent mutants were con-

structed in which each of the four cysteine residues at positions

Fig. 2. Expression of human transferrin receptor mutants on the surface of
Cos cells transfected with transferrin receptor cDNAs in the JC1 19
expression vector. Cos cells were transfected with JC 1l9 constructs and
40-48 h later subjected to indirect immunofluorescence staining to detect
the surface expression of the human transferrin receptor using B3/25
monoclonal antibody as described in Materials and methods. Shown are Cos
cells transfected with (a) pJTR-Ser 98 (encoding serine at residue 98 instead
of cysteine), (b) pJTR-Ser 98, 89 (encoding serines at residues 89 and 98),
(c) pJTR (encoding the wild-type receptor) and (d) JC1 19 (negative control).
Approximately 0.2-2% of the Cos cells transfected with pJTR and all the
mutant constructs gave positive staining for the human transferrin receptor
comparable to the examples shown. No staining was observed in controls in
which the first stage antibody, B3/25, was omitted.

62, 67, 89 and 98 were separately modified to serine. In all cases,

the mutant cDNAs were expressed in Cos cells, and the modified
human transferrin receptor could be detected by indirect immuno-
fluorescence on the cell surface of viable cells (Figure 2). The
results of metabolic labeling experiments with [35S]methionine
are shown in Figure 3. The human transferrin receptor was im-
munoprecipitated from lysates of the transfected Cos cells and
analyzed by SDS -polyacrylamide gel electrophoresis under
reducing and non-reducing conditions. As a positive control, Cos
cells transfected with a JC1 19 vector containing the wild-type
BamHI-Bgll human transferrin receptor cDNA insert in the
correct orientation were used. As a negative control, immuno-
precipitates were prepared from Cos cells transfected with JC1 19
plasmid DNA alone. As shown in Figure 3, left-hand panel, when
analyzed under non-reducing conditions, two of the mutants in
which cysteine 62 and cysteine 67 were converted to serine
respectively, gave identical results to the wild-type construction.
Thus, each of these mutant molecules migrated as a species with
an Mr = 190 000. However, the other two mutants gave dif-
ferent results. Although most of the human transferrin receptor
modified by substitution of either cysteine 89 or cysteine 98 to
serine migrated as a disulfide-bonded dimer (Mr = 190 000),
a minor fraction of the receptors run under non-reducing condi-
tions migrated with an apparent Mr of 95 000 (Figure 3, left-
hand panel). This suggested that there were two intermolecular
disulfide bonds between the two subunits of the receptor involv-
ing cysteine 89 and cysteine 98. Thus, we interpreted the small
amounts of monomeric receptor seen under non-reducing con-

ditions when one of these cysteines was modified to serine to

indicate that loss of one intermolecular disulfide bond reduced
the probability of formation of the remaining disulfide linkage.
To test this hypothesis, double mutants were made in which cys-

teine 98 was converted to serine together with one of the other
three cysteine residues clustered around the transmem-
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Fig. 3. Identification of the cysteine residues in the human transferrin receptor involved in intermolecular disulfide bonds. The figure shows fluorographs of
the human transferrin receptor isolated by immunoprecipitation with B3/25 monoclonal antibody from lysates of Cos cells transfected with JC 119 [control
(C)], pJTR [encoding the wild-type receptor (Wt)] or mutant constructs and then metabolically labeled with [35S]methionine. Samples were analyzed by
SDS-polyacrylamide gel electrophoresis on 7.5% acrylamide gels. Fluorography of the gels was for 8 h. Further experimental details are given in Materials
and methods. The left-hand panel shows the analysis of single mutants in which one cysteine has been converted to sefine. The right-hand panel shows the
analysis of double mutants in which cysteine 98 and either cysteine 62, 67 or 89 have been converted to serine.
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modified to serine were all transported to the cell surface (Figure
2). The results of metabolic labeling experiments with [5S]
methionine are shown in Figure 3, right-hand panel. It is clear
that the double mutant in which cysteine 89 and cysteine 98 have
been converted to serine migrates as a monomer under non-
reducing conditions. We conclude therefore that the human trans-
ferrin receptor has two intermolecular disulfide bonds involving
these two cysteine residues.
Site of acylation of the human transferrin receptor
Previous work had suggested that one of the four cysteines around
the transmembrane spanning region was the site of acylation of
the transferrin receptor. To address this question, the mutant
human transferrin receptor cDNAs with cysteine to serine
modifications were expressed in Cos cells which were then
metabolically labeled with [3H]palmitate. The results of this ex-
periment are shown in Figure 4. It can be seen that all the mu-
tant molecules except that in which cysteine 62 has been modified
to serine incorporate similar amounts of [3H]palmitate. In con-
trast, the cysteine to serine 62 mutant is not detectably labeled
with palmitate even though it was shown in parallel metabolic
labeling experiments with [35S]methionine that similar amounts
of receptor glycoprotein is synthesized and inserted in the cell

rs expressed in transfected membrane (see Figure 3). It is concluded, therefore, that the ma-
R, mutant constructions, or jor site of lipid attachment in the human transferrin receptor is
I]palmitate. cysteine 62.
d hv SDS-nolvaerviamide atcsen62LIILIlIUllV\JIU'IIbal;bOWV'11c PI%;;;avc;u aiiu lanaizr,u uy 3L-,-Vvia%ayaiiuAlU%;

gel electrophoresis. The fluorograph shown was exposed for 21 days.
Additional experimental details are given in Materials and methods.
Although the [3H]palmitate labeling of the human transferrin receptor from
Cos cells transfected with pJTR-Ser 89 is not included in this experiment, in
other experiments the labeling was similar to that of pJTR-Ser 89, 98 shown
here.

brane-spanning region. When the JC1 19 constructs containing
the modified transferrin receptor cDNAs were expressed in Cos
cells, it was found that the mutant receptors with two cysteines

Discussion
The results of oligonucleotide site-directed mutagenesis clearly
establish that the human transferrin receptor contains two inter-
molecular disulfide bonds involving cysteine residues at position
89 and 98. Cysteine 98 is in the extracellular domain of the recep-
tor and cysteine 89 at the junction between the extracellular do-
main and the transmembrane-spanning region. As modification
of only one of the cysteines to serine did not convert the molecule
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to monomeric form in denaturing, non-reducing conditions, it
can be inferred that the disulfide linkages are between cysteine
89 from each subunit and cysteine 98 from each subunit. Both
these cysteine residues are conserved in the mouse transferrin
receptor (Stearne et al., 1985). The mouse receptor is also
dimeric (Trowbridge et al., 1982) and it is likely that both
homologous cysteines also form intermolecular disulfide bonds.
In contrast, the chicken transferrin receptor, which has also been
identified by means of a monoclonal antibody, has been shown
to exist partially as a disulfide-bonded dimer and partially as a
monomer which does not contain intermolecular disulfide bonds
(Schmidt et al., 1985). This is similar to the mutant human trans-
ferrin receptor molecules in which either cysteine 89 or 98 was
converted to serine. It is possible, therefore, that in the chicken
transferrin receptor only one of these cysteines is conserved. It
is not known whether the mutant human transferrin receptor
molecule which does not contain intermolecular disulfide bonds
exists on the cell surface as a monomer or as a non-covalently
associated dimer. Crosslinking studies using the bifunctional
reagents, disuccinimidyl suberate (DSS), and dithiobis (suc-
cinimidyl propionate) (DSP) did not resolve this question. Over
a concentration range of 0.05 -0.5 mM of either reagent, both
wild-type and mutant receptors lacking disulfide bonds displayed
on transfected Cos cells were progressively crosslinked to high
Mr complexes (>400 000) without detectable amounts of
crosslinked dimer (results not shown). Crosslinking of the
transferrin receptor on the human T leukemic cell line, CCRF-
CEM, gave similar results. Whether this suggests that both wild-
type and mutant transferrin receptors exist predominantly in
multimeric clusters on the cell surface is unclear.

Site-directed mutagenesis has also been used to identify cys-
teine 62 as the major lipid attachment site. This residue is adja-
cent to the transmembrane spanning region of the receptor on
the cytoplasmic face of the cell membrane. Although the murine
transferrin receptor is also acylated (Sefton et al., 1982), cys-
teine 62 in the human receptor is not conserved in the murine
sequence and is replaced by phenylalanine (Stearne et al., 1985).
The results of the present experiments are not sufficiently quan-
titative (largely due to the variation in the fraction of Cos cells
expressing the human transferrin receptor in individual transfec-
tion experiments) to exclude the possibility that in the human
transferrin receptor, cysteine 67 is a minor acylation site. This
residue is conserved in the murine receptor and is the likely site
of acylation in this molecule. The attachment of palmitate to a
cysteine residue close to or within the transmembrane-spanning
region is consistent with similar observations that have been made
for the transmembrane glycoprotein (G protein) of VSV (Rose
et al., 1984) and the HLA-B7 and HLA-DR heavy chains (Kauf-
man et al., 1984).The modified transferrin receptors lacking the
major acylation site and those without intermolecular disulfide
bonds are transported to the cell surface and expressed. Neither
structural feature is therefore essential for these processes. Fur-
ther studies utilizing stable expression systems will be required
to determine whether there are quantitative differences in the
transport and expression of the mutant and wild-type receptors
and whether their functional properties differ.

Materials and methods
Oligonucleotide site-directed mutagenesis
Oligonucleotide site-directed mutagenesis was carried out essentially as describ-
ed by Rose et al. (1984). Oligonucleotides were made with a Microsyn 1450A
Synthesizer using phosphoroamidate chemistry and purified by polyacrylamide
gel electrophoresis (Rose et al., 1984). Priming with the oligonucleotides and

the conditions for the extension reaction were exactly as described (Rose et al.,
1984). A third of the primer-extension reaction product was used to transform
competent JM1I1 or JM103 cells and the resulting infected colonies screened
by differential hybridization to the 5' 32P04-labeled oligonucleotide as describ-
ed by Zoller and Smith (1983). Putative mutants were picked with toothpicks
onto fresh agar plates and allowed to grow overnight and were then rescreened.
Finally, single-stranded phage were prepared from positive colonies and used
to infect JM1O1 or JM103 cells. Single infected colonies from this tertiary screen
were then used to prepare mini-preps of the replicative form DNA. Each oligo-
nucleotide was designed not only to convert cysteine to serine but also to introduce
a new restriction site into the transferrin receptor cDNA (see Figure 1). Authen-
tic plaque-purified mutants were thus identified by digesting the replicative form
DNA from the mini-preps with the appropriate restriction enzyme. The human
transferrin receptor 1.1-kb BamHI-HindmI cDNA fragment containing the muta-
tion isolated from M13mpl9 together with the 1.9-kb HindmI-Bglml cDNA frag-
ment isolated from pcDTR-1 required to reconstruct the intact coding region of
the human transferrin receptor (see Figure 1) were cloned into the BamHI site
of the JC1 19 expression vector (Sprague et al., 1983; Rose et al., 1984) using
standard techniques (Maniatis et al., 1982). Colonies of MC1061 cells transformed
with DNA from this triple ligation reaction were screened for JC1 19 containing
an insert of the mutant transferrin receptor cDNA first by hybridization to the
32P-labeled 2.6-kb HindIII fragment of the receptor cDNA (Figure 1), then by
differential hybridization to the appropriate 5' 32PO4-labeled oligonucleotide. In-
serts in the correct orientation were identified by restriction mapping with PstI.
Finally, the mutations in the JC1 19 constructs used to transfect Cos cells were
confirmed by sequencing the region of DNA containing the mutations using the
method of Maxam and Gilbert (1977).
Transfection ofplasmid DNA into Cos cells
The transfection of African green monkey Cos cells with the JC1 19 constructs
was carried out as described (Rose and Bergmann, 1983; Rose et al., 1984) with
the following changes. For metabolic labeling experiments, monolayers of cells
(-2.5 x 106 cells in 60-mm tissue culture dishes) were transfected with 15 /tg
of plasmid DNA in 2.0 ml of Tris-saline buffer containing 200 Ag/ml of
DEAE-Dextran. After 30-40 min incubation, the transfection buffer was replac-
ed with 2.5 ml of Dulbecco's modified Eagle's medium (DMEM) supplemented
with 5% fetal calf serum (FCS) and 100 jiM chloroquine. After a further 3-4 h
incubation, this medium was replaced with 3 ml of DMEM supplemented with
5% FCS. For immunofluorescence studies, transfections were carried out using
a similar procedure. Monolayers of Cos cells were grown out on 22-mm sterilized
glass coverslips and transfected in 30-mm petri dishes with 4 jig of plasmid DNA
in 1.0 ml of Tris-saline containing 200 jg/ml of DEAE-dextran. After 30-40
min incubation, the DNA solution was replaced by 1 ml ofDMEM supplemented
with 5% FCS and 100 jM chloroquine. After a further 3-4 h incubation this
medium was replaced with 1 ml ofDMEM supplemented with 5% FCS and the
cells allowed to grow for 40-48 h at 37°C in a CO2 incubator.
Indirect immunofluorescence
Cos cells previously transfected 40-48 h earlier on coverslips with plasmid DNA
were washed two to three times with 1.0 ml of Hepes buffer (pH 7) containing
0.2% polyvinyl pyrrolidinone and 5 mM NaN3 (Lesley et al., 1984). Then the
cells were incubated with B3/25 anti-human transferrin receptor monoclonal anti-
body (Omary et al., 1980; Trowbridge and Omary, 1981) at a concentration of
50 jg/ml in a total volume of 50 Al Hepes buffer containing 2% FCS. After
washing, cells were incubated with a 1:75 dilution of fluorescein isothiocyanate-
conjugated (FITC) goat anti-mouse IgG (Miles Inc.) in the same buffer. After
washing three times with 1 ml of Hepes buffer containing 0.2% polyvinyl pyr-
rolidinone and 5 mM NaN3, the coverslips were mounted onto microscope slides
using 10 Al of a 1:1 solution of glycerol-phosphate-buffered saline (PBS). The
cells were then examined using a Nikon optiphot microscope equipped with fluores-
cent epi-illumination and a Nikon 40 x oil immersion plan apochromat objective.
Metabolic labeling experiments
Metabolic labeling of transfected Cos cells with L-[35S]methionine was carried
out 40-48 h after transfection. Cells were metabolically labeled for 4 h at 37°C
in 2.5 ml of methionine-free DMEM containing 50 jiCi/ml L-[35 S]methionine
(New England Nuclear, 1142 Ci/mM) and 2% dialyzed FCS. Metabolic label-
ing with [3H]palmitic acid was also carried out 40-48 h after transfection in
2.5 ml of DMEM supplemented with 50 jiCi/ml [3H]palmitic acid (Amersham,
46 Ci/mM) and 2% FCS for 6 h at 37°C. The cells from each 60-mm dish were
then washed with PBS and solubilized in 0.5 ml of 1% Nonidet P-40 (NP-40)
in PBS containing 10 mM iodoacetamide. Cell lysates were pre-cleared using
100 $1 of packed Staphylococcus aureus (Pansorbin, Calbiochem-Behringer). B3/25
monoclonal antibody (5 jg) was then added to each cell lysate. The
antibody -antigen complexes were then bound to S. aureus pre-coated with rab-
bit anti-mouse IgG antibodies (Cooper Biomedical). The S. aureus with bound
antibody-antigen complexes were then washed three times with 0.4 ml of 0.5%
deoxycholate, 0.5% NP-40, 0.5% SDS in PBS. Samples were boiled for 2 min
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in 50 Al of electrophoresis sample buffer (Maizel, 1971) with or without 2% mer-
captoethanol. Aliquots (20 LI) were then analyzed by SDS-polyacrylamide gel
electrophoresis on 7.5% acrylamide gels (Maizel, 1971). Following elec-
trophoresis, gels were fixed and stained then processed for fluorography (Bon-
ner and Laskey, 1974).
Chemical crosslinking of cell surface proteins
Transfected Cos cells or human T leukemic CCRF-CEM cells were labeled by
cell surface iodination (Omary and Trowbridge, 1981a), treated with 25 jLM
desferrioxamine in PBS (pH 7.2) for 10 min at 23°C, and then crosslinked with
either 0.05, 0.2 or 0.5 mM DSP or DSS in PBS (pH 8.0) for 30 min at 4°C.
Immunoprecipitates were then prepared from solubilized cells and analyzed under
reducing and non-reducing conditions as described for metabolically labeled cells.
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