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ABSTRACT. We applied fluorescence correlation spectroscopy (FCS) to characterize the interaction dynamics
of fluorescence-labeled transferrin with transferrin receptor (hTfR) associates isolated from human placenta.
The dissociation constant for the equilibrium binding of TMR-labeled ferri-transferrin to hTfR in detergent
free solution was determined to bet73 nM. Binding curves were compatible with equal and independent
binding sites present on the hTfR associates. Under pseudo-first-order conditions, with respect to transferrin,
complex formation is monophasic. From these curves, association and dissociation rate constants for a
reversible bimolecular binding reaction were determined, with 4@.1) x 10* M~ s~ for the former

and (64 4) x 10 st for the latter. In dissociation exchange experiments, biphasic curves and
concentration-independent reciprocal relaxation times were determined. From isothermal titration
calorimetry experiments, we obtained an enthalpy changeddf.4 kJ/mol associated with the reaction.

We thus conclude that the reaction is mainly enthalpy driven.

Human transferrin receptor is a class Il transmembrane In previous equilibrium binding studies of the binding of
glycoprotein (). It is composed of two identical subunits, transferrin (Tf) to hTfR, very different dissociation constants
with a molecular mass of 905 kDa each Z, 3). The were obtained, depending on the experimental conditions.
subunits are linked by a disulfide bond, such that the major The dissociation constants determined for the binding of Tf
part of the molecule is exposed to the cell surface. Eachto whole cells vary between 20 and 29 nk¥).(For various
subunit consists of a 61-residue cytoplasmic domain, a 28- cell extracts, values between 0.12 and 1.1 nM were reported
residue membrane-spanning region made up of hydrophobic(8—10). In a recent study with purified hTfR, a dissociation
amino acids, and a 760-residue extracellular domain with constant of 5 nM was determinedil).
three N-glycosylation sites and one O-glycosylation gije ( To investigate the kinetics and equilibrium binding of ferri-
Each subunit possesses one transferrin binding site in thetransferrin to purified human transferrin receptor (hTfR), we
extracellular domain 3, 5). In vertebrate cells, hTfR measured the rates and degree of saturation for the binding
mediates the iron uptake by binding and internalization of of tetramethylrhodamine-labeled ferri-transferrin to hTfR
the iron transport protein transferrin, in its diferric state (ferri- using fluorescence correlation spectroscopy (FCS). During
transferrin). Upon endocytosis, the hTFRansferrin com- a FCS experiment, a sharply focused laser beam passes
plex becomes exposed to an acidic pH in the endosome.through a very small volume element (6.2 x 10715 L).
Under this condition, the Fé ions dissociate from the At any given point in time, there are only a few (one to
receptor-bound transferrin and are transported into thefive) fluorescent particles in this volume. The particles
cytosol. The receptertransferrin complex recycles back to  undergo Brownian motion, resulting in a time-dependent
the cell surface, where the iron free transferrin dissociates fluctuation of the fluorescence signal which can be analyzed
and is replaced by an iron-loaded one. in terms of an autocorrelation function, yielding translational

In detergent free solution, hTfR forms rosette-like struc- diffusion times ¢q) for the fluorescent species that are
tures made up of 812 hTfR dimers §), with an apparent  present. The relative amount of each species can be obtained
hydrodynamic radius of 16 nm (J. Sdbéuet al., unpublished  from the autocorrelation function, providing that their

experiments). molecular masses are sufficiently different. In this paper, we
. will only give a very basic introduction to FCS, mainly based
* Corresponding author. Phonet-49-30-838-3412. Fax:+49-30- on user information provided by EVOTEC GmbH (Hamburg,

838-6702. E-mail: saenger@chemie.fu-berlin.de. - . .
*nstitut fur Kristallographie, Freie Universitaerlin. Germany) 12). A detailed description of the underlying

§ Institut fir Pharmazie 11, Abteilung fuPharmakologie und Tox-  theory and possible experimental applications can be found
ikologie, Freie UniversitaBerlin. elsewhere 13—-18).

1 Abbreviations: hTfR, human transferrin receptor; Tf, transferrin;
TMR-Tf, TMR-labeled transferrin; TMR, tetramethylrhodamine; PBS,
phosphate-buffered saline [150 mM NaCl and 10 mM sodium phosphate EXPERIMENTAL PROCEDURES

(pH 7.5)]; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro- _
panesulfonate; HEPES, [4-(2-hydroxyethyl)piperazino]ethanesulfonic CNBr Sepharose and Sephacryl S-400 were purchased

acid; FCS, fluorescence correlation spectroscopy; ITC, isothermal ffom Pharmacia. Desferral, human ferri-transferrin, and
titration calorimetry. Triton X-100 were obtained from Sigma. All other salts and
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buffer components were from Merck. All these substances whereT is the average fraction of dye molecules in the triplet

were used without further purification.

TMR (tetramethylrhodamine; T-490) and human TMR
transferrin (T-2872) were from Molecular Probes Europe
(Leiden, The Netherlands). The molar ratio of dye to
transferrin was 1.9 for TMR transferrin, according to the

specification given by Molecular Probes. The fluorescence-

state with relaxation timer, N is the total average number
of fluorescent molecules in the observation voluvig the
relative concentration fraction of bound Afjee and Tpound
define the average time (diffusion time) for detected mol-
ecules of free and bound A*, respectively, apdndz, are

the lateral and axial distances, respectively, between the

labeled human transferrins were purified as described below.coordinate where the Gaussian emission light distribution

hTfR was purified from human placenta according to
Turkewitz et al. {) with the following modifications. After
removal of F&" from the affinity column by 0.2 mM

adopts the maximum value and the point where the light
intensity decreases down to 4/ef the maximum value
(observation volume). Lateral and axial lengths of the

Desferral at pH 5.0, hTfR was eluted under nondenaturing observation volume are related through the structure param-

conditions wih 2 M KCIl and 10 mM CHAPS in 50 mM
HEPES (pH 7.5). Upon elution, CHAPS was removed by
extensive dialysis against PBS (pH 7.5). The purity of the
receptor was monitored by SBPAGE. To remove higher
aggregates [hydrodynamic radiug,) of approximately 100
nm], the protein solution was further purified by gel filtration
using a Sephacryl S-400 column.

The labeled transferrins still contain free dye. This was
removed by passing the solution five times over a PD-10

column (Pharmacia). After each pass, the solution was

concentrated using an Ultrafree-4 Centrifugal Filter Unit
(Millipore) with a 30 kDa molecular mass cutoff. After
purification, the free dye concentration of TMR-Tf wa§%
(particle number).

All protein concentrations were determined using the
Pierce BCA protein assay (Rockford, IL). We calculated the

concentration of binding sites, assuming a molecular mass
of 95 kDa for each subunit, considering that each subunit

has one binding site for Tf3( 5).

Fluorescence Correlation Spectroscopy (FCS)

Theoretical Considerationg-or a reversible bimolecular
reaction of a labeled small ligand (A*) and a receptor (B):

k
A* +B=—=A*B
—1

the autocorrelation functioig;(z), can be expressed in terms
of a two-component model according to edlL9)( Evaluation

of the autocorrelation curves was carried out using a
Marquardt nonlinear least-squares fitting routine, as imple-
mented in the program FCS Access 2.0 (EVOTEC GmbH),
using the following two-component model corresponding to
free and bound labeled transferrin

G(zr) =

[1 —T4 Tex;{;—:)] N

with

v [A*B]
 [A*] +[A*B]

eter SP:

Zy =TSP (2

To obtainro, the translational diffusion timegqs, of a
standard (rhodamine 6G) is measured. The diffusion time is
related toro through

2
lo
Tdift = 2p 3)
where D is the translational diffusion coefficient of the
standard.
From the experimentally determined diffusion coefficient,
an apparent hydrodynamic radiu],, can be calculated
according to the Stoke<instein equation:

KT

R = GunD @

werek is the Boltzmann constank,the absolute temperature,
and# the viscosity of the solvent.

Experimental Setug=CS measurements were performed
with a ConfoCor fluorescence correlation spectrometer (Carl
Zeiss Jena GmbH, Jena; EVOTEC Biosystems GmbH). The
samples were excited using an*Alaser. Excitation wave-
lengths of 514 nm were used. Fluorescence emission was
detected between 520 and 610 nm.

For the determination of the binding constants, a mixture
of TMR-Tf (with a concentration of 23 nM) was incubated
with appropriate amounts of hTfR (between 1 nM and\2
binding sites) at room temperature, for at least 1 h. One
hundred microliters of a sample solution was added to the
chamber of a Lab-Tec chambered coverglass (NUNC GmbH,
Wiesbaden, Germany), which was placed directly above the
objective lens (C-Apochromat 401.2 water immersion)
through which the laser beam passes. The same objective
lens serves for the collection of the fluorescence emission.
Spectra were recorded for 30 s; each single measurement
was repeated 10 times, and the results were averaged. The
intensity fluctuations were analyzed by an autocorrelator
board. Autocorrelation functions were automatically recorded
on 288 channels, quasi-logarithmically spaced in time. These
channels cover the dynamic range between 200 ns and 3438
s. Note that a strict temperature control is usually not
required, because the small fluctuations induced by moderate
temperature changes can be neglectiet). (

Prior to the experiments, the structure parameter was
determined with a standard rhodamine 6G solution. For the
diffusion coefficient of rhodamine 6G, a value of 281010
m? s! (18) was used. The translational diffusion time
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° mgﬂ T Table 1: Translational Diffusion Timesds), Diffusion

~ TMR Coefficients D), and Hydrodynamic RadiiR;) of All Investigated

Specied
Tairf (MS) D (m?'s) R, (nm)
TMR 0.0581 2.88x 10710 0.76
- TMR-Tf 0.3048 4.13x 1071 3.97
Pt TMR-Tf—hTfR 1.0456 1.6< 1011 13.6

2 The experiments were carried out in 10 mM PBS at pH 7.5 and
298 K. The confocal volume was 6.3¢ 10716 L. For the diffusion
time of rhodamine 6G, a value of 0.0598 ms was determined; therefore,
the structure parameter is 5.853. A 30-fold excess of hTfR over TMR-
Tf was used to determine the translational diffusion times of the
complexes.
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Ficure 1: Fluorescence autocorrelation functi@h(@) as a function

of the channel time for the translational diffusion of TMR (23 nM),
TMR-Tf (23 nM), and hTfR (1.24M) labeled with TMR-Tf (23
nM). All experiments were performed in PBS with 150 mM NacCl
at pH 7.5 and room temperature. The confocal volume was
approximately 4x 10716 L,
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constants of free TMR, free TMR-Tf, and TMR-FhTfR Binding Sites (M)

were measured in independent experiments and served aggure 2: Equilibrium binding of TMR-Tf to hTfR. The T-TMR
input parameters for further fit procedures. According to eq concentration was 23 nM. The relative amount of complex formed
1, the relative concentration fraction of bound TMR-Tj ( (Y) is plotted vs the concentration of binding sites. Nonlinear fit
and the amountT), the diffusion time of triplet states+) yields for the dissociation constants of the complex a value 7 nM.

and the total number of fluorescent speciBg ¢erved as ﬁ\dded to a 25QuL syringe. The system was allowed to

free parameters. Spectra were sampled for 30 s, and eac o : .
P P P ' equilibrate until a stable baseline was observed, before an

single measurement was repeated 10 times. Lo o ) i
o R ) automated titration was initiated. A typical experiment
For measurements of association kinetics, the reaction was,yolved 13 injections of 7uL of a Tf solution into the

started by adding 9@L of a hTfR solution to 1QuL of a sample cell at time intervals of 3 min. Throughout the
TMR-Tf solution with the appropriate concentration 10 itration, the contents of the cell were stirred continuously
maintain pseudo-first-order conditions with respect to hTfR. ¢ 400 revolutions/min. The data were evaluated to determine

Data' recordinglwa.s initiated directly after mixing the tWo  the enthalpy changkl, by integration of the whole energy
solutions. All kinetics were observed at least for 50 min, production curve for each injection.

and the correlation time was 30 s for each data point
throughout.

Prior to the dissociation exchange kinetic experiments, the

TMR-Tf—hTfR complex was formed by mixing hTfR with In Figure 1, typical autocorrelation functions for TMR,

a stoichiometric ratio of 2:1 between TMR-Tf and hTfR, TMR-Tf, and TMR-TI—hTfR are displayed. All species
assuming that each hTfR dimer possesses two binding sitesexhibit autocorrelation functions consistent with their in-
for Tf. After incubation for 60 min, no free TMR-Tf could  creasing molar mass. From the autocorrelation functions, only
The experiments were started by mixing a solution containing experiment, there is at least free labeled transferrin and
23 nM complex with solutions containing different concen- complex detectable. To improve the signal-to-noise ratio, it
started immediately after mixing of the two components. For the detection of different fluorescent species, a mass ratio
Kinetics were observed for 50 min, with a correlation time of gt |east 1:7 (Customer Support, EVOTEC GmbH, personal
of 30 s per data point. communication) is required. Therefore, mono-, bi-, and
multiliganded receptor molecules cannot be distinguished and
count as one fluorescent speci&.and R, for free dye,
labeled transferrin, and the complex between labeled trans-
ferrin and hTfR, calculated according to egs 3 and 5, are

RESULTS

Isothermal Titration Calorimetry (ITC)

ITC experiments of ligand binding to hTfR were per-

formed in PBS by using the OMEGA high-sensitive micro-
calorimeter manufactured by MicroCal Inc. (Northampton,
MA). A detailed description of the design and operation of
this instrument has been provided previousB0)( For

given in Table 1.

Figure 2 shows the binding curves for titration of TMR-
labeled transferrin with increasing concentrations of hTfR.
For the determination of dissociation constants, the fraction

measurements of the heat production accompanying theof bound ligandy, is measured at a constant concentration
binding of Tf to hTfR, the receptor was loaded into the of TMR-TF as a function of the concentration of receptor
sample cell of the calorimeter (volume of 1.3592 mL) with hTfR. The fraction of bound ligand TMR-TFhTIR is then

a concentration of 4.4 mg/mL, and the reference cell was plotted against the receptor concentration, and the data are
filled with distilled water. A solution of 40.7 mg/mL Tfwas described by a nonlinear regression model for the binding
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of TMR-Tf to equal and independent binding sites according
to:

Y F[ (KD + [hTfR]2+ [TMR—Tﬂ) B
\/(KD + [hTR] + [TMR-TH]
2

2
) —[TMR-Tﬂ[hTfR]} 0 400 800 1200 1600
time (s)
®)

where F denotes a proportionality constant akg the
dissociation constant. Note that in eq 5 the equilibrium
concentration of the complex is expressed according to the
mass action law.

The data are consistent with a binding of TMR-Tf to equal
and independent binding sites on hTfR. For the dissociation
constantKp, values of 7.6t 3.3 nM for the TMR-TFhTfR
complex were obtained.

To determine kinetic constants for the complex formation,
the decrease of the fraction of free ligand {1Y) was

G(r)

measured as a function of time, at a fixed concentration of 0.98 —{ Ty TrT Ty
TMR-Tf and varying concentrations of receptor under 1E:3001 0.1 1 10 100 100010000
pseudo-first-order conditions (excess receptor). The fraction Time (ms)

of free TMR-Tf was plotted against time. The moNOexpo- Fgyre 3: (A) Monoexponential decrease of the relative amount
nential decay curves were interpreted by means of nonlinearof free TMR-Tf (1— Y) due to complex formation with hTfR. The

regression with the following model: hTfR concentration was 0.4M, and the TMR-Tf concentration
was 23 nM. The experiment was started by mixing the hTfR
(1-Y),=A.expt/r) +C (6) solution with TMR-Tf. The time course of the reaction was followed

until no further change occurred. The reciprocal relaxation time,

. : 1/z, for this experiment was determined to bex8 1073 s1.
whereA, is an amplitude an€ denotes a constant offset. Autocorrelation functions for the reaction of TMR-Tf with hTfR

Heret denotes the relaxation time of the reaction, not to be ¢orresponding ta = 0 and 24.75 min are displayed in panel B.
confused with the translational diffusion time constagt.

In Figure 3A, a typical decay curve is shown. The fraction 0.008
of free TMR-Tf decreases monoexponentially with time,
whereas the fraction of complex increases accordingly (data
not shown). We observed a linear dependence between the 0.006 —
reciprocal relaxation time, #/and the concentration of free
receptor (Figure 4), which is characteristic for a reversible ~
bimolecular binding reaction between the receptor and its -
ligand, according to

", =k_y + K y[hTR] (7)

The association and dissociation rate constaotsandk-, 0.000
respectively) can be determined from the slope and intercept 00 02 04 06 08

of the graph of the reciprocal relaxation times versus the Free Binding Sites (M)

concentration of free binding sites. They are estimated asggre 4: Linear relationship between the reciprocal relaxation

follows: kiy = (1.1+0.1) x 10¢s* M~tandk; = (6 + times for the complex formation and the concentration of free hTfR
4) x 104sL, binding sites. The association and dissociation rate constants were

The corresponding autocorrelation functions for the decay estimated from the slope and intercept of the gralh: = (1.1+
curve displayed in Figure 3A are shown in Figure 3B. The 0-1)x 10°s* M andk- = (6 & 4) x 10% s
observed differences between the autocorrelation functions
are compatible with TMR-FhTfR complex formation. The . o
small increase of the amplitude G{(z) is possibly caused fraction of labeled c_omplgxgs with time was re_corded.
by an increase in the quantum yield of TMR-Tf upon binding. The data for th_e dissociation exchange experiment gave a
In static fluorescence titration experiments, we observed andouble-exponential decay curve for the fraction of labeled
increase of the fluorescence intensity, approximately 10%, COMPlex,Y, to which the following model was fitted:
associated with the binding of TMR-Tf to hTfR. However,
the small increase in quantum yield was neglected during Y=A exp(— l) +A, exp{— l) (8)
the further evaluation. Ty, T3

Two dissociation exchange kinetics at different unlabeled
Tf concentrations are displayed in Figure 5. In this experi- In Table 2, the amplitudes and relaxation times for typical
ment, a large excess of unlabeled Tf was added to TMR- experiments are shown.

Tf—hTfR at a defined concentration. The decrease of the
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Ficure 5: Dissociation exchange kinetics for two different Injection Number

concentrations of unlabeled Tf. The unlabeled Tf was added to a Figure 6: Isothermal titration calorimetry (ITC) experiment for
solution containing TMR-T+hTfR. The concentrations of un-  the hinding of Tf to hTfR. The heat evolved per mole of injected
labeled Tf were 296 (A) and 5,8M (B). There is no significant  Tf js constant over 13 injections ofzL of 40.7 mg/mL Tfin 4.4
difference between the two reciprocal relaxation times for both mg/mL hTfR. The experiment was conducted in PBS at pH 7.5
reactions (see Table 2). The double-exponential fit gévealues and 298 K AH for the binding reaction is-49.2 kJ/mol. This value
of 24.5 (A) and 28.65 (B), whereas a single-exponential fit yielded must be corrected for the heat of dilution of Tf (see the text).
x? values of 55.4 (A) and 61.79 (B). Therefore, the description of
the data by a biphasic dissociation exchange kinetics SeeMssaction of labeled Tf bound to hTfR can be obtained. It is
reasonable. - S . S

not possible to discriminate mono-, bi-, and multiliganded

hTfR associates. On the basis of these experiments, a

Table 2: Dissociation Exchange Kinetics, Amplitudes, and

Relaxation Times common mechanism for complex formation in solution can
be derived.

Tf (uM A (% ACE % ACE . ; . .

[T (M) 1 (%) 1 )3 Ao (%) 2(S )4 As is evident from Figure 2, the fraction of labeled Tf
296 48.2 4.3« 103 304 2.2x 104 bound to hTfR shows a dependence on the hTfR concentra-
118 43.2 3.7 10 24.1 2.1x 10 . . L . i

39 44.5 4.6x 10°2 26.0 35 104 tion typical for binding of Tf to equal and independent sites
6 51.0 4.1x 1073 24.9 1.6x 107 on the hTfR associate. The dissociation constant, determined
aThe experiments were carried out in 23 nM TMR-HTIR using TMR-Tf as the ligand, equals# 3 nM which is in
complex at 298 K. good agreement with the previously reported value of 5 nM,

determined with purified, CHAPS-solubilized receptor using

We obtained biphasic decay curves for the dissociation @ radioimmunoassay{, 21). This close similarity between
of the TMR-Tf—hTfR complex. The exchange rate did not our dissociation constant and the literature data implies that
depend on the concentration of unlabeled transferrin. the binding sites in detergent free solution are mainly located

Isothermal titration calorimetry (ITC) experiments for the On the surface of the associates and are equally accessible
binding of Tf to hTfR yield a constant amount of heat from the bulk solution. This supports a structure model for
evolved per mole for each injection of Tf (Figure 6). For 13 the associates, where the hydrophobic membrane-spanning
injections of a concentrated Tf solution into a solution of domains of the hTfR dimers are buried inside the particle,
4.4 mg/mL hTfR (1.3592 mL), an exothermic enthalpy While the hydrophilic parts, including the binding domains,
changeAH of —49.2 kd/mol was observed. The injection of are in contact with the aqueous environment. However,
a Tf solution in PBS shows a positiveH of 4.8 kJ/mol radioimmunoassay-based methods provide no means for the
which was subtracted from the enthalpy Change associatedjetermination of rate constants. Further, in the case of solid
with the binding reaction of Tf and hTfR. Finally, the Phase assays the properties of the surfaces, e.g., diffusion
enthalpy change\H for the binding of Tf to hTfR was  Potentials, and their interaction with the receptor are usually
determined to be 44.4 kJ/mol. FrofH andKp, the other ~ Neglected.

thermodynamic parameters can be calculated according to The association kinetics yielded monoexponential decay
curves for the fraction of free TMR-Tf due to complex

AG = —RTIn 1/Ky formation (Figure 3). The reciprocal relaxation timerg, i
a linear function of the hTfR concentration. This relationship
and is compatible with a bimolecular reversible binding reaction
between TMR-Tf and equal and independent sites on hTfR
AS= AH;TAG (9) associates according to
k+
According to these equations, the complex formation is TMR-Tf + hTka<=’1TMR-Tf—hTfR
associated with a free energy change-@f6.5 kJ/mol and o
an entropy change of 7.1 J’Kmol™. Association and dissociation rate constarks; (@nd k_,

respectively) of (1.1 0.1) x 10*s* Mt and (6+ 4) x

DISCUSSION 10* s ! were determined from a graph of the reciprocal
In a solution containing 1% Triton X-100, hTfR exists relaxation time as function of hTfR concentration (Figure

mainly in a solubilized form as a dimet); In the absence  4). The ratio betweerk_; and k;; gives a dissociation

of Triton X-100, hTfR forms associates, made up efi2 constantKp of 55 + 41 nM. The deviation from the

dimers @). In detergent free solution, the mass difference previously determined value and also the large error are due

between hTfR and Tf is high enough to enable FCS to the imprecise estimate for the very small dissociation rate

measurements. FCS allows the distinction between free dye constantk_;.

labeled transferrin, and the complex between transferrin and For a simple diffusion-controlled binding reaction, a typical

hTfR in solution. From the autocorrelation functions, the value fork;; is 1 s~* M~%. Our association rate constant
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is 4 orders of magnitude lower than this expected value. This This reaction scheme accounts for the biexponential
is probably due to isomerization or rearrangement stepsbehavior of the plots in Figure 5, and the independence of
limiting the overall reaction rate. the dissociation exchange kinetics from the unlabeled Tf

For the kinetic constants that were determined, no refer- concentration can be explained. A model in which the
ence data are available. Rauer et aR)(observed in FCS  binding of unlabeled Tf is rate-determining can be excluded,
experiments a slightly lower association rate constant, for since this would be expected to show an increase in rate
binding of TMR-labeled bungarotoxin to acetylcholine with increasing Tf concentrations. In the model presented
receptor, compared with thle,; obtained with unlabeled above, the reaction rate is only dependent on the dissociation
bungarotoxin. They interpreted this difference in terms of of TMR-Tf from the complex. It should be noted, however,
steric hindrance. We cannot exclude such effects for our that a model in which the TMR-FhTfR complex undergoes
system. Overall, the interpretation of the association kinetics a slow conformational change prior to the release of TMR-
under pseudo-first-order conditions seems reasonable. WeTTf is also feasible:
observed a linear relationship between the rate constants and
the concentration of hTfR binding sites. Only a reversible . K
bimolecular reaction displays under this conditions such a TMR-Tf—hTFR" = TMR-Tf—hTfR K
bemviqr. _ e o A et hTfR' + TMR-Tf

e interpretation of the dissociation exchange kinetics , . ,

is much more difficult. We observed no concentration hTIR + Ti = TF=hTiR
dependence and obviously biexponential decay curves for
the decrease of the relative amount of complex between
TMR-Tf and hTfR in the presence of a large excess of
unlabeled Tf. To explain this behavior, we suggest a
mechanism involving two different conformational states of
hTfR, according to the following reaction scheme involving
six different states. Tf is assumed to be able to bind to both
conformations of hTfR, and the rate constant of dissociation
of Tf from hTfR is assumed to be dependent on its

The fast kinetic phase would then be attributed to the release
of TMR-Tf directly from the hTfR conformation, whereas
the slow kinetic phase is attributed to release from the hTfR
conformation only after a slower conformational change from
hTfR". This mechanism is, however, mathematically indis-
tinguishable from that shown above under pathways | and
II. In fact, it is only a special case of them, in which it is
assumed that TMR-Tf is incapable of directly dissociating

conformation. We, therefore, considered two possible path-

ways for the replacement of TMR-Tf by Tf:
hTfR = hTfR"
k-
TMR-Tf—hTfR =
Kiq
.
hTfR + TMR-Tf, hTfR' + Tf == Tf—hTiR" ()
2
Ky
TMR-Tf—hTfR" =
k't
hTfR" + TMR-Tf, hTfR" + Tf % Tf—hTfR' (1)
2

A kinetic analysis 23) yields for expression |

%= Kk, +k, (10)

with
. K,
k—l = ’
L, KalTMR-TY
K o[ Tf]

and
. k.,
k_,=
) +( K, o[Tf] )

K1 [TMR-TT]

Under the condition where [T [TMR-Tf] and K1 ~ K5,
eq 10 reduces to #/ = k' ;. For reaction Il, the same
approximation holds, whered/ = k;.

from the hTfR' conformation.

For the dissociation exchange kinetics, two dissociation
rate constants could be determined. If we assume that the
association rate constant (Figure &)= 1.1 x 10* s!

M~1) is equal for both reactions | and IlI, two equilibrium
constantsKp) of 20 and 400 nM can be calculated with the
dissociation rate constants displayed in Table 2. The higher
constant could not be detected directly in equilibrium FCS
measurements (Figure 2).

In addition to kinetic parameters of the interaction between
Tf and hTfR, we determined the basic thermodynamic
constants describing the complex formation. From the
experimentally determined binding constant and the enthalpy
change associated with the binding process, the free energy
change and the change of the entropy could be calculated.
We measured in ITC experiments an enthalpy change of
—44.4 kJ/mol which is similar to the free energy change of
—46.5 kJ/mol for the binding reaction. Therefore, the entropy
change is very small, but still positive. We thus conclude
that the reaction is mainly enthalpy driven. This suggests
that the major factor determining the stability of the
transferrin-transferrin receptor complex is the formation of
specific noncovalent bonds between the two partners rather
than the accompanying change in solvation, since the latter
would be the driving force for a hydrophobic interaction
involving a significant entropy change.
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