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Albumin Binding to FcRn: Distinct from the FcRAgG Interactiori

Chaity Chaudhury,Charles L. Brooks$,Daniel C. Cartel,John M. Robinsof,and Clark L. Anderson¥

Departments of Internal Medicine, Veterinary Biosciences, and Physiology and Cell Biology, The Ohio Stetsityni
Columbus, Ohio 43210, and New Century Pharmaceuticals Inc., kHllafsAlabama 35824

Receied December 23, 2005; Reed Manuscript Receéd February 2, 2006

ABSTRACT. The MHC-related Fc receptor for IgG (FcRn) protects albumin and IgG from degradation by
binding both proteins with high affinity at low pH in the acid endosome and diverting both from a lysosomal
pathway, returning them to the extracellular compartment. Immunoblotting and surface plasmon resonance
studies show that both IgG and albumin bind noncooperatively to distinct sites on FcRn, that the affinity
of FcRn for albumin decreaseg200-fold from acidic to neutral pH, and that the FeRatbumin interaction

shows rapid association and dissociation kinetics. Isothermal titration calorimetry shows that albumin
binds FcRn with a 1:1 stoichiometry and the interaction has hydrophobic features as evidenced by a large
positive change in entropy upon binding. Our results suggest that the-fadiRimin interaction has unique
features distinct from FcRnlgG binding despite the overall similarity in the pH-dependent binding
mechanism by which both ligands are protected from degradation.

The MHC-related receptor for IgG (FcRhhinding IgG strains, we found that the half-life and the steady-state
in a pH-dependent fashion, functions both to transport IgG concentration of aloumin were decreased in the KO strains
peripartum from mother to young and to protect it from relative to the wild-type strainl@). The magnitude of
degradation throughout lifel). The proposed mechanism albumin saved from degradation by FcRn-mediated recycling
for transport, a pH-dependent shuttle, is essentially identical is astonishing. Our recent calculations indicate that as much
to that for protection. 1gG is pinocytosed nonspecifically by albumin is saved by FcRn from degradation as is produced
the cell and is trafficked to the acidic endosome where in by the liver per unit time; metaphorically, a mouse lacking
the low pH environment it binds FcRn with high affinity. FcRn would require another liver the size of its existing liver
FcRn then diverts (or protects) IgG from a degradative to maintain albumin concentrations at steady stdi). (
lysosomal fate, instead transporting it back to the cell surface Unifying these several observations, we propose that FcRn
for release into the extracellular space. At the cell surface diverts not only IgG but albumin as well from a degradative
under the influence of neutral pH the affinity of IgG for FcRn fate by similar pH-dependent mechanisms, prolonging the
is reduced by over 2 orders of magnitude, and the half-life life spans of both molecules and accounting for their uniquely

(typ) of the FcRnr-1gG complex decreases 130-fold, direct concentrationcatabolism relationship.

allowing the complex to dissociat@{7). The lengthy 3 The impact of FcRn on basic physiology is profound, as
week half-life of IgG and its unusual concentration its two ligands, albumin and IgG, constitute about 80% of
catabolism relationship are thus explain8et{1). Remark-  the protein mass of plasma. Both molecules mediate essential

ably, albumin uniquely shares with IgG two FcRn-dependent |ife functions. One, IgG, is a critical component of the

properties, viz., its lengthy 3 week half-life and the same jmmune system. The other, albumin, maintains the colloid
unusual direct concentratiertatabolism relationship, sug-  osmotic pressure of the circulation, buffers the pH of plasma,
gesting that albumin as well may be protected from degrada-and transports a myriad of molecules including biological

tion by the same mechanism proposed for 14@)( ~ products, toxins, drugs, and therapeutic proteins throughout
In our recent work we discovered that FcRn binds albumin the body.

in a pH-dependent fashion. Exploring the functional impor-

o o While FcRn’s role in IgG transport and protection has been
tance of FcRr-albumin binding in FcRn-deficient mouse ! g b P \

well characterized, virtually nothing is known about the
FcRn—albumin interaction and the mechanism of FcRn-
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given by Dr. Pamela Bjorkman (California Institute of
Technology, Pasadena, CA), was cultured in custoEM
Earle’s medium (Irvine Scientific) with 5% fetal calf serum,
penicillin, streptomycin (Invitrogen), and methyl sulfoximine
(Sigma-Aldrich) essentially as describelb). shFcRn was
purified from the culture supernatant by affinity chromatog-

Chaudhury et al.

On-rate k;) and off-rate ky) constants were calculated by
injecting increasing concentrations of analyte, shFcRn (40
nM—10 uM for pH range 5-6 and 40 nM-30 uM for pH
6.5 and 7.0) or HSA (100 nM100uM for pH range 5.6-

6.0 and 100 nM-250uM for pH 6.5 and 7.0) at a flow rate
of 50 uL/min, for 120 s followed by a 120 s dissociation

raphy followed by anion-exchange chromatography, as phase over the immobilized ligand. The sensorgrams were
described, that yielded two separate peaks, shFcRn and BSAfit to a 1:1 Langmuir binding model which simultaneously

each uncontaminated by the other according to SBAGE
and Coomassie stainindl?, 15). The hlgG2 myeloma

fits the association and the dissociation phases of the
sensorgrams and globally fits all curves in the working set

protein (catalog no. 40012) was purchased from Calbiochem,to derivek, andks. To ensure that mass transport effects do

nondelipidated human serum albumin (HSA; catalog no.
A-8763) and hlgG (catalog no. 1-4506) were from Sigma-
Aldrich, and the four delipidated recombinant HSA domains,
domains | (D-1), Il (D-II), Il (D-N1), and I-1l (D-I-II)
encompassing amino acids-197, 189-385, 381585, and
1385, respectively, were kindly provided by Dr. Dan Carter
(16).

Dynamic Light Scattering (DLS) AnalysiBhe homogene-
ity of the HSA was confirmed by DLS analysis of 10 or
100 uM HSA solutions in 50 mM sodium phosphate and
150 mM NacCl, pH 5.5, buffer using the DynaPro instrument

not influence the kinetic measurements and that accurate
kinetic information is obtained, the optimal flow rate was
first determined in a separate experiment (data not shown).
The entire range of analyte concentrations was injected over
the immobilized ligand at different flow rates (25, 50, 75,
and 10QuL/min), and the slope (RU/s) of the initial 10% of
the association phase vs flow rate was plotted for each
analyte concentration. The flow rate at or above which the
slope did not change with increasing flow rate was chosen
as appropriate.

Isothermal Titration Calorimetry (ITC)A Microcal VP-

and software (Protein Solutions). The data fit a monomodal !TC instrument was used to measure stoichiometry of shFcRn

model with a mean molecular mass of 72t72.4 kDa,

and HSA, the data were analyzed using Origin version 7.0

suggesting a monodispersed preparation with no measurabldOriginLab Corp.). Both HSA and shFcRn were exhaustively

aggregates (less than-2%).
Size Exclusion ChromatographySA was resolved on a

2.5 x 80 cm Sephacryl S-300 (catalog no. 17-0599-01) size

exclusion column (Amersham Biosciences) in 50 mM
sodium phosphate and 150 mM NacCl, pH 5.5, buffer at 1
mL/min; the eluting peak fractions were visualized by
monitoring UV absorption at 280 nni{sg) and collected.

SPR Measurementdhe equilibrium, association, and
dissociation rate constants were measured at@®n a

dialyzed against 50 mM sodium phosphate and 150 mM
NaCl, pH 6.0, buffer, filtered, and thoroughly degassed.
shFcRn was placed in the calorimetric cell and titrated with
HSA in a 300uL syringe. A total of 19 injections were made.
The heat of dilution of HSA was measured in a separate
experiment by injecting HSA into the dialysis buffer under
identical conditions and subtracted from the shFcRn titration
to obtain the heat of binding of HSA to FcRn. The data were
fit to a model describing a single class of noninteracting
binding sites using nonlinear regression analysis to calculate

Biacore 3000 surface plasmon resonance biosensor and thginding constant,), enthalpy changeAH), and stoichi-
data analyzed using the BlAevaluation 3.1 software (Biacore ometry f1). The protein concentrations for this experiment

International AB). HSA or shFcRn was covalently im-
mobilized at three different densities%00, 1000, and 1500
RU) on a CM5 chip (catalog no. BR-1000-14) using amine

were determined byAx;s and Agg for HSA and shFcRn,
respectively. The theoretical extinction coefficients of HSA
(41012.7 Mt cmt) and shFcRn (84920 M cm™%) under

coupling (Biacore Handbook, 2002). One of the flow cells denaturing conditions (6.0 M guanidium hydrochloride and
was mock coupled with 50 mM sodium phosphate and 150 9,02 M phosphate, pH 6.5) were first calculated from the
mM NaCl buffer of appropriate pH to serve as blank. All of primary amino acid composition, and the protein concentra-
the injections were made in 50 mM phosphate and 150 mM tions were determined by measuring the UV absorption at
NaCl buffer of appropriate pH (between 5 and 7), and the the respective wavelength7). The extinction coefficients
chip surface was regenerated between injections with pH 8.1,0f native HSA (37800 M* cm~2) and shFcRn (84463.2 M
20 mM Tris buffer. The purity of both HSA and shFCRn  cm1) were then calculated from thayrs and Aggo of the
used in these experiments wa89% as visualized on a 10%  known concentrations of these two proteins under nonde-
SDS-polyacrylamide sizing gel under reducing conditions naturing conditions (50 mM sodium phosphate and 150 mM
by Coomassie blue staining. The protein concentrations werenaCl, pH 6.0).
determined by the bicinchoninic acid (BCA) protein assay  |mmnuoblotting Tris buffer or HSA (substitution ratio of
kit (catalog no. 23227; Pierce Chemical Co.) using BSA as 1g mg of HSA/mL of Sepharose) was immobilized on CNBr-
standard. The concentration of the standard was determinedctivated Sepharose 4B (Amersham Biosciences) as de-
by Aggo scribed (5). HSA-linked Sepharose beads (S-HSA) were
To measure equilibrium dissociation constanto)( diluted with Tris-linked beads (to a concentration-e18
increasing concentrations of the analyte, shFcRn (16-nM  ug of linked HSA/20uL of beads), washed with 50 mM
35 uM) or HSA (10 nM—250 uM), were injected at L/ sodium phosphate and 150 mM NaCl buffer, pH 5.5, and
min over immobilized ligand (HSA or shFcRn). The binding then incubated o2 h atroom temperature with a fixed
was allowed to reach equilibrium, and tKg was derived concentration of shFcRn (final concentrationu€BmL) and
by fitting the plot of the binding response at equilibriuRad varying concentrations of higG (78,200 xg/mL) in 180
vs analyte concentration to a steady-state affinity model usinguL of 50 mM sodium phosphate and 150 mM NacCl, pH
nonlinear regression analysis. 5.5, buffer. Unbound protein was washed away, and bound
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Ficure 1: SPR and immunoblotting show that higG and HSA bind to independent sites on shFcRn and higG binding does not affect the
HSA—shFcRn interaction. In SPR experiments,:3@ HSA or 10 M hlgG or both (as indicated) were injected at/B/min for 1800 s

over immobilized shFcRn (845 RU) at pH 5.5. The sensorgrams show the mass (RU) of HSA or IgG or both bound to immobilized shFcRn
after blank subtraction on thé-axis vs time in seconds on théaxis (panel A). Panel B shows the sensorgrams qfMIchigG or 2uM

shFcRn or both binding to immobilized HSA (1246 RU) under conditions identical to those in (A). In immunoblotting experiments, samples
of SepharoseHSA were incubated with a fixed concentration of shFcRn and increasing amounts of IgG as shown in panel C. Bound
shFcRn and higG were eluted and quantified by immunoblotting with anti-hlgG or anti-FcRn antibody. Lanes 1 and 2 in both of the gels
contained 4ug of hlgG and 15ug of shFcRn. The higG (triangle) and shFcRn (square) bands were quantified, nonspecific binding was
subtracted, and specific binding was plotted vs higG concentration (panel D).

protein was eluted by boiling with SDS-containing sample of shFcRn to HSA (Figure 1C,D), suggesting that IgG does
buffer (60 mM Tris, pH 6.8, 2.3% SDS, 10% glycerol, 0.01% not cooperatively modulate the FcRalbumin interaction.
bromophenol blue) containing 1% 2-mercaptoethanol and When varying concentrations of higG and a fixed concentra-
analyzed on a SDSpolyacrylamide gel followed by immu-  tion of shFcRn were incubated with aliquots of Sepharose
noblotting with anti-hFcRn (anti-H1) or anti-hIgG-HRP (code HSA (Figure 1C), the amount of higG bound to shFcRn
no. 709-036-146; Jackson Immunoresearch) antibodies andncreased with increasing hilgG concentration and reached
enhanced chemiluminescence as descrih8d The amount  saturation at an IgG:shFcRn molar ratio of 1:1, while the
of shFcRn or higG bound to immobilized HSA was quanti- amount of shFcRn bound to HSA remained constant over
fied with a Fluor-S-Max multimager using Quantity One the entire concentration range of IgG. Moreover, since 1gG
software (Bio-Rad). Nonspecific IgG binding, assumed to did not displace shFcRn from HSA, shFcRn must display
be linear with respect to IgG concentratiod9), was separate binding sites for both ligands, assuming roughly
subtracted from total binding to give specific binding. equivalent affinities.

Isothermal titration calorimetry (ITC) showed that the
titration isotherm of FcRn and HSA (Figure 2A, upper panel)
We previously reported that FcRn binds both albumin and iS characterized by the absorption of heat. The interaction
IgG in a pH-dependent fashion on independent sit. (  has a favorable binding free energgG = —7.2 kcal),
Assessing further by SPR whether the two ligands competedespite an unfavorable enthalpy changded(= 8.0 kcal/
for the same binding site or whether they bind to nonover- mol) caused by a large positive entropy chany& £ 50.1
lapping sites on shFcRn, we found that the amount bound cal/(motK)] characteristic of hydrophobic interactions. The
from a mixture of HSA and higG injected over immobilized binding isotherms fit a model characterized by a single class
shFcRn equaled the sum of the amounts bound from Of noninteracting binding sites (Figure 2A, lower panel) and
injections of the individual ligands, HSA and higG (Figure Yielded a stoichiometry of 1 andkb of 5. 2uM at pH 6.0
1A). In a second experiment when higG, shFcRn, or a (20—22). The stoichiometry and thermodynamic parameters
mixture of the two was injected over immobilized HSA, the obtained in several independent experiments were similar
binding response for the mixture was three times the responsdFigure 2B).
for shFcRn alone, while higG alone did not bind immobilized Our previously reported ligand-affinity experiments indi-
HSA (Figure 1B). These results indicate that HSA and IgG cated that shFcRn binds HSA at acidic pH and dissociates
bind to separate sites on shFcRn. at neutral or basic pHL@). Extending these observations by
Assessing if IgG influences the FCRRISA interaction, surface plasmon resonance (SPR), we measuredhef
we found that IgG neither enhances nor inhibits the binding the molecular interaction between soluble human FcRn

RESULTS
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Ficure 2: Isothermal titration calorimetry shows an entropically driven interaction and a 1:1 stoichiometry of HSA binding to shFcRn. In
the upper panel of (A), HSA (300M), as a series of 1hL injections spaced 280 s apart, was titrated into shFcRmuk2p stirred at 300

rpm, and maintained at 25C at pH 6.0. In the lower panel of (A), the binding isotherms (symbols) were fit (line) to a model describing

a single class of binding sites. The table of panel B shows the thermodynamic parameters obtained by fitting the data to a single class of
binding sites in multiple experiments.

(shFcRn) and human serum albumin (HSA) between pH 5 sites did not improve the quality of fit. Flow cells with ligand
and pH 7. We found that both receptor and ligand bound densities ranging between 500 and 1500 RU gave similar
one another reversibly and the binding response was directlyKp values (data not shown). We have also immobilized HSA
proportional to the concentration of analyte injected when by ligand thiol coupling at Cys 34, the only reduced
either was immobilized on a dextran-coated surface (CM5 sulfhydryl group in HSA, measuring binding at pH 6.0 of
chip). When HSA was injected over immobilized shFcRn, shFcRn at different concentrations; tkg (3.53 uM) was
HSA bound reversibly at acidic pH, and the binding attained similar to those obtained by amine coupling, confirming that
equilibrium in ~500 s (Figure 3A, inset). The binding amine coupling of HSA does not perturb the shFcRn binding
response increased linearly with increasing HSA concentra-site on albumin 24). We also measured the¢p for 1gG2
tion until it reached a plateau at saturating concentrations of binding to immobilized shFcRn and using a bivalent analyte
HSA. The plot of equilibrium binding response vs HSA model found values (2.03 and 3.83v for immobilized
concentration fit a model describing a single class of binding IgG2; 1 and 311 nM for IgG2 binding to immobilized
sites (Figure 3A) but not a model describing two classes of shFcRn) similar to published results of othet§)( We note
noninteracting binding sites (two site) or a model describing that theKp is 7-fold higher when the receptor is immobilized
sequential binding of two sites on the analyte (bivalent than when HSA is immobilized at pH 5.5, but we do not
analyte) as proposed for IgG and immobilized FcRB)( see a change iKp as dramatic (100-fold) as has been
Reversing the orientation of receptor and ligand, im- reported for immobilized FcRn (in the nanomolar range) and
mobilizing HSA on the chip (Figure 3B, inset), and measur- IgG (in the submicromolar rangeR3®). The higherKp
ing equilibrium binding of a variety of concentrations of observed when the receptor is immobilized suggests that free
shFcRn, we found that the binding of receptor was also amine containing residues (Arg and Lys) may be present in
reversible at acidic pH. As with the immobilized receptor, close proximity to the albumin binding site on FcRn. The
the binding response was proportional to the amount of presence of a small amount of aggregates in the HSA
shFcRn injected, and it plateaued at saturating concentrationspreparation did not affect the SPR measurements (please see
The plot of equilibrium binding response vs shFcRn con- Supporting Information). As expected, tkg of the shFcRn
centration fits a single class of binding sites model (Figure HSA interaction increased markedly as the pH changed from
3B), but fitting the data to a model describing two classes acidic (0.2-0.7 uM at pH 5.0) to neutral (34408 uM at
of noninteracting binding sites or sequential binding of two pH 7.0) for both immobilized shFcRn (583-fold) and HSA
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A data to a single class of binding sites atgl at pH 6.0 is
e similar to that obtained in ITC measurements (Figure 2B).
The pH-dependent increaseKn suggests that FcRn may
transport and protect albumin by the same mechanism as
IgG but such a mechanism necessitates thatithef the
FcRn—albumin complex be compatible with the rapid
kinetics required for binding at the acidic pH of the endosome
and release at the neutral pH of the cell surface. To ascertain
thety, of the shFcRA-HSA complex at acidic and neutral
pH and to assess whether the increas&inwith pH is
T P governed by a decreasekpor an increase iRy or both, we
[HSA] (log M) measured th&, andky of the shFcRrR-HSA interaction for
both immobilized HSA and shFcRn (Figure 4). For both
immobilized shFcRn (Figure 4A) and HSA (Figure 4C) the
kinetic data fit the 1:1 binding model better than a model
describing sequential binding of two sites on the analyte
(bivalent analyte) or a model describing one analyte binding
/"‘— independently to two nonidentical sites on the ligand
: XN (heterogeneous ligand), unlike 1IgG and rat FcR%).(These
e results agree with the single class of binding sites observed
e in our equilibrium binding SPR and ITC measurements. The
0 A ka andkg for the entire pH range of 5-07.0 were measured
- g 7 [sth!Rn] (9 M-)é 4 3 on the same immobilized shFcRn or HSA surface. Tihe
C 3 of the shFcRAHSA complex at pH 5.0 and 7.0 for
immobilized FCRn was 120 a@n5 s at pH 5.0 and’.0,
respectively, while that for immobilized HSA was 110 s (pH
5.0) and 12 s (pH 7.0). For immobilized shFcRn, iqer
kq did not change appreciably between pH 5.0 and pH 6.0,
but thek, decreased sharply as the pH increased from 6 to
6.5 and showed a less pronounced decrease as the pH
increased to 7.0. The increased in 3-fold increments when
the pH was increased from 6 to 6:3.0 (Figure 4B). For
immobilized HSA, bothk, andky were practically unaltered
between pH 5.0 and pH 5.5 but changed uniformly and
] reciprocally in 2-2.5-fold increments for every 0.5 pH unit
increase (Figure 4D). As in the equilibrium experiments
50 o5 6o o5 70 (Figure 3), flow cells with ligand densities ranging between
pH 500 and 1500 RU gave simildg and kg values. Thusk,
FIGURE 3: Surface plasmon resonance measurements show reversandky both contribute to the increasek with pH. Accurate
ible binding of HSA and shFcRn with a pH-dependent increase in kinetic measurements at high pH values were not possible

Kp. Increasing concentrations of HSA (10 rMI37uM) or shFcRn  hecause the dissociation rates were very rapid, and rapid
(13 nM—20 uM) were injected at pH 5.5 for 1800 s over flow y rapid, P

cells to which shFcRn (1128 RU) or HSA (1375 RU) had been 2SSociation kinetics result from the high protein concentra-
immobilized. The RU at equilibriumR,,) for each injection were ~ 1IONS reqU”e_d to observe blndm@(TheKD Va'_UeS. de”Ved_
plotted (squares and triangles for immobilized shFcRn and HSA, from the ratio ofky andk, measured in the kinetic experi-
respectively) vs the ligand concentrations, and the data were fit ments were in close agreement with those measured in
(solid curves) to a steady-state affinity model to calcukagefor equilibrium experiments for the entire pH range of 5.0

immobilized shFcRn (panel A) and HSA (panel B). The sensor- .
grams in the inset show the mass (resonance units) of analyte bouno7'0' Thus, these two independent measurements corroborate

to immobilized ligand on th¥-axis after blank subtraction vs time ~ €ach other (Table 1).
in seconds on th&-axis. The relative residual for each data point We wished to determine whether HSA binding to FCRn
was less than 4% of the predicted valkig.was similarly measured  could be localized to one of the three independently folding

over a pH 57 range at 0.5 pH increments after immobilizing ; C A ; _ ; _
shFcRn (squares) or HSA (triangles) (panel C). The plots dhew domains of HSA: either domain | (D-I), domain I (D-11),

by
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on the Y-axis and pH on theX-axis. Values are the means or domain Il (D-1ll). Each of th(_ese_ domain_s has been
standard deviations from six flow cells (coupling density ranging separately cloned and expressedinhia pastorisand has
between 500 and 1500 RU) in two separate experiments. been shown to fold properly on the basis of near-tB8D

and far-UV-CD measurements and to bind ligand ap-
(173-fold) (Figure 3C). However, the 583-fold difference propriately on the basis of induced CD measuremetfis (
observed for immobilized shFcRn is not very precise as We measured the capacity of the individual HSA domains
shown by the large standard deviation (488195 uM), to bind immobilized shFcRn by SPR (Figure 5A). D-1, D-II,
because highKp values such as those observed at pH 7.0 and D-I-1l (a single fragment encompassing both domains)
cannot be accurately measured under the experimentalshowed no measurable binding to immobilized shFcRn, but
conditions. Flow cells with ligand densities ranging between D-lll showed a binding response (97 RU) approximately one-
500 and 1500 RU gave simild€p values. The fit of the  third of that observed with HSA, our positive control (333



4988 Biochemistry, Vol. 45, No. 15, 2006 Chaudhury et al.

A
3 0
)
S
-
X
22 Foq +
14 L~
~ L
3 =
< kel
8.1 | X
@ 2D
Q o
N4 -
0
-3
55 Bﬁ 6.5 7.0
p!
C
0
82
= 1
X —
2 Rl
14 =
= o
kel
g 4 x
S 2
x> 2 13
o]
14
0
+ -3
55 6.0 6.5 7.0
pH

Time (s x 10)

Ficure 4: The increase ifKp with pH, measured by SPR, is governed by rapid association and dissociation kinetics and a reciprocal
relationship betweek, andky. Increasing concentrations of HSA or shFcRn were injected at pH 5.5 over a flow cell to which shFcRn (606
RU) (panel A) or HSA (526 RU) (panel C) had been immobilized. The sensorgrams show the binding response (RU) of analyte to immobilized
ligand after blank subtraction on theaxis and time in seconds on tieaxis (solid lines) and the fit of the data to the 1:1 binding model
(dashed lines). The relative residuals for fitting the data were less than 3% of the predicted vallg (Sidlie symbols) andky (open
symbols) for immobilized shFcRn (squares) and HSA (triangles), measured over -a'pkabge at 0.5 pH increments, are plotted on the
Y-axis vs pH on theX-axis (panels B and D). Values are the meanstandard deviations from six flow cells (coupling density ranging
between 500 and 1500 RU) in two separate experiments.

Table 1: SPR-Derived Kinetic and Equilibrium Constants for binding, suggesting that the domains neither cooperate in
shFcRn and HSA Interaction at Various gHs shFcRn binding nor associate with each other in solution.

To ensure that the domains were still intact, all were analyzed

kinetic . .
k<10  kx10° t, Kkik—Ko  equiibrium by S[_DS—PAG(IjE (FllglrJ]re 5(Ij3).hDensi|tometr¥) offtf;]e C_om-l_
(M s)] [WMs)]  (s) (M) Ko (M) massie-stained gel showed that at least 90% of the signal in
pH  [1/( D
— each lane corresponded to the molecular mass of the bona
Immobilized shFcRn . o . . . )
50 14+ 25 58+03 119 0.4t 0.0 0.7+ 0.2 fide domain; proteolytic degradation is thus an unlikely
55 9.3+0.0 6.9+0.6 100 0.74:0.2 1.2+ 0.4 explanation for the failure of D-I, D-Il, and D-I-1l to bind
6.0 7.7+1.1 85+30 81 1.1+05 3.0+ 1.0 shFcRn
65 1.0+02 21.0+37 33 216+58 53.0+ 23.0° '
7.0 0.54+05 580461 12 116.6+63.6® 408.0+ 199
| . DISCUSSION
mmobilized HSA
. 9+ 4.1 3407 11 2 0. .24 0. . .
E_g S??.i 26 ?_gi 8_4 88 8.3% 8_8 8_& 8_8 We conclude from these data that FcRn binds both albumin
6.0 16.6+15 152+04 46 0.9+0.1 1.8+ 0.1 and IgG at distinct, nonoverlapping sites and IgG neither
65 5.9+13 373+17 19 6511 7.1+ 1. m nor rativelv influences FeRitbumin bind-
7.0 26+1.2 138+134 5 72.8+60.3 347+19.4 competes nor cooperatively influences u bind

i Shi : ~ing. Unlike the FCRA-IgG interaction, the FcRaalbumin
& The equilibrium and kinetic constants were measured in experi- binding is hydrophobic in nature with one albumin molecule
ments described in Figures 1 and 4, respectivelnese values are i qing one molecule of FcRn. The interaction is character-

imprecise (and have large standard deviation) becidyse very large . - o . . L
at higher pH values, and for interactions with laigethe kinetic data ized by a single class of binding sites with an affinity in the

cannot be precisely modeled to calculate accurate rate constants. FofoW micromolar range at acidic pH, unlike the two classes
the equilibrium binding data, impractically high concentrations of of binding sites with different affinities (nanomolar and

analyte are needed for accurdtg measurement at pH 7.0. submicromolar) reported for the FcRIgG interaction.
FcRn’s affinity for albumin decreases with increasing pH,
RU), under saturating conditions. This one-third binding ratio and the interaction has rapid dissociation kinetics, suggesting
of D-lll to HSA suggests equimolar binding since the that, despite the disparities in the mechanism of interaction
molecular mass of D-lll (23.3 kDa) is approximately one- of FCRn and albumin relative to 1gG, the overall mechanism
third of HSA (66.7 kDa). This experiment was performed of albumin protection from a degradative fate is similar to
twice with similar results. The small measurable response that of IgG.
(7 RU) observed with D-I-1l in this experiment was not The FcRr-albumin binding is characterized by an unfa-
replicable and was therefore ignored. We also tested thevorable enthalpy chang@&H) but a large favorable entropy
ability of all the possible combinations of these domains to change AS), a feature characteristic of hydrophobic interac-
bind shFcRn and found that injecting other domains in tions 22, 26, 27). This unique feature of the FcRmalbumin
combination with D-lll had no effect on D-HshFcRn interaction distinguishes it from the FcRIigG interaction,
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A protective salvage cycle is to prolong the life span of
albumin. The role of FcRn in albumin salvage is also
indicated by the observation that FcRn KO mice have shorter
albumin half-lives 13).

HSA (333 RU) Comparing the kinetics of the FcRmalbumin interaction

with that of peptide binding to MHC | and MHC I

molecules, we find that, unlike the much slower kinetics of

peptide binding to MHC | and Il molecule$; £ of 83 and

45 min, respectively), FcRnalbumin association and dis-

sociation kinetics are very rapid, suggesting that the FeRn

albumin interaction is mechanistically different from the

MHC—peptide binding but similar to the FCRilgG interac-

tion (7, 33—35). The kinetic rate constants show that the

increase inKp with pH is due to reciprocal changes kg

andky. Such pH-dependent binding has also been reported

M D D) Dl Dokl for peptide binding by MHC I molgcules, b_ut_pH depen-_

dence is governed by a decrease in association rate while

the dissociation rate remains unchang6) (

The pH dependence of the FcRalbumin interaction
suggests that, like IgG, albumin binding to the receptor might
also be mediated through titratable histidine residues. An
alignment of the amino acid sequences of thehains of
FcRn from nine species of mammals [human, rat, mouse,
bovine, possum, macaque, dromedar, pig, and sheep (Dr.
Imre Kacskovics, Szent IstmaUniversity, Budapest, Hun-
gary, personal communication)] reveals a likely candidate
FiGURE5: SPR shows that only domain Ill of HSA binds shFcRn. histidine on the receptor. Of the eight histidines in human
Panel A: Various recombinant domains of HSA and native HSA FcRn (hFcRn) only H166 is conserved in all nine FcRn
;tul)oéto'\r/l ‘{VSe(;(e) 'ng?teaa; g"-/_lrfr‘]'g g‘i’ne(;ig“““rgg"'gﬁgesgt':?ﬂ“(ﬁa -, sequences, but it is expressed in only a small fraction (6 of
was measured andp is indicated by thge nur%bers in pgrenthesesgn Qf randomly ch(_)sen MHC | sequences. H166 (H.168 n
Various combinations of these domains, D-IH D-Ill, D-Il + rat) is not involved in IgG or b2m interaction according to
D-lll, D-1 + D-lIl, and D-1 + D-Il + D-lll, when injected over mutational and crystallographic studies of the rat FCRn (
the same immobilized shFcRn surface showed binding responsess). Another histidine, H263, in FcRa-chain sequences is
comparable to that obtained with D-I1l alone (data not shown). Panel 3|50 conserved but is a nearly constant feature of all Ig

B shows a Commassie-stained 15% SIFRAGE of all of the HSA : . .
domain preparations that were used in the SPR experiment. Mdoma‘InS ). We speculate that albumin may bind at or near

indicates molecular mass markers in kDa; D followed by Roman H166 on human FeRn.
numerals indicates purified preparations of recombinant domains The experiments measuring binding of FcRn to the three

and a single recombinant fragment including domains | and Il (5 recombinant aloumin domains establish that aloumin D-IlI

B

W

Response (RU x 100)
3+

DIl (97 RU)

-

D-I(ORU) D-I{ORU) D-HI(7RU) |

12 24
Time (s = 100)

220
a7

66
45

30

ug of protein per lane). alone is both necessary and sufficient for binding to FcRn.
Not only is D-Ill the only domain of the three to bind
which has been shown to be driven by a favorablé and immobilized shFcRn, but D-IIl binding is equimolar to HSA

a relatively small favorabl&S (20). Moreover, binding of  binding. Amino acid sequence alignment of D-IIl of albumin
several fatty acids, liposomes, surfactants, and drugs tofrom different species (rat, bovine, mouse, and human) that
albumin has been shown to be exothermic and largely have been shown to bind shFcRn (unpublished data) reveals
enthalpy driven with the exception of some site | binding of that, of the four histidines in D-IIl (H440, H464, H510,
heterocyclic drugs that are entropically driven with a minor H535), three are conserved (H464, H510, H535). It has been
favorableAH (28—32). shown that H464 undergoes pH-dependent protonation
Kinetic and equilibrium measurements show that like the between pH 5.0 and pH 7.0 during the-B transition of
FcRn—1gG complex the affinity of the FcRnalbumin albumin, suggesting a potential for histidine-mediated pH-
complex is exquisitely sensitive to pH, being reduced by over dependent interaction with FCRB87).
2 orders of magnitude as the pH is raised from 5.0 to 7.0. Conserved histidine residues are, therefore, positioned on

Moreover, like the FCRrIgG complex {1, decreases 10 both the receptor and the ligand to account for histidine-
30-fold; 420-558 s at pH 6.0 and 1860 s at pH 7.0) the  mediated pH-dependent binding. Determining whether the
t1, of the FcRnA-albumin complex decreases -120-fold histidines on the receptor, ligand, or both are involved in

when the pH is increased from acidic (31020 s at pH 5.0) binding and, more importantly, if histidine residues are at
to neutral (5-12 s at pH 7.0) 7). These data support the all involved in the FcRa-albumin interaction will require
proposed role of FCRn as a protection receptor for albumin mutational analysis beyond the scope of our present study.
whereby FcRn binds albumin with high affinity in the acidic The possibility that pH-dependent binding occurs due to a
endosome, diverts it away from the lysosomal degradation conformational change in the receptor as has recently been
pathway, and releases it at the slightly basic pH of the cell reported for FCRY cannot be ruled o@8]. This explanation
surface where the affinity of FcRn for albumin is decreased is, however, less likely considering that FcRn does not
and the dissociation rate is rapid. Both FcRn and albumin undergo any pH-dependent conformational chandes,(

are then free to recycle. The functional effect of this 7, 38, 39).
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