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ABSTRACT. The neonatal Fc receptor (FCRn) performs two distinct but related functions: transport of
maternal immunoglobulin G (IgG) to pre- or neonatal mammals, thus providing passive immunity, and
protection of IgG from normal serum protein catabolism. FcRn is related to class | MHC proteins but
lacks a functional peptide binding groove. The crystal structure of human FcRn has been determined at
2.7 A resolution and compared to the previously described structure of rat FcRn [Burmeister et al. (1994)
Nature 372 336-343] and to the structures of MHC and MHC-related proteins. Human FcRn is structurally
similar to the rat receptor but does not form receptor dimers in the crystals as observed in crystals of rat
FcRn. The interaction between human FcRn and IgG was characterized by determining the binding
stoichiometry using equilibrium gel filtration and by deriving binding affinities for the different human

IgG subclasses using a surface plasmon resonance assay. Like rat and mouse FcRn, human FcRn interacts
with 1gG with a 2:1 receptor:ligand stoichiometry. The binding of human FcRn to the four human IgG
subclasses shows subclass and allotype variations but no clear subclass affinity differences that correlate
with serum half-lives. The structure of human FcRn and studies of its ligand binding are relevant to
current efforts to use FcRn-mediated regulation of IgG half-life in serum to increase the lifetimes of
antibody-based therapeutics.

The neonatal Fc receptor (FcRmrovides the fetus or  the extracellular milieu. In cases in which FcRn functions
newborn with passive immunity to antigens encountered by in the absence of an external pH gradient, such as placental
the mother by supplying the offspring with maternal antibod- transport or as a protection receptor, IgG enters acidified
ies, specifically immunoglobulin G (IgG) (reviewed in refs endosomes following fluid-phase endocytosis, binds to FcRn,
1-3). In rodents, transfer of immunity occurs primarily after and is transported to the cell surface where it dissociates to
birth, through FcRn-mediated transport of maternal IgG in enter the bloodstream. Thus, pH-dependent binding is critical
ingested milk across the small intestine of the neonate. for all functions of FcRn.

Humans acquire maternal IgG before birth by transport across FcRn is a heterodimer composed of two polypeptide
the placenta, which is thought to be mediated by placental chains: a transmembrane chain related to the heavy chains
FcRn @). In addition to its role in transfer of maternal IgG  of class | major histocompatibility complex (MHC) mol-
to pre- and neonatal animals, recent results suggest that FcRecules and the light chaifi2-microglobulin 32m) (8, 9),
functions throughout life as the receptor responsible for which also serves as a subunit of class | MHC proteins.
protecting circulating IgG from degradatiob7). FcRn has Previous structural studies focused upon the rat form of FcRn
been characterized in the r& Q), mouse (0), human 4), (rFcRn). The 2.2 A crystal structure of rFcRIE2| confirmed
and cow {1). All forms of FcRn show pH-dependent binding an MHC class I-like fold with the notable exception that
to the Fc portion of 1gG, such that binding is observed at rFcRn contains a narrowed and nonfunctional version of the
acidic (pH= 6.5), but not basic, pH. The pH dependence of MHC peptide binding groovel@). An unexpected feature
the FcRn interaction with 1gG ensures that FCRn binds to of the crystal structures of rFcRn along2 and a low-
IgG in intracellular acidic compartments but releases 1gG resolution structure of the complex between rFcRn and Fc
rapidly upon encountering the slightly basic pH7.4) of (13) was the presence of receptor dimers, which were
suggested to be important for FcRn functidd)( The rFcRn

t Supported by a grant from the NIH (AI/GM41239 to P.J.B.) and dimer _int_erface i_s mediated by several intermolecular elec-
the Cancer Research Fund of the Damon Ruryfalter Winchell trostatic interactions and an ordered carbohydrate from an
Foundation Fellowship, DRG-1445 (A.P.W.). N-linked glycoside at the dimer interfacgq) (Figures 1and

¥ Atomic coordinates have been deposited in the Protein Data Bank, 3A). The extracellular region of human FcRn (hFcRn) shares
accession code LEXU. 68% amino acid sequence identity with rFcRi), put many
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globulin G; Kp, equilibrium dissociation constant; rFcRn, rat FcRn; dimerization. To further explore the structural requirements
RU, resonance units. for FcRn function and dimerization, we expressed a soluble
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mFcRn  SETRPPLMYHLTAVSNPSTGLESFWATGWLGPQQYLTYNSLRQEADPCGAWMWENQVSWYWEKETTDLKSKEQLFLEALKTLEKILNGT 89
rFcRn  AEPRLPLMYHLAAVSDLSTGLPSFWATGWLGAQQYLTYNNLRQEADPCGAWIWENQVSWYWEKETTDLKSKEQLFLEATRTLENQINGT 89

ol
hFcRn AESHLSLLYHLTAVSSPAPGTPAFWVSGWLGPQQYLSYNSLRGEAEPCGAWVWENQVSWYWEKETTDLRIKEKLFLEAFKALGG KGP 87

bFcRn  AENYRSLOYHFTAVSAPAAGTPAFWVSGWLGPOUYLSYNNLRAQAEPYGAWVWESQVEWYWEKETMDLENQETLFLEALQALG EGP BE

- - - —

mFcRn YTLQGLLGCELASDEEEVPTAVFALNGEEFMKFNPRIGEEZGE&PETEIVANLWMKQPDAARKESEFLLNSCPERLLGHLERCRRNLEWK 179
rFcRn  FTLQGLLGCELAPDNSSLPTAVFALNGEEFMRFNPRTGNWSGEWPETDIVGNLWMKQPEAARKESEFLLTSCPERLLGHLERGRONLEWK 175 (12
hFcRn  YTLQGLLGCELGPDNTSVPTAKFALNGEEFMNFDLKQGTWGGDWPEALAI SQRWQQQDKAANKELTFLLFSCPHRLREHLERGRGNLEWK 177
bFckRn FTMQGLLGCELGPDNVSVPVAKFALNGEEFMMFDPKLGIWDGDWPESRTVSIKWTQQPEAVNKEKTFLLYSCPHRLLGHLERGRGNLEWK 176

- - —_— —_— —_— —_— —

mFPcRn  EPPSMRLKARPGNSGSSVLTCAAFSFYPPELKFRFLRNGLASGSGNCSTGPNGDGSFHAWSLLEVERGDEHHYQCQVEHEGLAQPLTVDL 269
rFcRn  EPPSMRLKARPGNSGSSVLTCAAFSFYPPELKFRFLENGLASGSGNCSTGPNGDGSFHAWSLLEVKRGDEHHYQCQVEHEGLAQPLTVDL 269 (la
hFckn  EPPSMRLEARPSSPGFSVLTCSAFSFYPPELQLRFLRNGLAAGTGQGDFGPNSDGSFHASSSLTVKSGDEHHY CCIVQHAGLAQPLRVEL 267
bFcRn EPPSMRLKARPSSPGFSVLTCSAFSFYPPELKLRFLRNGLAIGSGEIDMGPNGDGSFYAWSSLTVKSGDEHHYRCVVQHAGLAQPLTVEL 266

Ficure 1: Alignment of the humand4j, rat 9), mouse {0), and bovine 11) FcRn sequences. Potential N-linked glycosylation sites are
underlined. Residues at the interface between rFcRn and Fc, as determined by site-directed mutdgemedithé low-resolution rFcRn

Fc cocrystal structurel@), are labeled with asterisks. Residues at the interface of the rFcRn dimer of heterodimers are shaded.
Crystallographically determined secondary structural elements are shown above the sequences as @rstresidisrand solid bands for
o-helical regions.

version of hFcRn, determined its crystal structure, and bands, an upper band of apparent molecular mass 32 kDa,
characterized its interaction with human IgG. We find that corresponding to the truncated heavy chain, and a lower band
hFcRn is structurally similar to rFcRn but does not form of apparent molecular mass 12 kDa, corresponding2io
dimers in the crystals. As also found for soluble versions of (data not shown). The increase in apparent molecular mass
rFcRn and mouse FcRn (mFcRr)g( 17), two molecules of the heavy chain compared to that predicted from the
of hFcRn bind to each IgG, resulting in a 2:1 binding protein sequence (29.7 kDa) presumably corresponds to
stoichiometry. The binding affinities of hFcRn for the four N-linked carbohydrate attached to Asn 102.
subclasses of human IgG were examined using a surface |gG ReagentsHuman IgG derived from serum (a mixture
plasmon resonance (SPR) based assay. These results aisf the four human IgG subclasses) (Sigma) was used for
discussed in light of the serum half-life properties of the IgG equilibrium gel filtration experiments. Purified human IgG
subclasses. subclasses were purchased from Calbiochem (IgG1, 19G2,
IgG3, and 1gG4) and Sigma (IgG2, IgG3, and 1gG4). All of
MATERIALS AND METHODS the purified subclass proteins contained khéght chain,
Expression and Purification of hFcRA.construct encod- ~ e€xcept for the Calbiochem 19G3, which had éght chain.
ing a soluble portion of hFcRn (residuesa67 of the mature ~ Each of the proteins purchased from Calbiochem was
protein) was made by PCR and subcloned after sequencing®btained from a single myeloma patient and thus should
into the expression vector pBJ5-GS, which contains a consist of a single allotype. No information was available
glutamine synthetase gene as a selectable marker and mearf¥) the origin of the Sigma proteins.
of gene amplification18). This construct and a huma2m Determination of Protein ConcentrationScRn and 1gG
expression vector1@) were cotransfected into Chinese concentrations were determined spectrophotometrically using
hamster ovary (CHO) cells. Selection, amplification, and extinction coefficients at 280 nm of 84 900 #cm™* (FcRn)
maintenance of methionine sulfoximine-resistant cells ex- and 224 000 M* cm™* (human IgG). Extinction coefficients
pressing FcRif2m heterodimers were done as described were calculated on the basis of the amino acid composition
previously @0). Media supernatants were collected from 10 (21).
cm plates every 23 days. hFcRn was isolated from Crystallization, Data Collection, and Processir@rystals
supernatants using a functional purification scheme based(space groufP4s;2;2; one molecule per asymmetric unit) of
upon pH-dependent binding to an IgG column, as previously hFcRn were grown at 22ZC in 1:1 hanging drops containing
employed for purification of rFcRn2Q). In brief, superna- FcRn (21 mg/mL) and 1.5 M ammonium sulfate, 100 mM
tants were acidified to pH 5.8 and then passed over a humanTris, pH 8.5, and 12% (w/v) glycerol. After noticing that
IgG column, prepared by coupling 100 mg of human 1gG unnucleated drops formed crystals when a tray was left in a
(Sigma) to a 12 mL packed volume of CNBr-activated warm room, we determined that equilibrated drops (which
Sepharose (Pharmacia) as per the manufacturer’s instructionsonly rarely nucleated at 22C) could be reproducibly
After extensive washing with a pH 5.8 Bis-Tris solution, nucleated by brief heating (37C for 15 min). The pH of
FcRn was eluted with 50 mM Tris, pH 8.1. This material the equilibrated drop is estimated to be 8.2, based upon
was further purified using a Uno-Q1 column (Bio-Rad). The measurement of a mock solution. Crystals with similar unit
protein was bound to the column at pH 8, and a pH gradient cell constants have also been grown from a pH 6.8 crystal-
eluted hFcRn between pH 6.5 and pH 7.0. N-Terminal lization buffer, suggesting that the oligomerization state in
sequence analysis of purified hFcRn revealed the first 11 the crystals does not change between pH 6.8 and pH 8.2.
residues of the mature forms of the hFcRn heavy chain andData were collected at room temperature from a single crystal
human f2m. Thus, humar32m does not exchange for to 2.7 A with an R-AXIS Il detector using Cudradiation
endogenous hamstéizm or bovinef2m present in the  from a Rigaku RU-200 rotating anode (Table 1). Data were
medium. hFcRn migrates on an SBBAGE gel with two processed and scaled with DENZO and SCALEPAQR) (
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Table 1: Data Collection and Refinement Statistics for hFcRn

P432,2
66.4, 66.4, 221.8

space group
unit cell dimensions (A)
data collection

resolution 30-2.7 (2.8-2.7)

temperature 22C

mosaicity 0.22

observations 79025

unique reflections 14243 (1374)

completeness (%) 98.7 (99.4)

o 23.5(5.7)

Reym (%0) 6.7 (30.7)
refinement

resolution (A) 36-2.7

work reflections 13521

test reflections 722 (5%)

Reryst (%) 19.7

Riree (%0) 24.7

no. of protein atoms 2756 (354 of 366 residues)

no. of water atoms 47

averageB factor 55.4 R

anisotropidB correction Bi1 = Byo= 4.64 R, Byz= —9.28 &
model geometry

rms deviations from ideal

bond lengths (A) 0.007

bond angles (deg) 1.3
Ramachandran plot quality

most favored 87.5%

additionally allowed 11.8%

generously allowed 0.7%

disallowed 0.0%

Structure Solution and Refinemenkthe structure was

determined by molecular replacement using AMoR8) (

with the 2.2 A structure of rFcRn (PDB code 1FRU,

West and Bjorkman

of hFcRn with human 1gG. Chromatography was performed
at a flow rate of 0.1 mL/min using a SMART micropurifi-
cation system (Pharmacia), and the absorbance of the eluant
was monitored at 280 nm. A Superdex 200 PC 3.2/30 gel
filtration column was equilibrated with and run in 20 mM
sodium phosphate, pH 6.0, and 150 mM NacCl containing
0.25, 0.5, 1.0, 2.5, or M FcRn (equilibration buffer).
Samples (2@cL) including pooled human IgG (not fraction-
ated by subclasses) and various concentrations of FCRn were
incubated for 20 min at room temperature in equilibration
buffer. At each concentration of FcRn in the equilibration
buffer, a series of injections containing a mixture of a fixed
concentration of human IgG with a series of FCRn concen-
trations were performed. Relative trough and peak areas were
determined by integrating the FcRn elution region using the
SMART system software. By plotting the area of the trough
or peak versus the injected FCRn concentration, one can
derive the concentration of injected FcRn that would give a
flat baseline with no peak or trough at the position where
free FcRn elutes. At this injected FcRn concentration, the
concentration of free FcRn is equal to that in the equilibration
buffer. The concentration of bound FcRn can be determined
by subtracting the equilibrium buffer concentration from this
injection concentration. Thus, each series of injections at a
single equilibration buffer concentration gives one data point
(FcRn bound, FcRn bound/FcRn free) for a Scatchard
analysis. To maximize the peak or trough signal without
excessively depleting the equilibration buffer surrounding
the injection volume, we chose the fixed concentration of
IgG used for each series of injections to be the same as the

nonconserved residues truncated to alanine) as a searcfrcRn concentration in the equilibration buffer. Hence, the

model. The top rotation function (284 A) peak yielded a

P4;2:2 translation function (84 A) solution (correlation

coefficient of 30.5%R factor of 51.6%), which was better
than any solution in space grouph2:2, and an electron

density map calculated with th®452,2 solution was
interpretable. Rigid body refinement (2@ A) resulted in

bound term in the Scatchard analysis is normalized as
micromoles of FcRn bound per micromole of 1gG injected.
Biosensor AssaysA Biacore 2000 biosensor system
(Pharmacia, LKB Biotechnology) was used to assay the
interaction of FcRn with the different human IgG subclasses.
This system includes a biosensor chip with a dextran-coated

an Reyst Of 48.6%. Solvent-flattened maps calculated to 3.0 gold surface to which one protein (referred to as the “ligand”)
A were used for initial rebuilding. Anisotropy and bulk is covalently immobilized. Binding of an injected protein
solvent corrections were applied, and the model was refined(the “analyte”) to the immaobilized protein results in changes
(30—2.7 A) using individual temperatureB) factors with of the surface plasmon resonance that are directly propor-
X-PLOR (24). All structure factors greater than or equal to tional to the amount of bound protein and read out in real
0 were used in the refinement. Residues3land 52-59 of time as resonance units (R 30). Since each polypeptide
the FcRn heavy chain are not seen in the electron densitychain of an Fc homodimer can be bound by an FcRn
and have been omitted from the model, and 19 side chainsmolecule 81), the observed binding of IgG to immobilized
are disordered and were modeled as alanines (FcRn residueBcRn involves a mixture of singly or doubly liganded Fc
63, 85, 164, 168, 169, 171, 175, 215, and 223n residues  regions. At a sufficiently low coupling density of FcRn,
16, 19, 42, 47, 48, 73, 74, 75, 97, and 98). In contrast to the interactions involving singly liganded Fc regions predomi-
rFcRn structure, in which cysteines in th2 domain (Cys nate. As the coupling density increases, the likelihood of
98 and Cys 161) existed in alternate conformations (20% in doubly liganded binding increases. When 1gG or Fc is
a covalent interaction to form a disulfide bridge; 80% in a immobilized and FcRn is injected, interactions corresponding
noncovalent conformation)1®), the counterpart cysteines to the singly liganded population are observed, resulting in
in hFcRn (Cys 96 and Cys 159) in hFcRn appear completely a systematically lower apparent affinity than derived when
in the covalent conformation. No carbohydrate is visible at FcRn is immobilized 31, 32).
the only potential N-linked glycosylation site, Asn 102, in Since we were comparing the binding of a number of
hFcRn. As in rFcRn, the unpaired cysteine at position 48 different ligands (human IgG subclasses) to a single receptor
appears to be blocked by an unidentified group, which has (hFcRn), affinity measurements were done using immobilized
been modeled as a mercaptoethanol molecule. Figurds 2 hFcRn and injected human IgG’s. hFcRn was covalently
were made with Molscript25) and Raster3D26). immobilized to three of the four flow cells on a CM5
Equilibrium Gel Filtration The equilibrium column chro-  biosensor chip (Pharmacia) using standard primary amine
matography method of Hummel and Drey&iY including coupling chemistry (Biacore manual) at three different
Scatchard analysi®®) was used to analyze the association densities {100, 506-600, and 10082500 RU). The fourth
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flow cell was mock coupled using buffer to serve as a blank. closely resembles that of rFcRn, both having an MHC class
Human IgG proteins were injected at room temperature in I-like fold (Figure 2). The heavy chains of FcRn and class

50 mM sodium phosphate, pH 6.0, and 150 mM NacCl.
Binding reactions were allowed to closely approach or to
reach equilibrium andKp’'s were derived by nonlinear
regression analysis of plots 8, (the equilibrium binding

I MHC molecules are composed of ad—oa2 superdomain
containing an eight-stranded antiparaffesheet topped by
two a-helices, which is linked to the immunoglobulin-like
o3 domain. Thef2m light chain interacts with the heavy

response) versus the analyte concentration. Binding data werehains of rFcRn, hFcRn, and class | MHC proteins in a

fit to a model with two classes of noninteracting binding
sites as described for the analysis of rFcRn with I§3).(

similar manner, making contacts with the underside of the
ol—a2 platform and with the side of the3 domain (Figure

This model assumes that there are two classes of Fc binding2A).

sites on the chip and derives macroscopic equilibrium
dissociation constant¥f; andKp,) and the percentage of
the total response due to each class of binding siteen@
f;). The higher affinity binding constank,) corresponds
to the affinities measured in cell binding assays involving
membrane-bound FcRB3, 34), in which the signal due to
lower affinity binding is presumably lost during washing
(32.

To derive aKp that corresponds directly to solution-phase

The loop immediately preceding thel domain helix
(residues 5259) is disordered in the hFcRn structure,
although it is ordered in the rFcRn structurég,(15). This
loop contains two partially solvent-exposed tryptophan
residues (Trp 53 and Trp 59) that are conserved in all known
FcRn sequences (Figure 1), though they are not present in
class | MHC proteins or other class | homologues. These
tryptophans have no clear structural role in FCRn and are on
the opposite face of thel—a2 platform from the Fc binding

affinity measurements, we also analyzed the biosensor datasite (13). Exposure to solvent and being disordered in the
using a bivalent analyte model. The bivalent analyte model hFcRn structure is consistent with a role other than maintain-

fits the binding data to sequential reactions (FcRifrc <
FcRn—Fc and FcRaFc + FcRn < FcRn—Fc—FcRn),
deriving microscopi&p’s (Kp 1s:andKp 2ng that correspond

to the affinities observed when immobilized IgG interacts
with injected FcRn (Figure 6 legend) or when Fc and FcRn
interact in solution (Figure 5). For these analyses, we

ing the structure of FcRn. One possible function for these
residues is to interact with the membrane bilayer to facilitate
orientation of FcRn in a “lying down” conformation on the
membrane 12, 13), thereby exposing the Fc binding site in
a orientation that minimizes steric hindrance for binding IgG.
Such tryptopharrmembrane interactions have been proposed

simultaneously fit equilibrium data from flow cells coupled
to densities o+~100, 500, and 1500 RU for twKp's and
three coupling densities. The expression for the equilibrium
binding responseRk.q for a bivalent analyte is

for other cell surface proteins, for example, myelin protein
Po (36).

The most notable structural difference between FcRn and
MHC class | proteins is the absence of a functional peptide
binding groove in FcRn. Structural features of rFcRn that

SC . SKoand| [A] Kp 1st result in groove closure and the inability to bind peptides
Req= ) + 8 |K - Al include (1) the side chain of Arg 164, which occludes the
D,1st rFcRn counterpart of the class | MHC pocket that interacts

(\/ 8CKp 1[A] ) with main-chain atoms of the peptide N-terminus (pocket
1+ ’ >~ 1 A), and (2) a kink in then2 domain helix near rFcRn Pro
Kp,2ndKp,1st 1 [A]) 162, which is associated with an almost rigid body displace-
ment of a 40-residue region (residues +261) encompass-
where Req is the equilibrium response in resonance units ing the N-terminal portion of thex2 helix, the preceding
(RU), Cis the coupling density of the ligand (FCRn) in moles  short helix, and the two outermost strands of a23-sheet
per liter, [A] is the concentration of the analyte (I9gG), and (12). These groove closure features are also found in hFcRn
Sis a scale factor (resonance units per mole per liter of (Figure 2B). We originally suggested that the rearrangement
analyte). From the above expression Ry, one can show  jn the a2 domain helix results from the presence of a helix-
that half of the maximal response occurs when AKp 1st breaking residue (Pro 162 in rFcRn, Pro 160 in hFcRa).(
and that half of the Ilgand molecules are bound to analyte Another class | MHC homo|ogue’ CD1, includes an analo-
when [A] = Kp 1sKp 2nd (Kb 2na +- C), Which is equivalentto  gous proline positioned near a kink in it2 domain helix
Kb, the macroscopic high-affinity binding constant. When (37), whereas the analogous residue in class | MHC
the coupling density concentratiad, is comparable tp 2na molecules is a valine3g). However, two recent structures
the macroscopic affinity becomes dependent on the couplingof class | MHC homologues [HFE39) and ZAG @0)] reveal
density due to an avidity effect. For a related discussion in o2 domain helices that accommodate a pro”ne at this
the context of bivalent antibody interactions with antigens, position without distortion compared to the2 domain

see ref3s. helices in class | MHC molecules. Hence, features in addition
to the proline in then2 domain helix must contribute to
RESULTS groove closure in FcRn. By identifying structural features

common to hFcRn and rFcRn, we can locate residues likely

Overview of the hFcRn Crystal Structur8oluble hFcRn  to be involved in closure of the FcRn groove. In both FcRn
was expressed in CHO cells and purified using the pH- structures, the position of the2 domain helix is stabilized
dependent Fc binding activity that hFcRn shares with the by close contact between residues ondfieanda2 domain

rodent forms of FcRn. The crystal structure of hFcRn was helices, thereby closing off the right side (as depicted in

determined to 2.7 A by molecular replacement using the 2.2 Figure 2B) of the groove. Conserved interactions between
A structure of rFcRn12). The overall structure of hFcRn  the ol and a2 domain helices15) include a salt bridge
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hFcRn
rFcRn

Ficure 2: (A) Ribbon diagrams of hFcRn, rFcRn (PDB code 3FRU), and the class | MHC molecule HLA-A2 [PDB code 3QLRR)
Comparisons of the grooves of hFcRn, rFcRn, and HLA-A2. The disordered loop in hFcRn (resigtiEd) ¥2shown as a dashed line
using the rFcRn structure in this region. (C) Stereo overlay of the hFcRn and rFcRn structures after superposdi@ioofsCin the
al—a2 platform. A key residue at the Fc binding si#) (rFcRn Trp 133; hFcRn Trp 131) is highlighted on each structure. Root-mean-
square deviations between hFcRn and rFcRn: overall, 1.09 A (844dt@ns);al domain, 1.09 A (69 @ atoms);a2 domain, 1.15 A (83

Ca. atoms);a3 domain, 0.72 A (90 @ atoms);32m, 0.67 A (99 @ atoms).

between Lys 71 and Glu 151 (rFcRn Glu 153) and a occludes a region analogous to a pocket (pocket E) that
hydrophobic contact between Leu 74 and Trp 141 (rFcRn accepts a side chain from the bound peptide in class | MHC
Trp 143). In both forms of FcRn, the side chain of Leu 74 molecules.
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A rFcRn dimer

ol-02

B C hFcRn dimer (modeled)

Ficure 3: Comparison of the rFcRn dimer interface with a hypothetical hFcRn dimer interface. (A) Ribbon diagram of the rFcRn dimer
(PDB entry 3FRU) including ordered carbohydrate residues. The ordered carbohydrate of each rFcRn heavy chain interacts extensively
with the a3 domain of the dimer-related molecule. (B) Close-up view of the rFcRn dimer interface. Side chains are displayed if an atom
from the residue is within 3.5 A of a residue on the other molecule. For clarity, each such residue is shown only on one of the dimer-related
molecules, and only the sugar residue directly attached to Asn 225 is shown. (C) Model of a hypothetical hFcRn dimer derived from the
crystallographically observed rFcRn dimer by aligning éif&domains of two hFcRn molecules with the rFcR8 domains.

hFcRn Does Not Form Dimers in the Crystafsdistinc- 89 of the dimer-related2m, and Gly 191 with its counterpart
tive feature of rFcRn crystals is the presence of dimers of on the dimer-related molecule, were previously examined
rFcRn heterodimers. The same 2-fold symmetric dimers, by site-directed mutagenesis. Mutation of rFcRn His 250 and
mediated by contacts between th8 and f2m domains His 251 resulted in a 6-fold reduction in affinity between
(Figure 3A), were present as noncrystallographically related rFcRn and IgG41), and substitution gf2m Glu 89 reduced
partners in three different crystal forms of rFcRn (space the binding affinity by 3-4-fold (42), although these residues
groupsC222;, P2;, andP3,21) (12) and as a crystallographi-  are distant from the Fc binding sit&3). Likewise, substitu-
cally related dimer in the FcRiFc cocrystals 13). It was tion of Gly 191 with a residue containing a larger side chain
suggested that the rFcRn dimer represents a dimer normallyresulted in a 3-9-fold affinity reduction 42). These results
induced by IgG binding and that the high protein concentra- suggest that rFcRn dimerization is required to achieve
tions required for crystallization permitted formation of the maximal binding affinity for 19G.
dimer in the absence of Ig@2—14). Since theC222, crystal In contrast to the rFcRn crystal forms, hFcRn does not
form, which contains three rFcRn molecules per asymmetric form dimers in the one crystal form that was obtained. This
unit, includes an rFcRn monomer along with an rFcRn dimer, crystal form (space grour4s2;2) contains one hFcRn
dimerization is favored but not obligatory in rFcRn crystals. heterodimer per asymmetric unit and does not include hFcRn
Dimerization of rFcRn is mediated by electrostatic interac- dimers related by crystallographic symmetry. To address the
tions and ordered carbohydrate residues attached to Asn 22%ossibility of forming hFcRn dimers, we generated a model
(15) (Figure 3A). A total of 2600 Aof surface area is buried  of an hFcRn dimer (Figure 3C) based upon the structure of
at the rFcRn dimer interface, of which 1500 i& buried by the rFcRn dimer (Figure 3A,B). Although hFcRn molecules
protein—protein interactions and 11002Ais buried by can be accommodated in a dimer without significant steric
interactions between the ordered carbohydrate and proteindifficulties, several features of the rFcRn dimer interface are
components of the dimer-related molecul®)( The interac- not conserved in an hFcRn dimer. First, there can be no
tions of a3 domain residues His 250 and His 251 with Glu carbohydrate protein interactions at an hFcRn dimer inter-
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Ficure 4: Comparison of the Fc binding site. Residues identified
as part of the rFcRn binding site for Fc, as predicted by the low-
resolution rFcRA-Fc cocrystal structurel®) and confirmed by site-
directed mutagenesid?), are highlighted on the structures of rFcRn
and hFcRn. rFcRn residues 886 are in the vicinity of the Fc
binding site, but substitution of these residues for their class | MHC
counterparts results in no change in the affinity between rFcRn
and 1gG @2). The loop containing rFcRn residues-886 differs

West and Bjorkman

131 in hFcRn packs against thgg @tom of Phe 117 and is
thus less solvent exposed than its rat counterpart, Trp 133.
This tryptophan is thought to interact with a hydrophobic
patch on Fc that includes lle 253, which was identified as a
critical residue on Fc for interaction with FCRAX-47).
Since the tryptophan side chain is not constrained into
any particular conformation in uncomplexed hFcRn or
rFcRn, it may adopt a different conformation upon binding
Fc. Another difference in the Fc binding site is the replace-
ment of Asp 137 of rFcRn by Leu 135 in hFcRn. The FeRn
Fc cocrystal structure predicts that Asp 137 is in the vicinity
of Fc His 435 (L3), suggesting that it might participate in a
pH-dependent electrostatic interaction in the rFeRyG
complex, consistent with the observation that substitution
of Asp 137 to an asparagine reduces the affinity of rFcRn
for 1I9G by >8000-fold @2). Since Fc residue 435 is not
conserved as a histidine in all species and subclasses of IgG
(388), hFcRn and rFcRn are predicted to recognize 1gG’s with
different rank order affinities. The third difference in the
vicinity of the Fc binding site between hFcRn and rFcRn
results from the two-residue deletion in hFcRn at the
C-terminal end of thexl domain helix (Figure 4). The
structural manifestation of this difference is the deletion of
about one turn of that helix. The loop connecting this end
of the helix to theal—a2 platform also differs from its
counterpart in rFcRn, because it lacks a potential N-linked
carbohydrate site present at Asn 87 in rFcRn and includes a
cis-proline (hFcRn Pro 87). Although this loop is predicted
to be in the vicinity of an IgG ligand on the basis of the
low-resolution FcRr-Fc complex structurel@), replacement

of part of this region of rFcRn (residues -886, without
disruption of the N-linked glycosylation site at Asn 87) with
the corresponding MHC class | residues had no effect on

between hFcRn and rFcRn in that the hFcRn loop is two residues I9G binding @2).

shorter (Figure 1), does not contain an N-linked glycosylation
attachment site (indicated on the rFcRn structure at residue 87)
and includes a&is-proline at residue 87.

Stoichiometry of the hFcRAgG ComplexTo determine

'the stoichiometry of the hFcRAgG interaction, we per-

formed a series of equilibrium gel filtration experiments.
Conventional gel filtration experiments are often used to

face because the potential N-linked glycosylation site is lost assess the stoichiometry of protein complexes. However,
in hFcRn by the replacement of Asn 225 in rFcRn by a transient dissociation of weak complexes during chroma-
glutamine in hFcRn (GIn 223). Other interactions favorable tography can lead to altered stoichiometri¢g)( To avoid
for dimer formation in rFcRn are not possible in an hFcRn this problem, gel filtration experiments can be done under
dimer, including (1) the electrostatic interaction between His equilibrium conditions by including one of the binding
250 and His 251 (hFcRn His 248 and His 249) gifin partners in the running buffe2), as described for previous
Glu 89 and (2) the hydrogen bonds from Arg 246 (rFcRn studies of rFcRn and mFcRaY, 31). For our experiments,
numbering) to lle 7 of the partngt2m and from Asn 192  the gel filtration column is equilibrated and run using a buffer
and Ser 193 to Glu 243 and Asn 225, respectively, of the containing a fixed concentration of hFcRn (the equilibration
dimer-relatedo3 domain (Figure 3B,C). These differences buffer). Different ratios of hFcRn plus IgG are then injected
may explain the propensity of rFcRn to dimerize in crystals onto the column in equilibration buffer. Although transient
compared with hFcRn, but further studies will be required dissociation of hFcRrlgG complexes occurs at the same
to assess whether FcRn of either species dimerizes onrate as in a conventional gel filtration experiment, hFcRn
membranes. that dissociates from a complex can be replaced by hFcRn
Comparison of the Fc Binding Interface on hFcRn and in the equilibration buffer. For each concentration of hFcRn
rFcRn In earlier studies, residues at the rFcRn binding site in the equilibration buffer, there is a ratio of injected proteins

for Fc were predicted from the low-resolution FcRifc
cocrystal structurel@) and tested for their effects on Fc
binding by site-directed mutagenesi¥2). Residues with

such that no peak or trough appears at the elution volume
of free FcRn (Figure 5A). By determining this ratio at several
concentrations of FcRn in the equilibration buffer, one can

significant effects on the affinity between rFcRn and IgG perform a Scatchard analysis yielding both a stoichiometry
are highlighted on the rFcRn and hFcRn structures in Figure and a solution-phase affinity28). The Scatchard analysis
4. Although the binding site is generally conserved between in Figure 5B shows anx-intercept of 1.92; thus, the
the two receptors, there are three notable differences betweeistoichiometry of the hFcRnalgG complex is 2:1 (two
the hFcRn and rFcRn structures in this region. First, Trp molecules of hFcRn bind to each 1gG), in agreement with
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Ficure 5: Equilibrium gel filtration analyses of hFcRigG complexes. (A) hFcRn was incubated with 21 1gG in the presence of 0,

1, 2, or 3 (additional) equiv of hFcRn in a buffer containing 2 hFcRn (equilibration buffer). Samples were then injected onto a
column equilibrated in the equilibration buffer. The peak that elutes first corresponds to ar lg&rocomplex. The second peak or trough

is at the elution volume of free FcRn-L.65 mL). From this series of injections, one can calculate the FcRn concentration that, when
co-injected with 2.5M IgG, yields a free FcRn concentration of 2tM (i.e., no FcRn peak/trough). The above series of injections were
repeated with equilibration buffers containing 0.25, 0.5, 1.0, angtB.6=cRn concentrations (data not shown). (B) Scatchard plot including

data from equilibration buffers containing 0.25, 0.5, 1.0, 2.5, andBl@-cRn. The data point derived from the lowest FcRn concentration
(0.25uM) does not fall on the best-fit line to the higher concentration data. Because the absorbance of this sample was relatively small, a
sizable baseline drift may have disturbed this measurement. The best-fit line to the data derived from the four highest concentrations yields
a Kp of 700 nM and arx-intercept of 1.92.

previous studies of rFcRn and mFcRLv). The calculated of radiolabeled human IgG with hFcRn in microvillous
affinity of 700 nM is comparable to that obtained for rFcRn  membranes from human fetal intestirg).
by another solution-phase measurement, isothermal titration The binding affinities presented in Figure 6B demonstrate
calorimetry, which derived a 500 nM binding constant that affinity differences due to allotypic variations within a
between rFcRn and human IgG16}. single subclass of human IgG are comparable to differences
Binding Affinities between hFcRn and Human IgG Sub- between the subclasses. For example, in IgG set 1, the highest
classes To investigate the subclass binding specificity of affinity subclass is IgG2 and the lowest affinity subclass is
hFcRn, we performed a series of affinity measurements usinglgG3, whereas in IgG set 2, IgG3 binds most strongly, 1gG2
an SPR assay. hFcRn was covalently immobilized onto ais intermediate, and IgG4 binds with the lowest affinity. Since
biosensor chip, and the binding of various purified human two different rank orderings of the affinities for the different
IgG proteins was monitored by the change in the SPR signal,subclasses are derived using different sources of human IgG,
as previously describe®B2). An earlier binding study in- hFcRn does not show clear subclass preferences for binding
volving rFcRn noted affinity differences between antibodies of human IgG. Allotypic variations within individual human
of the same subclasd7?), suggesting that allotypic variations IgG subclasses provide a plausible explanation for the
within a single subclass of IgG may affect the affinity for different rank orderings of the affinities. The IgG3 allotypes
FcRn. To check for possible effects of allotypic differences G3m(b), G3m(g), and G3m(s,t) correspond to amino acid
among human IgG’s upon binding hFcRn, two independent changes at positions 379, 384, 392, 397, 435, and 436 (
commercial sources of purified human IgG subclasses wereTwo of these positions, 435 and 436, are predicted to be at
used (set 1 and set 2; Figure 6B). the rFcRnr-Fc interface 13), and recombinant Fc's with
For each antibody evaluated, a series of injections contain-mutations at these sites have altered affinities for mFcRn
ing 1 nM—10uM IgG were allowed to reach or nearly reach and increased catabolic rates in midé)( The common IgG3
equilibrium. These data were fit by nonlinear regression allotypes have arginine at position 435, while the relatively
analysis to derive two equilibrium dissociation constalds, uncommon G3m(s,t) IgG3 allotype has a histidine at position
and Kp,, along with their fractional occupanciefg,and f, 435. The substitution of His 435 for arginine has been
(Figure 6). For the high-affinity population, which generally suggested to be responsible for the short serum half-life of
accounted for a majority of the binding response, Ie human 1gG3, and a recombinant human Fc derived from
(Kp1) ranged from 9 to 69 nM, while the low-affinity  1gG1 with this mutation has a reduced half-life in midé);
population ranged irKp from 470 to 1250 nM. These Allotypes G3m(b) and G3m(g) have tyrosine and phenylala-
affinities are comparable to those obtained for rFcRn binding nine, respectively, at position 4388). In most rodent IgG
to mouse and rat IgG subclasses under similar conditions,subclasses, position 436 is a histidine, which is believed to
whereKp; ranged from 15 to 93 nM3Q), but are somewhat interact with an acidic residue on rFcRa3( 15). Since
higher affinity than the 160 nNKp derived for the interaction  allotypic differences occur in Fc residues predicted to interact
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IgG2 9 56 470 44 31 55 890 45
IgG3 54 59 1010 41 16 74 770 26
IgG4 27 53 1000 47 69 47 1250 53

FiGuRe 6: Biosensor analyses of hFcRn interacting with human IgG’s. (A) Equilibrium binding of human IgG subclasses to hFcRn
immobilized on a biosensor chip is plotted as a function of the log of the IgG concentration. Best-fit binding curves, modeled as two classes
of noninteracting binding sites, are superimposed on the binding data. IgG set 1 corresponds to human myeloma proteins purchased from
Calbiochem injected over hFcRn coupled at a density of 2600 RU. IgG set 2 corresponds to human myeloma proteins purchased from
Sigma injected over hFcRn coupled at a density of 1000 RU. (B) Binding affinities derived from the data in panel A. Analyses of data from

a lower hFcRn coupling density (56800 RU) yieldKp's that are consistently about 2-fold higher, but the rank order of affinities within

each set is the same at both coupling densities. Analyses of the same equilibrium binding data using a bivalent analyte model (Materials
and Methods) yields a binding affinity of-12 uM for all subclasses. This value is similar to that obtained by gel filtration (Figure 5) and

to the affinity observed when IgG is immobilized and hFcRn is flowed over the biosensokghip-(1.14M with 1IgG2 immobilized; data

not shown).

with FcRn, the different rank orders for the IgG3 affinities sought goal of developing specific immunoglobulin agents

in IgG sets 1 and 2 could result from use of different IgG3 as cancer treatments is beginning to yield clinically useful

allotypes. drugs (e.g., anti-HER?2 for breast cancer and anti-CD20 for
non-Hodgkin's lymphoma)51).

DISCUSSION For one class of immunoglobulin agents, immunotoxins,
FcRn functions by transporting IgG across epithelial cells the benefits of altering Fc regions to facilitate interaction
and by rescuing IgG from protein catabolisfi3). These with FcRn might extend beyond increasing serum persistence
activities result from the binding of FcRn to the Fc portion to improved therapeutic indices. An immunotoxin consists
of IgG within acidic intracellular compartments and release of a variable domain specific for a tumor marker conjugated

of IgG upon exposure to the slightly basic pH of the to a highly active toxin, such as the ricin A chain or
bloodstream. With the continuing research and developmentdiphtheria toxin $3). The dose-limiting toxic effect of many

of antibodies and antibody chimeric proteins as potential potential immunotoxin therapies is vascular leak syndrome
therapeutic agents in humans (reviewed in &Jand51), (53), which occurs when blood vessels become too perme-
detailed knowledge of the interaction between hFcRn and able, leading to edema and hypoalbuminemia, among other
IgG may be useful for drug design. Alteration of natural Fc signs. Although the etiology of vascular leak syndrome is
domains to increase their affinity for FCRn has been complex, a portion is due to toxin-mediated death of vascular
demonstrated as a means of increasing the serum half-lifeendothelial cells§4), which line the interior surface of blood

of antibodies $2). This may be of benefit for the develop- vessels. The predominant expression site of FcRn in the adult
ment of antibody-based drugs, particularly since the long- is the vascular endothelium, which is also the primary site
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of plasma protein catabolisn2)( Since endocytosis of the antibodies and, hence, assist in the development of more
immunotoxin is an early event in the action of these agents, effective immunoglobulin-based therapeutics.

improved interactions with FcRn might reduce immunotoxin-
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