
High-Affinity Binding of the Neonatal Fc Receptor to Its IgG Ligand Requires
Receptor Immobilization†

Daniel E. Vaughn‡ and Pamela J. Bjorkman*,‡,§

DiVision of Biology 156-29 and Howard Hughes Medical Institute, California Institute of Technology,
Pasadena, California 91125

ReceiVed April 10, 1997; ReVised Manuscript ReceiVed May 20, 1997X

ABSTRACT: The neonatal Fc receptor (FcRn) binds maternal immunoglobulin G (IgG) during the acquisition
of passive immunity by the fetus or newborn. In adult mammals, FcRn also binds IgG and returns it to
the bloodstream, thus protecting IgG from a default degradative pathway. Biosensor assays have been
used to characterize the interaction of a soluble form of FcRn with IgG. We use the statistical method
of cross-validation to show that there are two classes of noninteracting binding sites, and these are sufficient
to account for previously observed nonlinear Scatchard plots of FcRn/IgG binding data. We demonstrate
that immobilization of FcRn on the biosensor surface reproduces the high-affinity IgG binding observed
for membrane-bound FcRn, whereas immobilization of IgG results in lower affinity binding similar to
that of the FcRn/IgG interaction in solution. The dependence of FcRn/IgG binding affinity on the coupled
molecule provides further evidence in support of the previously hypothesized model that an FcRn dimer
forms the high-affinity IgG binding site.

The neonatal Fc receptor (FcRn)1 binds immunoglobulin
G (IgG) in two important physiological processes: the
transfer of IgG from mother to fetus or newborn and the
protection of IgG from a default degradative pathway
(reviewed in ref1). FcRn is structurally similar to class I
MHC molecules, consisting of a homologous membrane-
bound heavy chain and the class I MHC light chain,â2-
microglobulin (2, 3). A soluble form of FcRn, a heterodimer
composed of the extracellular domains of the heavy chain
complexed toâ2-microglobulin, was previously shown to be
functionally active (4), retaining its high-affinity IgG binding
at pH 6.0 with a sharp drop in affinity at pH values above
7 (4-6).
Our laboratory has used a biosensor assay to characterize

the binding of soluble FcRn to IgG (6-8). Biosensors utilize
a surface plasmon resonance (SPR) based assay that allows
the formation of a protein-protein complex to be monitored
several times per second (9-11). In this system, one
molecule is immobilized at the sensor chip surface, and
binding of the second molecule is monitored as it is passed
over the chip. Scatchard and kinetic analyses of the binding
between FcRn and IgG were used to calculate binding
affinities (6-8). These characterizations were complicated
by nonlinearity of the Scatchard plots, suggesting the
presence of multiple classes of binding sites.

Here, we demonstrate that the interaction of IgG with
immobilized FcRn can best be modeled as IgG binding to
two classes of noninteracting sites on FcRn, and describe a
method to derive accurate binding constants for each class.
Using this method, we show that the affinities of FcRn for
different IgGs are systematically higher when FcRn, rather
than the IgG, is immobilized. The affinities of immobilized
FcRn for IgG are comparable to those observed in binding
assays using membrane-bound FcRn (7, 12), suggesting that
immobilization of FcRn on a biosensor chip mimics the
physiological situation. These results are interpreted with
reference to previous work demonstrating that FcRn dimer-
ization is required for high-affinity binding of IgG (8).

MATERIALS AND METHODS

Proteins and Reagents.Secreted rat FcRn (a heterodimer
composed of residues 1-269 of the rat FcRn heavy chain
associated with ratâ2m) was purified from supernatants of
transfected Chinese hamster ovary cells using pH-dependent
binding to rat IgG affinity columns (4). 1B5 and 3F4 are
murine IgG1 monoclonal antibodies against human Zn-R2-
glycoprotein (13). They were purified from ascites fluid by
thiophillic adsorption on a T-gel column according to the
manufacturer’s protocol (Pierce Chemical Co.) and by FcRn
affinity chromatography (14). Monoclonal mouse and rat
antibodies of the specified subtypes were purchased from
Pharmingen. Anti-CD4, a rat IgG2a, was purchased from
Boehringer Mannheim. Polyclonal human IgG and Fc
fragments (Hu IgG and Hu Fc; mixture of IgG1, IgG2, IgG3,
and IgG4 subtypes) and polyclonal rat IgG and Fc fragments
(mixture of IgG1, IgG2a, IgG2b, and IgG2c subtypes) were
purchased from Jackson ImmunoResearch.
Protein concentrations were determined spectrophotometri-

cally using extinction coefficients at 280 nm of 216 000 M-1

cm-1 [IgG; (15)] and 84 900 M-1 cm-1 (FcRn). The
extinction coefficient for FcRn in aqueous solution was
determined after measurement of the absorbance of the same
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concentration of protein in 6 M GuHCl and phosphate
buffered saline (L. M. Sa´nchez and P.J.B., unpublished
results). The reference solution’s FcRn concentration was
determined from theA280 in GuHCl and the theoretical
extinction coefficient [valid only for denatured proteins;
calculated from the amino acid sequence according to (16)].
Immobilization of IgG and FcRn on Biosensor Chips.A

BIAcore biosensor system (Pharmacia LKB Biotechnology
Incorporated) was used for real time binding experiments.
This system includes a biosensor element with a dextran-
coated gold surface to which FcRn or IgG was coupled using
standard amine coupling chemistry as described in the
BIAcore manual. Immobilization of soluble FcRn and IgG
proteins using amine coupling chemistry was previously
described (6-8).
Interpretation of Biosensor Data. Binding of soluble IgG

or FcRn to the other molecule immobilized on the biosensor
chip results in changes in the SPR signal that are directly
proportional to the amount of bound protein, and read out
in real time as resonance units (RU) (9, 10). Affinities were
derived at pH 6.0 by analysis of data obtained from room
temperature injections of different concentrations of injected
protein in 50 mM phosphate, 150 mM NaCl. Each injection
onto an FcRn- or IgG-coupled flowcell was followed by an
identical injection onto a blank flowcell of the same chip in
order to subtract out significant nonspecific responses.
Two methods were used to derive the equilibrium dis-

sociation constant (KD). In the first [a Scatchard analysis
(17)], the slope of the plot ofReq/[ligand] versusReq is equal
to -1/KD (whereReq is the equilibrium biosensor response
and ligand refers to the injected protein). In the second,Req
was plotted versus the log of the concentration of the ligand.
Nonlinear regression analysis (18) was used to fit these data
to a binding model and to derive values for theKD and the
binding response at infinite concentration of ligand (Rmax).
The fit of the data to the following binding models was
examined:
(i) A single class of noninteracting binding sites.Req is

represented as

(ii) A somewhat more complicated model employing a
Hill constant (H) to represent the cooperativity of a class of
interacting binding sites.Req is represented as

A Hill constant greater than 1 indicates positive cooperativity;
i.e., the binding of one ligand facilitates the binding of
additional ligands. A Hill constant less than 1 indicates
negative cooperativity; i.e., the presence of a ligand hampers
the binding of additional ligands.
(iii) Multiple classes of noninteracting binding sites.Req

is represented as

where fi denotes the fraction of total binding sites in each
class and∑i fi ) 1. (iv) Multiple classes of interacting sites.
Req is represented using eq 3 with the incorporation of Hill
coefficients as in eq 2.
For comparison of the models, three statistical parameters

were calculated. The correlation coefficient,r2, is defined
as [∑i(xi - 〈x〉)(yi - 〈y〉)]2/(∑i(xi - 〈x〉)2∑i(yi - 〈y〉)2]. The

rmsd is defined as the root mean square difference between
observed and predicted responses for all concentrations
tested. The free rmsd was calculated as follows: Data points
were omitted one at a time, and a best fit of the model to
the remaining data was calculated. For each best fit model,
the difference was calculated between the predicted and
observed responses for each omitted concentration. The free
rmsd is the root mean square of these differences.
For calculation of kinetic constants, the BIAevaluation 2.1

software package was used to fit dissociation curves using
a single-exponential dissociation rate equation (y ) R0e-kdt;
where R0 is the observed response at the start of the
dissociation andkd is the dissociation rate constant) or a bi-
exponential dissociation rate equation [y ) R0( f1e-kd,1t +
f2e-kd,2t), wherekd,1 andkd,2 represent fast and slow dissocia-
tion rate constants andf1 and f2 correspond to the fraction
of complexes dissociating with each rate constant]. Using
the BIAevaluation 2.1 software, an F-test-based comparison
between derivedø2 values for the single-exponential or two-
exponential fits yielded an estimated probability for each
dissociation curve of which model produced the best fit to
the data. In all cases for which twokd values are reported,
the probability that the biexponential model is valid was
greater than 0.99. The possibility that the second dissociating
population arises from mass transfer effects was ruled out
by showing that the dissociation behavior showed no
dependence on flow rate (data not shown).

RESULTS

IgG Binding to Immobilized FcRn Fits a Model for Two
Noninteracting Classes of Binding Sites.We immobilized
FcRn on a biosensor chip and measured the biosensor
response at equilibrium (Req) for the binding of a series of
concentrations of a monoclonal IgG. Since large amounts
of IgG were needed for injections at high concentrations [and
polyclonal rat and mouse IgG bind to rat FcRn with
approximately equal affinities (19)], we used a mouse
monoclonal IgG1 antibody available in the laboratory [1B5
(13)].
KD’s are typically derived from biosensor data using a

Scatchard plot, in which the slope of the plot ofReq/[injected
protein] versusReq is equal to-1/KD. Determination of
binding constants by this method is straightforward for a
single class of identical independent sites. However, if there
are multiple classes of independent sites or cooperative
interactions between sites, the resulting function is nonlinear,
and the interpretation is far more complicated. The Scatchard
plot for the interaction between immobilized FcRn and the
1B5 IgG shows marked nonlinearity (Figure 1A), as also
observed for the FcRn interaction with other IgGs [data not
shown; discussed in (6, 8)]. In the previous work, only the
data points that correspond to the high-affinity interaction
were considered for calculation of the high-affinityKD.
An alternative method of analysis involves a plot of the

equilibrium biosensor response as a function of the log of
IgG concentration, and nonlinear regression fitting of these
data to a binding model (Figure 1B). This method is
preferred over Scatchard analysis for the derivation of
binding affinities because (i) the affinity constant is derived
using concentrations of protein that bracket theKD, whereas
an affinity can be extrapolated using an inappropriate
concentration range in a Scatchard analysis, and (ii) less
propagation of experimental error leads to more accurate
calculated affinities (20).

Req) Rmax([ligand]/KD)/(1+ [ligand]/KD) (1)

Req) Rmax([ligand]/KD)
H/[1 + ([ligand]/KD)

H] (2)

Req) Rmax∑i fi{([ligand]/KD,i)/(1+ [ligand]/KD,i)} (3)
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The binding data were fit to models assuming one, two,
or three noninteracting sites and one or two interacting sites.
As shown in Figure 1B, the assumption of a single class of
binding sites results in a relatively poor fit to the experimental
data as judged by the correlation coefficient and rmsd.
Adding a Hill coefficient to account for cooperativity among
a single class of binding sites improves the fit to the data,
but the cooperativity model does not fit the experimental
data points as well as a model assuming two classes of
noninteracting binding sites. This model predicts the pres-
ence of a second lower affinity class of binding sites which
are not saturated unless high concentrations of IgG are
injected.

More complicated models (three classes of noninteracting
binding sites and two classes of cooperative binding sites)
also fit the experimental data well. Addition of parameters
to a model will usually improve the best fit to the data,
therefore resulting in a lower rmsd, but carries the risk of
overfitting, i.e., modeling the noise. A model that accurately
reproduces the experimental signal should also fit well to
data which are excluded while fitting the model parameters
(the statistical principle of cross-validation). Using the cross-
validation method of testing statistical models (21), we
calculated a “free rmsd” for each model. The two nonin-
teracting sites model produced both a lower rmsd and a free
rmsd than either of the one-site models, demonstrating that
the two site model more fully accounts for the data. When
two Hill coefficients are included in the two-site model, the
rmsd stays the same, but the free rmsd increases slightly, an
example of overfitting the data. Addition of a third class of
sites yields a slightly lower rmsd compared to the two
noninteracting sites model, but a comparable free rmsd, and
thus does not significantly improve the fit of the model to
the data.

The preceding analyses demonstrate that the interaction
of IgG with immobilized FcRn is best represented as two
independent classes of IgG binding sites. The class of
receptor binding sites with high affinity for IgG is populated
at lower IgG concentrations. The derived binding affinity
for the high-affinity class of binding sites (KD,1 ) 16 nM)
corresponds to theKD calculated from a Scatchard analysis
when only the points corresponding to the high-affinity
interaction are considered [KD ) 14 nM; Figure 1A, and
see ref (6, 8)], but the identification of these points is
somewhat arbitrary. The second class of binding sites is
populated at higher concentrations of IgG. An accurate
estimate of the binding affinity of this class of binding sites
can only be derived when the concentration range of ligand
brackets theKD, which requires large amounts of IgG (∼1
mg per experiment). Under these conditions, the derived
binding affinity for the lower affinity class of sites (KD,2) is
1.2 µM (Figure 1B).

Kinetic Differences between the Classes of FcRn Binding
Sites for IgG. For each concentration of IgG, we analyzed
the dissociation of IgG from immobilized FcRn. After the
biosensor response reached an equilibrium level, dissociation
of IgG was monitored for at least 2 min, and the dissociation
phase was analyzed using single and biexponential rate
equations. A two-exponential dissociation rate equation fits
the data better than a single-exponential rate equation. The
fast and slow dissociation rates are sufficiently different to
calculate the contribution of each species to the total
equilibrium biosensor response for each concentration of IgG.
The components of the equilibrium response corresponding
to the fast and slow dissociating populations were each fit
to a model of one noninteracting binding site, demonstrating
that the slow dissociating species binds with a high affinity
and the fast dissociating species binds with a lower affinity

FIGURE 1: Comparison of Scatchard and nonlinear regression analyses for determining the affinity of IgG binding to immobilized FcRn.
FcRn was coupled to a density of 2200 RU (for the experiment shown, and with similar results to densities from 2000 to 4000 RU, data
not shown), and 1B5 IgG was injected at the concentrations indicated on the right panel. The same equilibrium binding data are plotted for
Scatchard analysis (panel A) and directly as function of IgG concentration (panel B). The Scatchard plot is distinctly nonlinear. The five
data points shown as open squares (which correspond to the five lowest IgG concentrations) were used to determine a best fit line from
which a high-affinityKD of 14 nM was derived. The data were also fit using nonlinear regression analysis to five potential binding models.
The best fit lines for three of the models are shown; the two most complicated models superimpose closely upon the “Two Sites” model
and were omitted for clarity. The best fit parameters and measures of the quality of fit for each of the models, as defined under Materials
and Methods, are shown below the plots. The two-site model is the best representation because it is the simplest model that fully accounts
for the data.
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(Figure 2). Thus, both the equilibrium measurements and
the dissociation kinetics are consistent with two populations
of FcRn/IgG complexes: a high-affinity, slow dissociating
species; and a low-affinity, fast dissociating species.
Since most previous determinations of FcRn binding

affinities included an equilibration step followed by a
washing step [e.g., (12, 22, 23)], we examined the depen-
dence of the observed affinity on the duration of a washing
step. Different concentrations of IgG were passed over
immobilized FcRn, and the response was measured at
equilibrium, and at 30, 60, and 600 s into the dissociation
phase (Figure 3A). The equilibrium data were fit to a model
of two independent binding sites. The other curves were fit
assuming the values derived at equilibrium for the high- and
low-affinity binding constants. Because the low-affinity
complex dissociates faster, the fraction of IgG bound to the
high-affinity class of binding sites increases with washing
time. Indeed, after 10 min of washing, the fraction of
complexes in the low-affinity class becomes negligible, and
the data can be modeled as a single class of noninteracting
binding sites (Figure 3B; Scatchard plots of these data
become progressively more linear with increased washing
time). We conclude that experiments which include room
temperature washing steps of several minutes or longer would

not detect either the biphasic nature of equilibrium Scatchard
plots or the presence of a low-affinity class of binding sites.
High-Affinity Binding of FcRn to IgG Requires Receptor

Immobilization. In previous studies of the interaction
between FcRn and IgG, we noted differences in binding
affinities depending on which species was immobilized on
the biosensor surface (7, 8). In order to characterize these
differences, we immobilized the IgG used for the previous
experiments (1B5) on the biosensor surface, and measured
the equilibrium binding response for various concentrations
of soluble FcRn (Figure 4). A best fit for each of the
previously discussed five models was calculated. Using the
criteria outlined above, the data are best modeled as two
classes of independent FcRn binding sites on immobilized
IgG. Comparing the affinities calculated for IgG im-
mobilized to those calculated for FcRn immobilized dem-
onstrates that, while the low-affinity binding constants are
similar (KD,2 ) 2.4 µM for IgG immobilized;KD,2 ) 1.2
µM for FcRn immobilized), the high-affinity class of binding
sites interacts more weakly when IgG is immobilized (KD,1

) 210 nM for IgG immobilized;KD,1 ) 16 nM for FcRn
immobilized). The dissociation kinetics for the FcRn
interaction with IgG immobilized were also examined. As
was the case with FcRn immobilized, the dissociation
behavior is better modeled as two independently dissociating
complexes than as a single species. Consistent with the
comparison of the equilibrium binding results, the slow
dissociating species dissociates faster when IgG rather than
FcRn is immobilized (kd,1 g 0.01 s-1 for IgG immobilized;
kd,1 from 0.002 to 0.0002 s-1 for FcRn immobilized), while
the fast dissociation rates are similar (kd,2g 0.01 s-1 for either
IgG or FcRn immobilized).
In order to examine if the difference in the affinity of the

high-affinity class of binding sites generally depends on
which species is immobilized, we did a systematic study of
the binding interactions of nine different IgG molecules at
pH 6.0, and derivedKD values corresponding to the high-
affinity class of sites. For each monoclonal antibody,
separate experiments were conducted with the antibody
immobilized and with the receptor immobilized. For the
interaction of each antibody with FcRn, the dissociation rate
is slower and the affinity is higher when FcRn, rather than
the IgG, is immobilized (Table 1). Because we see this effect
for all of the IgG molecules tested, we conclude that these
observed diffenences in affinity are a general property of
the IgG/FcRn interaction.
Comparison of the Interaction of FcRn with IgGVersus

Fc. The binding site for FcRn is located within the Fc region
of IgG, but the effects of including the Fab arms of an intact
antibody upon the FcRn interaction with Fc have not been
systematically analyzed using biosensor technology. We
therefore compared binding of several sets of IgGs and their
corresponding Fc fragments to immobilized FcRn (Table 2).
In each case, the binding data reveal the existence of high-
and low-affinity populations of FcRn. The affinities and
dissociation rates for IgG and Fc binding are similar, although
high-affinity (KD,1) FcRn/IgG complexes are slightly weaker
interacting than the high-affinity FcRn/Fc complexes. This
effect could be entropic (due to constraint of the IgG Fab

arms upon FcRn binding) and/or because the bulky Fabarms
interact unfavorably with FcRn.kd,1 is faster for the Fc
fragments (by a factor of∼2) than for the corresponding
intact antibodies. The combination of faster dissociation
rates and higher affinities for the high-affinity FcRn/Fc

FIGURE 2: Analysis of the dissociation kinetics for the complex of
IgG and immobilized FcRn. FcRn was coupled to a density of 2000
RU, and the dissociation kinetics of FcRn/IgG complexes formed
at different IgG concentrations were analyzed. For IgG concentra-
tions above 20µM, the dissociation kinetics are best represented
as a sum of two exponential decays: one with a fast rate constant
and the other a slow rate constant. The contributions to the
equilibrium response from the fast dissociating population (Rfast)
and the slow dissociating population (Rslow) were determined and
plotted as a function of IgG concentration. These data were fit to
one-site binding models, and the total equilibrium response (Rtotal)
was fit to a two-site model. The derived binding affinities (below
panel) show that the slow dissociating population binds with high
affinity, and the fast dissociating population binds with low affinity.
In order to determine whether the two populations equilibrate
independently or one forms from the other, we examined the
dissociation behavior after various equilibration periods for a single
IgG concentration (2.2µM). A single concentration of IgG was
passed over immobilized FcRn and allowed to bind for various
times. The total response at the time of dissociation was measured,
and the components of this response dissociating with fast and slow
kinetics were calculated. The biosensor response for each population
is relatively constant for each equilibration period, supporting the
hypothesis that the two populations of complexes equilibrate
independently (data not shown).
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interaction compared to the high-affinity FcRn/IgG interac-
tion implies that Fc fragment association rates must be faster
(by a factor of∼4).
DISCUSSION

To achieve high-affinity binding comparable to that
observed for cell surface FcRn, we find that the receptor,
rather than its ligand, must be immobilized on the biosensor

chip. Previously reported binding affinities for the interaction
of IgG with rat FcRn on the surface of brush border,
intestinal, or transfected cells are in the range ofKD ) 8-55
nM (7, 12). In the present study, we observe affinities
ranging from 17 to 93 nM for a series of soluble IgGs binding
to immobilized FcRn. For the complementary interaction,
soluble FcRn interacting with the same IgGs, we consistently
observed a lower affinity and faster dissociating class of

FIGURE 3: Effect of washing time on observed IgG affinity for immobilized FcRn. FcRn was coupled to a density of 2200 RU, and various
concentrations of 1B5 IgG were injected. The biosensor response at equilibrium and after various washing durations is plotted as a function
of concentration for the interaction of IgG with immobilized FcRn (panel A). The equilibrium data were best fit to a two site binding
model. The curves representing experiments employing washing steps of 30, 60, or 600 s were fit to a two-site model constrained to the
binding affinities determined using the equilibrium data. Because the low-affinity population dissociates with faster kinetics (Figure 2 and
text), the washing step selectively depopulates the low-affinity site. Although biosensor methods allow equilibrium binding to be measured
directly, many other methods employ a washing time of several minutes. For washing times of 10 min or longer, the Scatchard plots of
these data (panel B) become essentially linear, and the existence of a low-affinity state would be missed.

FIGURE 4: Soluble FcRn binding to immobilized IgG. 1B5 IgG was immobilized to a density of 3700 RU (for the experiment shown, and
with similar results to densities from 1300 to 13000 RU, data not shown), and various concentrations of FcRn were injected. The biosensor
response at equilibrium is plotted as a function of the concentration of IgG. Five binding models (see Figure 1) were fit to the data; again,
the two-site model best represents the data. Asterisk: the third binding affinity in the three site model was fixed at 100µM. Without
constraint, this affinity and the correspondingRmax both increased toward infinity.
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binding sites (Table 1). The weaker affinities of immobilized
IgGs for FcRn are comparable to the 500 nMKD obtained
by isothermal titration calorimetry for the interaction of
soluble FcRn with human IgG (14). We conclude that FcRn
must be constrained to some sort of two-dimensional surface
(a membrane or a biosensor chip) to achieve high-affinity
binding of IgG. In vivo, FcRn is an integral membrane
protein that interacts with soluble IgGs; therefore, the
interaction of immobilized FcRn with soluble IgG should
be more representative of physiological conditions than the
reverse situation (immobilized IgG interacting with soluble
FcRn). In the study of the interaction between cholera toxin
and gangliosides, it was also noted that biosensor analyses
with the normally membrane-associated gangliosides im-
mobilized reproduced whole cell assays more closely than
free solution measurements, presumably because the bio-

sensor measurements were performed on surfaces resembling
the cell membrane (24).
Several previous studies support the hypothesis that two

FcRn molecules dimerize, as observed in FcRn and FcRn/
Fc crystals (3, 25), to form the high-affinity binding site for
a single IgG. A 2:1 receptor:ligand stoichiometry was
observed for rat FcRn interacting with IgG in solution and
in crystals of the receptor/Fc complex (14, 25). Site-directed
FcRn mutants with alterations that specifically affect the
interaction of IgG with FcRn dimers, but not with monomers,
show reduced affinities in biosensor assays and in measure-
ments of labeled IgG binding to cell surface FcRn (7).
Finally, the role of FcRn dimerization in its interaction with
IgG was directly tested by introducing cysteines at positions
that either facilitated or hindered receptor dimerization when
FcRn was coupled to a biosensor chip using thiol chemistry
(8). High-affinity binding (KD ) 22 nM) was observed when
FcRn was coupled in the orientation facilitating dimerization,
but the binding affinity was reduced to aKD > 4 µM when
receptor dimerization was hindered. In the present study,
the KD values derived for the high-affinity population of
immobilized FcRn are similar to those observed for dimer-
ization-facilitated FcRn (8), implying that the high-affinity
population represents IgG bound to receptor dimers. When
FcRn is immobilized on a biosensor chip, it is attached to a
long flexible dextran moiety at concentrationsg∼100µM
(26). This FcRn concentration is much higher than the
concentration of soluble FcRn interacting with immobilized
IgG, and therefore the equilibrium between monomeric and
dimeric FcRn will be shifted to include a larger fraction of
dimer when FcRn is immobilized. Immobilization of FcRn
also reduces the loss of entropy associated with dimerization,
the major energetic hindrance to dimerization (27). The
entropy of the monomer and of the dimer is reduced upon
immobilization to the dextran molecules because some of
their rotational and translational movements are restricted.
Since the loss of entropy upon immobilization occurs twice
for monomers but only once for a dimer, the loss of entropy
upon dimerization is lower for immobilized FcRn than for
soluble FcRn. Both of these effects promoting dimerization
(higher local concentration and reduction in the loss of
entropy) should increase the affinity for IgG for both
membrane-associated FcRn and FcRn immobilized on a
biosensor chip relative to the IgG affinity of soluble FcRn.
Previous biosensor analyses of the interaction of im-

mobilized FcRn with IgG were complicated by nonlinear
behavior in Scatchard analyses (6, 8). Here we show that
two classes of noninteracting FcRn/IgG complexes are
sufficient to explain this nonlinear behavior, and characterize
them as a slow dissociating population with a similar affinity
to the range of values calculated in studies using membrane-
bound FcRn (7, 12), and a fast dissociating population with
lower affinity. We have shown that it is the high-affinity
mode that depends on which species is immobilized.
The low-affinity (KD,2) fast dissociating (kd,2) binding

component is similar with either IgG or FcRn immobilized.
This binding mode could exist under physiologically relevant
conditions or could result from some specific property of
the biosensor analysis. Characteristics of biosensor meth-
odology that have been proposed to potentially alter a binding
interaction include mass transfer properties of the soluble
ligand and effects on the receptor due to its immobilization
(26, 28, 29). Mass transfer considerations are important
when evaluating kinetic data but irrelevant under equilibrium

Table 1: Dependence of the High-Affinity Binding Mode on the
Species Immobilizeda

FcRn immobilized IgG immobilized

KD,1

(nM)
kd,1

(10-3 s-1)
KD,1

(nM)
kd ,1

(10-3 s-1)

mIgG1 22 1.9 250 30
mIgG2a 39 0.5 370 20
mIgG2b 41 0.2 260 40

rIgG1 34 0.7 180 40
rIgG2a 15 0.3 80 10
rIgG2b 93 0.7 * *
rIgG2c 84 1.3 740 20

anti-CD4 (rIgG2a) 24 0.5 74 30
1B5 (mIgG1) 17 1.0 210 10
a Equilibrium dissociation constants and dissociation rate constants

are reported for the interaction of FcRn with monoclonal IgGs. For
each IgG studied, either FcRn or the IgG was coupled to the biosensor
surface. FcRn was coupled to a density of 2600 RU (and several
concentrations between 2000 and 4000 RU for the 1B5 measurements).
The same protocol was followed for coupling each IgG, resulting in
densities between 500 and 7000 RU (*: rIgG2b was not coupled
successfully with this protocol). Regardless of the coupling density, in
each case in which IgG is immobilized, the high-affinity interaction is
weaker and shows faster dissociation kinetics than the corresponding
interaction when FcRn is immobilized. Only the high-affinityKD values
are reported for these experiments. The low-affinityKD’s could not be
accurately determined because the quantities of most of the IgGs were
limited, and we were not able to assay equilibrium binding at the high
concentrations required to saturate the low-affinity binding mode. As
can be seen by the close agreement of high affinity binding constants
derived from three independent assays of 1B5 binding to immobilized
FcRn (Figures 1-3), the high-affinity binding mode can be accurately
measured in experiments in which the low-affinity mode is not saturated.
The equilibrium and kinetic constants reported for 1B5 binding to
immobilized FcRn are the average of the three experiments involving
1B5 presented in this paper.

Table 2: Comparison of Binding Affinities of Intact IgGs and
Corresponding Fc Fragments for Immobilized FcRna

KD,1

(nM)
kd ,1

(10-3 s-1)

3F4 IgG (mIgG1) 49 0.6
3F4 Fc 11 2.5

Hu IgG (polyclonal) 15 0.5
Hu Fc 9.7 0.9

Rat IgG (polyclonal) 4.1 0.6
Rat Fc 1.5 1.3

a FcRn was coupled to a biosensor chip to a density of 2600 RU.
Affinities were derived for a two-site binding model by nonlinear
regression analysis. Rate constants reported are an average for all
concentrations of IgG injected.
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conditions. Since the low-affinity populations are observed
under equilibrium conditions, they cannot result from mass
transfer effects. It is unlikely that the low-affinity FcRn
population is an artifact of the amine coupling method
because kinetic analysis revealed two classes of IgG binding
sites for FcRn immobilized by thiol coupling methods (8).
Using any coupling chemistry, steric hindrance of one
immobilized FcRn molecule by another and/or occlusion of
unoccupied binding sites by bound IgG molecules could
introduce nonideal binding behavior. However, the excellent
agreement of the equilibrium binding response to a two-site
model suggests that this is not a significant effect in our case.
If the low affinity-binding mode is not biosensor specific,
then a population of FcRn molecules with low affinity for
IgG could exist under physiological conditions. However,
it would be difficult to detect on biological membranes
because the techniques used to measure this interaction
generally require a washing step that is long relative to the
dissociation rate of the low-affinity complexes, and would
therefore result in nearly complete dissociation of these
complexes (Figure 3). Regardless of the origin of the low-
affinity population, we can separate the contributions of the
high- and low-affinity binding interactions. Therefore, our
observations about the high-affinity binding mode are
independent of the existence of a low-affinity mode.
Biosensor-based methods have been used to study the

interaction between FcRn and IgG (6-8, 30), and these
characterizations agree well with the results fromin ViVo
and cell binding studies (7, 12, 31, 32). Some of the lessons
we have learned in our studies may be relevant in other
biosensor-based investigations. We have calculated binding
constants using equilibrium rather than kinetic data because
the latter can lead to incorrect results if the data are mass
transfer limited or the reaction mechanism is unknown (26,
28, 29). In these analyses, we used a best fit procedure that
optimizes the agreement between the observed and modeled
equilibrium binding response equally for all concentrations
of ligand. This method is preferable to Scatchard analyses
which overemphasize the poorly determined weaker binding
responses. The use of cross-validation, which has been
widely used in the refinement of crystallographically-derived
protein structures (33), allowed us to detect instances in
which the addition of extra parameters resulted in overfitting
the data by modeling noise rather than the signal. This
method should be generally applicable for biosensor analyses.
The significant differences in affinities we observe depending
on which species is immobilized highlight the importance
of characterizing a binding interaction in both orientations.
Finally, for the special case of two noninteracting populations
of binding sites with different dissociation rates, utilization
of the dissociation phase of the measurement, either by
delayed sampling or by modeling the dissociation phase and
treating the components of the total response separately,
could allow characterization of each population of binding
sites.
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33. Brünger, A. T. (1992)Nature 355, 472-475.

BI970841R

9380 Biochemistry, Vol. 36, No. 31, 1997 Vaughn and Bjorkman


