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Abstract

The human transferrin receptor (TfR) and its ligand, the serum iron carrier transferrin, serve as a model system for endocytic receptors.
Although the complete structure of the receptor’s ectodomain and a partial structure of the ligand have been published, conflicting results
still exist about the magnitude of equilibrium binding constants, possibly due to different labeling techniques. In the present study, we
determined the equilibrium binding constant of purified human TfR and transferrin. The results were compared to those obtained with
either iodinated TfR or transferrin. Using an enzyme-linked assay for receptor-ligand interactions based on the published direct
calibration ELISA technique, we determined an equilibrium constant of K4 =0.22 nM for the binding of unmodified human Tf to surface-
immobilized human TfR. In a reciprocal experiment using soluble receptor and surface-bound transferrin, a similar constant of Kq=0.23
nM was measured. In contrast, covalent labeling of either TfR or transferrin with '>’I reduced the affinity 3—5-fold to K4 =0.66 nM and
K4=1.01 nM, respectively. The decrease in affinity upon iodination of transferrin is contrasted by an only 1.9-fold decrease in the
association rate constant, suggesting that the iodination affects rather the dissociation than the association kinetics. These results indicate
that precautions should be taken when interpreting equilibrium and rate constants determined with covalently labeled
components. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and the receptor becomes capable of binding again ferri-

transferrin [1,2]. The human TfR is a class II transmem-

The transferrin receptor (TfR) mediates the cellular up-
take of iron by binding and internalization of the serum
iron transport protein transferrin (Tf). Within the acidic
microenvironment of early endosomes, iron ions dissociate
from transferrin and are transported to the cytoplasm.
The remaining TfR-apo-transferrin complex recycles
back to the cell surface where apo-transferrin dissociates

Abbreviations: TfR, transferrin receptor; Tf, transferrin; EARLI, en-
zyme-linked assay for receptor-ligand interactions; PBS, phosphate-buff-
ered saline (150 mM NaCl, 10 mM phosphate, pH 7.5); PBST,
PBS+0.05% Tween 20; 8-POE, octylpolyoxyethylene; PAGE, polyacryl-
amide gel electrophoresis
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brane glycoprotein composed of two identical subunits
that are covalently linked by two disulfide bonds [3].
Each subunit of the extracellular region binds one trans-
ferrin molecule. Structurally, the extracellular region is
composed of three distinct domains, organized so that
the TfR dimer has a butterfly-like shape [4]. The butter-
fly-like domain is kept at a distance of 2.9 nm from the
plasma membrane by a molecular stalk [5] and carries
three N-glycans [6,7]. The stalk contains a single O-glycan
at threonine-104 [8,9].

The binding of human transferrin to its receptor has
already been quantified in numerous studies, all of them
employing receptor molecules on primary cells, cell lines
or cell extracts. Depending on the method extremely dif-
ferent equilibrium dissociation constants have been deter-
mined: Ky of 20-29 nM for the binding of transferrin to
human placental syncytiotrophoblasts [10], K4 of 1.1 nM
for a microsomal preparation from human breast cancer
cells [11], K4 of 0.42 nM for a Triton lysate from human
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placenta [12] and K4 of 0.12 nM for a Triton lysate of
HL60 cells [13]. In contrast to the equilibrium dissociation
constants, experimentally determined rate constants were
rather uniform. The internalization of transferrin occurs
with k.=0.20-0.23 min~! [14-16]. Since the binding of
transferrin takes place with the same rate (0.23 min™!)
[14], it can be assumed that the complex formation is the
rate-determining step.

The large variation of equilibrium binding constants
determined in previous studies with whole cells and cell
extracts may reflect the influence of other mechanisms
on the apparent binding constant, such as competition
by endogenous transferrin [12], the binding of transferrin
to other receptors like the asialoglycoprotein receptor
[17,18] and the partial intracellular degradation of endo-
cytosed transferrin. Since, on the other hand, some of
these modifying mechanisms, such as endocytosis, have
often been quantified by studying transferrin uptake, it
appears to be very important to have exact numbers for
the Tf-TfR binding reaction in order to deconvolute re-
lated cellular processes.

Very accurate measurements can be obtained by using
highly purified components. The equilibrium binding con-
stant can then be easily determined with common methods
such as Scatchard analysis. However, this method requires
the quantitation of the bound fraction of the soluble com-
ponent which is conveniently achieved by radioactive la-
beling. Covalent labeling, on the other hand, bears the risk
of modifying the binding properties [19-22]. To avoid this
problem, we had recently developed an alternative method
(direct calibration (dc) ELISA) to quantify the bound frac-
tion of the ligand without the need of any modification
[23].

Based on this method we now developed a new enzyme-
linked assay for receptor—ligand interactions (EARLI, see
Sections 2 and 3). In the current study, we applied the
EARLI to determine the equilibrium constant for the
binding of transferrin to its receptor. The result was vali-
dated using either transferrin or the receptor as the soluble
component. Comparing these results to those obtained by
a Scatchard analysis of '>’I-labeled transferrin or trans-
ferrin receptor revealed that the covalent modification re-
duced the binding affinity 3-5-fold.

2. Materials and methods
2.1. Materials

Transferrin was purchased from Sigma (St. Louis, MO,
USA), polyclonal immunoglobulins from Dako (Glostrup,
Denmark), monoclonal rabbit anti-mouse x-chain anti-
bodies (clone H139.52.1) from Dianova (Hamburg, Ger-
many) and monoclonal mouse anti-transferrin antibodies
MABO033-19/1 from Chemicon International (Temecula,
CA, USA). Monoclonal antibodies OKT9 were prepared

as described previously [24]. Fetal calf serum was a prod-
uct of Gibco BRL (Paisley, UK). Iodo-Gen was obtained
from Pierce (Rockford, IL, USA) and CNBr-activated Se-
pharose 4B from Pharmacia (Uppsala, Sweden). 3,3’,5,5'-
Tetramethylbenzidine was from Merck (Darmstadt, Ger-
many) and octylpolyoxyethylene (§8-POE) (Rosenbusch-
Tenside) from Bachem (Heidelberg, Germany).

2.2. Preparation of a ferri-transferrin affinity column

Iron saturation of transferrin was performed basically
according to the method of Karin and Mintz [25]. How-
ever, the buffer (phosphate-buffered saline (PBS)) was sup-
plemented with 1 mM NaHCOs, since we had found that
in this case saturation occurs more than 10 times faster
and was more quantitative (unpublished data). Coupling
of ferri-transferrin to CNBr-activated Sepharose was per-
formed according to the manufacturer’s instructions.

2.3. Purification of the transferrin receptor

Human transferrin receptor was solubilized and sepa-
rated from bound transferrin as described by Turkewitz
et al. [26]. The solubilized receptor was loaded onto a
ferri-transferrin Sepharose affinity column (prepared as
described above). For elution of functional human TfR
with high binding activity, the receptor was eluted under
non-denaturing conditions with 2 M KCI, 1% 8-POE in
PBS, pH 7.5. Remaining receptor was subsequently eluted
with 0.5 M KSCN, 1% 8-POE in PBS, pH 7.5. However,
the latter fraction was shown to be non-functional (see
Section 3) and was not used for any binding experiments.
High salt was removed on PD-10 columns (Pharmacia)
equilibrated with PBS, 1% 8-POE and stored at 4°C.

2.4. Labeling of transferrin and TfR with ‘> 1

Human transferrin (200 pg) was iodinated with 2.2
MBq Na'?’T using the Todo-Gen method described by
Fraker and Speck [27]. The quality of the labeled protein
was determined by sodium dodecyl sulfate (SDS)-polyac-
rylamide gel electrophoresis (PAGE) and autoradiography
(Fig. 1A, lanes 11 and 12). More than 90% of the initially
applied activity could be recovered from the correspond-
ing excised gel fragment. Human TfR (88 pg) was iodi-
nated with 1.5 MBq Na'?I accordingly.

2.5. Labeling of transferrin with *°Fe

50 pl (185 kBq) of a *FeCl; solution in 1 M HCI were
added to 16.5 pul of 5.2 mM sodium citrate and the pH was
then raised to 7.8 by adding 13.5 ul 0.4 M sodium carbo-
nate. This solution was mixed with 20 ul apo-transferrin
(25 mg/ml) and incubated at room temperature for 45 min.
Unbound iron was removed by tandem gel filtration on
Sephadex G-25.
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2.6. EARLI

TfR samples used in this assay were exclusively from
fractions of the elution with KCIl. In general, all solid
phase assays were performed in modular 96-well microtiter
plates (Nunc) at room temperature. Sample volumes were
100 pl per well if not noted otherwise. Wash procedures
between any two successive incubation steps included
three wash steps with 250 ul PBS+0.05% Tween 20
(PBST), followed by a 5 min incubation with 150 pl
PBST and three more 250 ul PBST wash steps. The micro-
titer plates were constantly agitated during all incubation
steps in a Varishaker Incubator at medium speed (Dyna-
tech, Guernsey, UK).

To check a possible influence of immobilization on the
binding properties either the receptor or transferrin were
immobilized. Either 100 ng/well TfR or 500 ng/well ferri-
transferrin were incubated in Nunc-immuno modules
MaxiSorp Ul6 for enzyme-linked assays and in Nunc-im-
muno BreakAparts MaxiSorp C8 for assays with radio-
active compounds. Coating was performed in PBS for
1.5 h. Excess binding sites were blocked for 30 min with
200 pl PBS containing 3% bovine serum albumin and 10%
fetal calf serum.

Subsequently, transferrin (or in the reverse assay the
receptor) was incubated in PBST for 2.5 h; concentra-
tions are given in the figures. Samples were incubated
for 30 min with 16 ng/well monoclonal antibodies
MABO033 against human transferrin in PBST and then
30 min with 5 ng/well peroxidase-conjugated monoclonal
rabbit anti-mouse x-chain antibodies again in PBST. In
the reverse assay, the monoclonal antibody OKT9 was
used instead of MABO033. For the following enzyme-cata-
lyzed reaction, a 0.02% solution of 3,3’,5,5’-tetramethyl-
benzidine in a 40 mM potassium citrate buffer, pH 3.95,
containing 0.01% H,0O, was used [28]. The reaction was
usually stopped after 10 min by adding 50 ul 2 M sulfuric
acid to each well. Absorbance was measured at 450 nm in
a multi-channel photometer (MR 7000, Dynatech, Den-
kendorf, Germany) and corrected for light scattering
effects by subtracting the absorbance at 490 nm. Ab-
sorbance readings in excess of 1.5 were avoided by adjust-
ing the incubation period of the enzyme reaction, if re-
quired.

When using radioactive compounds (>’I- and °Fe-la-
beled), modules were broken apart into single wells and
the activity of each well was measured separately in a y-
counter (Berthold LB 2111, Bad Wildbad, Germany).

All error bars refer to the standard deviation of several
independent measurements as indicated in the figure
legends. The error bars do not include any errors that
do not affect the statistical error such as unavoidable in-
accuracies of the time of data recording (affecting in par-
ticular the kinetics) and experimental errors of ligand di-
lutions (affecting in particular the Scatchard analysis).
Thus, regression curves may escape error bars, because

the true error is considerably larger than the statistical
error displayed in the figures. The errors of the calculated
rate and equilibrium constants were derived from the re-
gression coeflicient using a standard software for statistical
calculations (StatView 4.5, SAS Institute Inc., Carg, NC,
USA). A thorough error analysis of several methods in-
cluding Scatchard and EARLI revealed that small system-
atic errors can lead to a deviation of the equilibrium con-
stant of up to 30%, which is considerably larger than the
standard deviation from repeated measurements. In com-
parison, the EARLI analysis appears to be more robust
against systematic errors [29].

2.7. Direct calibration of the EARLI and determination of
the dissociation constants (dcEARLI)

To calibrate the relative absorbance signal (i.e. to deter-
mine the constant calibration factor ¢ that defines the
relationship between absorbance (4) and absolute amount
of bound ligand (RL): RL,=c + A,), a defined amount of
ligand (2.8 ng ferri-transferrin or 4 ng TfR) was allowed to
bind for various incubation periods to the immobilized
partner (TfR and ferri-transferrin, respectively). Subse-
quently, the supernatant was transferred to another, iden-
tically coated well and again incubated for the same time.
Seven transfers were performed for short incubation peri-
ods and a minimum of three for longer ones. The bound
ligand was detected as described above. Internal calibra-
tion and calculation of dissociation and rate constants
were performed as described recently [23]. Briefly, in the
transfer assay the sum of all absorbance readings is related
to the initial amount of ligand (L) by the calibration
factor ¢: Ly =3, RL, = ¢+~ | A,. Thus, ¢ can be cal-
culated by ¢=Lo/A; - (1—F). F is the transfer factor de-
termined from the slope (corresponding to In F) in the
transfer plots (Figs. 3A and 4A). In order to avoid ex-
tended incubation periods, the transfer assay was per-
formed with several short incubation periods and the
data were extrapolated in the F-plot (Figs. 3B and 4B)
to an infinite binding period corresponding to equilibrium
conditions (for details, see [23]).

2.8. SDS-PAGE, Western blot and protein determination

Samples were prepared according to Laemmli [30] and
separated by 7.5% SDS-PAGE. Staining was performed
with Coomassie blue R-250 after fixing with 20% tri-
chloroacetic acid. For Western blotting, the proteins
were transferred to a cellulose nitrate membrane (BA 85,
0.45 um, Schleicher and Schuell, Dassel, Germany) that
was blocked thereafter with PBST containing 3% bovine
serum albumin and 10% fetal calf serum. Transferrin was
detected with polyclonal rabbit anti-transferrin antibodies
(60 pg/ml) and human TfR with OKT9 (6 pg/ml). Second-
ary, peroxidase-conjugated antibodies were stained for ap-
prox. 10 min with 50 mM Tris—-HCI, pH 7.5, 200 mM
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Fig. 1. Control of purification, labeling and binding capacity of human
TfR and Tf. (A) SDS-PAGE of KCI- and KSCN-eluted TfR, and of
Tf. Lanes: 1-4, Coomassie stain of molecular mass markers (1), KCI-
eluted TfR (2), KSCN-eluted TfR (3) and Tf (4); 5-10, Western blot of
KCl-eluted TfR (5, 6), KSCN-eluted TfR (7, 8) and of Tf (9, 10) using
anti-TfR monoclonal antibodies OKT9 (5, 7, 9) or anti-Tf rabbit anti-
sera (6, 8, 10); 11 and 12, autoradiogram of '*’I-labeled KCl-eluted
TfR (11) and Tf (12). (B) Rebinding of KCI- (lanes 1 and 2) and
KSCN-eluted (lanes 3 and 4) TfR to a ferri-Tf gel matrix. Non-bound
(lanes 1 and 3) and rebound fractions (lanes 2 and 4) were detected in a
Western blot after separation of the proteins by SDS-PAGE. Wash
fractions did not contain any detectable amounts of protein and are not
displayed.

KCl, 0.06% 4-chloro-1-naphthol (stock solution 0.3% in
methanol), 0.01% H,O,.

Protein concentrations were determined as duplicates on
microtiter plates using the Pierce BCA protein assay (No.
23225, Pierce) and the appropriate microscale protocol of
the manufacturer.

3. Results
3.1. Purification of human transferrin receptor

TfR was eluted from the ligand affinity column under
non-denaturing conditions (2 M KCI). Subsequently, the
column was washed with a strongly chaotropic salt solu-
tion (0.5 M KSCN) to remove any remaining receptor.
Fig. 1A (lanes 2 and 3) shows that both fractions exhibit
a very similar gel electrophoretic separation pattern: the
majority of the protein is concentrated in two intense
bands with a molecular mass of about 93 kDa, indicating
some microheterogeneity possibly due to variations in the
posttranslational modifications [6,8,9,31,32]. In addition, a
faint band is seen at about 185 kDa, obviously represent-
ing a covalently linked receptor dimer that persists under
reducing conditions (2% mercaptoethanol). Only the
KSCN-eluted TfR fraction shows an additional band at
about 85 kDa that was identified by N-terminal protein
sequencing (data not shown) as the human serum trans-
ferrin receptor [33]. A comparison of the Coomassie pro-
tein staining pattern (Fig. 1A, lanes 2-4) with the results
of Western blots using anti-TfR and anti-Tf antibodies
(Fig. 1A, lanes 5-10) reveals the high purity of both TfR
preparations without any detectable contaminants, includ-
ing human transferrin (Fig. 1A, lanes 6 and 8).

A semi-quantitative assessment of the rebinding ca-
pacity of purified TfR to Sepharose-coupled transferrin
(Fig. 1B) showed that more than 95% of the KCl-eluted
receptor remained active, while less than 5% of the KSCN-
eluted receptor was able to bind again to the immobilized
ferri-transferrin. Due to this result, only KCl-eluted TfR
was used for further studies. The protein was stored at
4°C, since it was stable under this condition for many
weeks without any precipitation or detectable loss of bind-
ing activity, whereas a single freeze and thaw cycle re-
duced its binding activity by more than 90% (data not
shown).
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Fig. 2. Determination of the transferrin-TfR complex formation rate
constant. Unlabeled (A), '*I-labeled (B) and *’Fe-labeled transferrin
(C) were incubated at increasing incubation periods to immobilized
transferrin receptor. The rate constant was calculated from a semi-loga-
rithmic plot of unbound transferrin versus time (panels on the right).
The slope indicates a rate constant of k. =7.4(+0.5)x107* s~! for the
binding of unlabeled transferrin to its receptor, of k. =3.8(+0.2)x10~*
s7! for the binding of '»’I-Tf and of k. =6.5(+1.8)x107* s7! for the
binding of **Fe-Tf. Corresponding to the radioreceptor assay, rate con-
stants were also determined in the reciprocal EARLI (D, with Tf
coated) and found to be k.=5.6(£0.2)x10~* s~!. Error bars indicate
the standard deviation of duplicates (B), triplicates (A,D) or quadrupli-
cates (C). The error of k. was derived from the regression coefficient us-
ing a standard software for statistical calculations (StatView v4.5).
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3.2. Design and verification of the EARLI

The assay is based on the dcELISA we have developed
recently [23]. However, instead of analyzing the binding of
an antibody to its respective immobilized antigen, the
EARLI was designed to quantify by a simple and reliable
method the binding of a ligand, i.e. transferrin, to its re-
ceptor, i.e. TfR. Bound ligand was determined using a
high affinity primary and an enzyme-linked secondary
antibody. The calibration of the colorimetric readouts
was achieved in analogy to the dcELISA by repeated
transfer of unbound ligand to another well and kinetically
based compensation for the non-equilibrium conditions of
the subsequent binding reactions [23]. Each of the follow-
ing parameters was optimized independently: amount of
protein and length of incubation period necessary to sat-
urate the solid phase, composition of the blocking buffer,
concentration and incubation period of the primary and
secondary enzyme-linked antibodies, stability of the com-
plex between receptor, ligand and antibodies, kinetics of
the dissociation of °Fe** from ferri-transferrin, and, fi-
nally, linearity between the amount of bound ligand and
the recorded signal. A further validation was achieved by
performing the reciprocal EARLI with immobilized trans-
ferrin and solubilized receptor.

Some results verifying the reliability of the EARLI
should be mentioned briefly. Using the best blocking buff-
er, background absorbance readings were constantly
smaller than 0.03 and varied within one series by less
than 0.01. Consequently, even very small signals could
be corrected for background absorption with high accura-
cy. The possible dissociation of human TfR from immo-
bilized transferrin during wash and incubation steps was
monitored over a time period of 80 min by replacing the
TfR solution by PBST and was found to be less than 3%.
In analogy, the stability of the whole complex formed by
TfR, transferrin, primary and secondary antibodies was
experimentally determined by delaying the final enzyme
reaction by an additional PBST incubation step of 60
min. This delay reduced the relative signal to 68( % 6)%,
which by itself does not influence the final result, since
enzyme-linked assays are anyhow based on relative sig-
nals. Thus, the final result is only affected by the variation
of the factor within one series of data. However, the ob-
served variations affected the final result by less than 2%.

To determine the dissociation of Fe’* from ferri-trans-
ferrin while performing the EARLI, increasing amounts of
PFe-labeled ferri-transferrin were immobilized in parallel
on two identical plates. While one plate was washed only
once and then set aside, the other was run through the
regular EARLI procedure including binding and detecting
the TfR by the enzyme-linked assay. Just before adding
the substrate solution, the procedure was interrupted and
both plates were counted. The average ratio of the activity
of corresponding wells was close to one (< 1.05), indicat-
ing no detectable loss of **Fe’*.
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Fig. 3. Determination of the Tf~TfR complex equilibrium dissociation
constant by the EARLI. (A) Transfer plot: 2.8 ng ferri-transferrin (L)
was incubated on TfR-coated wells (100 ng) and after each incubation
period the supernatant was transferred to the next TfR-coated well.
This procedure was repeated several times for six different incubation
periods (6-31 min). Each data point represents the mean value of three
samples *S.D. The calibration factor ¢ was calculated independently
for all six time variations and averaged to ¢=0.339 (+£0.016) nM (for
details, see [23]). (B) F plot: the applied rate constant k. was already
determined in Fig. 2A. The time-independent transfer factor F was de-
rived from the intersection of the regression curve with the y-axis and
determined to F=0.237 (£0.047). The error was calculated from the re-
gression coefficient. (C) Saturation curve: immobilized TfR was incu-
bated with various amounts of unlabeled ferri-transferrin for 2.5 h.
Each data point represents the average of six measurements *S.D. Us-
ing the saturation concentration (¢X Az, —..) of 0.694 (£0.027) nM, the
calibration factor ¢, and the time-independent transfer factor F, the
equilibrium dissociation constant was calculated to Kg=0.215 (+0.053)
nM.

3.3. Determination of complex formation rate constants

Kinetic constants are important for characterizing the
binding of transferrin to its cognate receptor and essential
for determining equilibrium constants by direct calibration
[23]. Upon variation of the incubation period, the complex
formation rate constant for the binding of transferrin to
surface-immobilized TfR was determined to be k.=
7.4(£0.5)x107* s7! (Fig. 2A). A similar experiment
with '?°I-labeled transferrin and radiometric quantitation
led to k. =3.8(+£0.2)x107* s~! (Fig. 2B). In order to an-
alyze whether the slower binding of '>I-Tf is due to the
covalent modification or to the different quantitation
methods, we used chemically non-modified *Fe-Tf as a
reference system. Applying the same radiometric quantita-
tion that was used for 1%I-transferrin, a rate constant of
k.=6.5(+1.8)x107* s7! was determined for the binding
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Fig. 4. Determination of the Tf-TfR complex equilibrium dissociation
constant by the reciprocal EARLI (with coated transferrin). (A) Trans-
fer plot: 4 ng TfR (Ly) was incubated on transferrin-coated wells (500
ng) and then transferred to the next transferrin-coated well as described
in Section 2. Three independent measurements were averaged for each
data point, error bars indicate S.D. The calibration factor was calcu-
lated to ¢=0.151+£0.009 nM. (B) F plot: F, was plotted versus e %
with k. from Fig. 2D. The transfer factor was determined to F=0.443
(£0.063). (C) Saturation curve: immobilized ferri-transferrin was incu-
bated with various amounts of unlabeled TfR for 2.5 h. Each data
point represents the average of six measurements * S.D. Using the satu-
ration concentration (¢XAr,—«) of 0.292 (£0.012) nM, the calibration
factor, and the transfer factor, the dissociation constant was calculated
to K4 =0.233 (£0.069) nM.

of YFe-Tf to the transferrin receptor (Fig. 2C). This bind-
ing rate is within the experimental error identical to that of
unlabeled transferrin.

In a reciprocal EARLI, the binding of soluble TfR to
immobilized transferrin was analyzed. The slightly lower
association rate constant of k. =5.6(+0.2)x 107* s~! (Fig.
2D) versus k. =7.4%x107* s™! for soluble transferrin may
reflect a slower diffusion of the large solubilized receptor
dimer (225 kDa including bound detergent molecules [24]
as compared to 80 kDa of transferrin).

3.4. Determination of the equilibrium dissociation constants

Similar to the determination of rate constants, we also
measured equilibrium constants with either unlabeled mol-
ecules in the EARLI or radiolabeled compounds in a ra-
dioreceptor assay. The dcEARLI was first used to analyze
the binding of Tf to immobilized TfR (Fig. 3). In total, six
transfer assays were performed with ligand incubation pe-
riods (#;) varying between 6 min and 31 min (Fig. 3A). The
derived transfer factors F, were plotted over e %" in order

to determine the transfer factor F for equilibrium condi-
tions (F= F;_) (Fig. 3B). Combining this result with that
of the ligand saturation curve (Fig. 3C) revealed an equi-
librium dissociation constant of

. F'ALUHw.Z’

Ky = =757 =215(453) pM

with

zi:LO'(l_Ft,)
1 4

_ i
¢ = -
l

where F is the transfer factor, Ay, . the absorbance at
ligand saturation, L, the initial ligand concentration, A
the first absorbance in the transfer assay and i the number
of transfer experiments. In order to validate this result, a
reciprocal dcEARLI with soluble TfR was performed.
This experiment yielded a similar equilibrium constant of
K4=233 (£69) pM (Fig. 4). The similarity of the equilib-
rium constants obtained with the normal and reciprocal
EARLLI suggests that the binding between transferrin and
TfR does not depend on which binding partner is immo-
bilized.

In order to investigate whether iodination influences the
equilibrium dissociation constant, a Scatchard analysis
[34] was performed with '2’I-Tf (Fig. 5). The Scatchard
plot (Fig. 5B) revealed an equilibrium binding constant
of K4=1006 (£33) pM, indicating a decrease in affinity
by a factor of 4.7. Unfortunately, the effect of transferrin
iodination on the binding could not be verified in analogy
to the kinetic studies with ¥Fe-labeled transferrin, since
the specific activity of the commercially available ¥Fe3*
was too low for an accurate determination of equilibrium
constants. The reciprocal experiment employing soluble,
125]-labeled TfR and surface-immobilized Tf, yielded a
K4=659 (£22) pM (Fig. 6). This 2.8-fold reduction in
affinity underlines the effect of the covalent modification.
Although the result suggests a common mechanism, one
should bear in mind that in this case the receptor and not
the ligand transferrin was chemically modified.
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Fig. 5. Determination of the 'Tf-TfR complex dissociation constant
by a radioreceptor assay with immobilized TfR. (A) Immobilized TfR
was incubated with various amounts of iodinated ferri-transferrin for
2.5 h. Each data point represents the average of six measurements
+S.D. The specific radioactivity was used to determine absolute
amounts of bound ligand. (B) The dissociation constant of the complex
was derived by Scatchard analysis and calculated to K43 =1.01 (£0.03)
nM. The error of K4 was derived from the regression coefficient.
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Fig. 6. Determination of the Tf—!>TfR complex dissociation constant
by a radioreceptor assay with immobilized transferrin. (A) Immobilized
transferrin was incubated with various amounts of iodinated TfR for
2.5 h. Each data point represents the average of two measurements
+S.D. The specific radioactivity was used to determine absolute
amounts of bound ligand. (B) Scatchard plot. The dissociation constant
of the complex was determined to K4 =0.66 (+0.02) nM.

In general, a systematic deviation from linearity in the
Scatchard plot indicates a more complicated binding mod-
el with two or more ligand populations of different affinity
to the receptor. Although our data reveal clear linearity
and the small deviations are randomly and not systemati-
cally distributed, we additionally used the program LI-
GAND for non-linear analysis of binding constants. For
the binding of '»I-TfR to immobilized transferrin, the
data calculated by LIGAND were virtually the same as
in the linear Scatchard plot. Even when assuming three
different ligand populations, the calculated dissociation
constants for the three ‘different’ ligands were 658 pM,
662 pM and 667 pM, indicating that only a single ligand
population with a K4 of 0.66 nM is present. For the bind-
ing of iodinated transferrin to immobilized TfR, a Ky of
0.93 nM was calculated for the one-ligand model. How-
ever, the best fit was calculated for the two-ligand model.
Two solutions have exactly the same lowest mean square
(K4(1)=0.97 nM, K4(2)=1.38 nM and K4(1)=0.83 nM,
K4(2)=1.09 nM), indicating that an unequivocal result
cannot be obtained. Although it remains unsettled if the
results of the two-ligand model are a consequence of ran-
dom data scattering or of a true population effect, the
quintessence that iodination of transferrin or of TfR leads
to a significantly higher dissociation constant is undoubt-
edly confirmed by this alternative numeric analysis.

4. Discussion

In the present study, we have determined the kinetic and
equilibrium constants for the binding of human transferrin
to the human TfR. In addition, we have quantified the
effect of covalent modifications with '2°T on the apparent
binding constants. Whereas previous studies of other
groups utilized whole cells or cell extracts, we established
a new enzyme-based assay for quantifying receptor-ligand
interactions (EARLI) without the need of covalent mod-
ifications. We used highly purified components and vali-
dated the assay by analyzing every individual experimental
step separately with regard to its influence on the final

result. The standard error of the rate constants was,
with one exception, found to be less than 7% and that
of equilibrium dissociation constants less than 30%. Tak-
ing into account that, in general, measured dissociation
constants often differ by orders of magnitude, the de-
scribed assay is a useful method for determining these
constants with sufficient accuracy and without the need
of expensive equipment. This is particularly important
when studying complex molecular interactions in cell biol-
ogy and when correlating ligand-receptor binding proper-
ties with structural data of the involved proteins.

Although the binding to the plastic surface might induce
a conformational change in the immobilized protein and
thereby alter its binding affinity, it is notable that nearly
identical dissociation constants within the experimental
error were obtained with immobilized receptor (EARLI)
and with immobilized ligand (reciprocal EARLI). In addi-
tion, we believe that a solid phase assay like the EARLI
better reflects the physiological conditions that are char-
acterized by the binding of a soluble ligand, i.e. transfer-
rin, to a cell surface-bound receptor, i.e. TfR.

Previously published dissociation constants for the bind-
ing of human transferrin to whole cells or cell extracts
varied by a factor of 240 [10-13]. A relatively weak bind-
ing was described by Brown et al. [10] for the binding of
transferrin to human placental syncytiotrophoblast plasma
membrane preparations (Kg =20-29 nM) and by Shindel-
man et al. [11] for the binding of '%’I-transferrin to micro-
somal preparations of breast tumor tissue (Kq=1.1 nM).
Those low affinities might be explained by the presence of
endogenous, unlabeled transferrin and of other receptors
that bind transferrin with a lower affinity, like the asialo-
glycoprotein receptor [17,18] and the human transferrin
receptor type 2 [35].

Using a Triton extract of an acetone powder from hu-
man placenta, Tsunoo et al. [12] determined a Ky of 1.3
nM that was corrected for the presence of endogenous
transferrin by a model calculation leading to a final value
of K4 =0.42 nM. Even closer to our dissociation constant
of 0.224 nM (average value of EARLI and reciprocal
EARLI) is the measurement of Chitambar et al. [13]
who determined a dissociation constant of K4=0.12 nM
from an apparently transferrin-free supernatant of HL-60
cells by immunoprecipitating TfR and quantifying the co-
precipitated transferrin. Thus the exclusion of endogenous
transferrin and the reduction of the influence of other
receptors appear to be prerequisites for the exact determi-
nation of dissociation constants.

A striking result of our study is the notable effect of
iodination on the binding properties. The rate constant
for the binding of iodinated transferrin is reduced by a
factor of 2 and the affinity by a factor of 5. Similarly,
the affinity of iodinated TfR to unmodified transferrin is
reduced by a factor of 3. In contrast to iodination, the
isotopic labeling of transferrin with **Fe’* does not alter
its chemical nature. Indeed, our results show (Fig. 2) that
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¥Fe-transferrin binds with the same rate constant to the
TfR as unlabeled transferrin.

The effect of iodination upon binding can be explained
by the presence of not less than five tyrosine residues with-
in the protein regions believed to form the ligand binding
site of the human TfR [4]. The bulky iodine substituent
increases the protein surface and its hydrophobicity. Thus,
both the steric conditions and the microenvironment of
the binding domain may contribute to the decreased asso-
ciation constant. Previously published studies with iodine-
labeled protein ligands have shown that both the position
of the label within the molecule [36] and the iodination
method [37,38] influence receptor binding. However, re-
garding the magnitude of error introduced into the equi-
librium constant by iodination, it appears feasible to avoid
covalent labeling altogether and to use methods that do
not rely on covalent labeling.

Beyond iodination, covalent labeling of biomolecules
with fluorophores has become a very common tool in
cell biology. Since fluorophores, such as fluorescein, are
much more bulky than iodine, steric interference with mo-
lecular interactions must also be anticipated with this tech-
nique. The same precaution has to be considered when
using other typical labeling reagents like biotin.

Our study reveals that covalent labeling of tyrosine res-
idues with '2°T significantly alters the binding of transferrin
to its receptor. This finding is in line with the geometry of
the proposed ligand binding area of the human TfR. We
conclude that covalent modifications have a significant
impact on the strength of molecular interactions. The de-
scribed assay for the quantitation of receptor—ligand inter-
actions offers a useful alternative to other non-radioactive
methods that require large equipment such as plasmon
resonance technology.
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