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ABSTRACT. The neonatal Fc receptor (FCRn) transports immunoglobulin G (IgG) across epithelia, providing
passive immunity and protecting serum IgG from degradation. For both functions, FcRn binds to IgG at
the acidic pH of intracellular vesicles (pH 6.5) and releases IgG at the basic pH of the bloodstream (pH

~ 7.4). Crystallographic studies show that rat FcRn can interact with the Fc portion of IgG in a repeating
array in which FcRn dimers are bridged by Fc fragments to create an “oligomeric ribbon” witma 2
stoichiometry. The stoichiometry of the interaction between soluble FcRn and Fc has been reported as
either 2:1 for rat FcRn [Huber et al. (199B)Mol. Biol. 230 10771083] or 1:1 for mouse FcRn [Popov

et al. (1996)Mol. Immunol. 33 521-530]. To ascertain the reasons for this difference, we analyzed
complexes formed in solution between soluble rat or mouse FcRn and Fc. Using a gel-filtration assay
under nonequilibrium conditions, we find that both forms of FCRn produce 2:1 reedjgiand complexes,

but that alterations of the carbohydrate moieties on mouse FcRn can result in an apparent stoichiometry
of 1:1. However, under equilibrium conditions, all forms of FcRn make complexes with a 2:1 stoichiometry.
We conclude that rat and mouse FcRn share the same general ligand binding properties but that small
differences in affinities can produce apparent differences under nonequilibrium conditions.

The neonatal Fc receptor (FcRnransports maternal  bridged by IgG molecules. We hypothesized that formation
immunoglobulin G (IgG) in ingested milk to the bloodstream of this ribbon is required for FcCRn-mediated transport of IgG
of newborns and protects serum IgG from a default degra- (5, 8).
dative pathway (reviewed in refs—3). For both functions, The oligomeric ribbon observed in the FcRn/Fc cocrystal
FcRn binds 1gG at the acidic pH of intracellular vesicles structure has a r2n receptor-ligand stoichiometry §),

(pH < 6.5), but shows no detectable binding at the pH of consistent with the 2:1 stoichiometry observed in solution
blood (pH 7.4), where it releases 1gG. Previous crystal- for complexes between soluble rat FcRn (rFcRn) and IgG
lographic and biochemical studies suggested that FcRn(9). By contrast, a soluble version of mouse FcRn (mFcRn)
dimerizes in response to 1gG bindindg—<7), which could produced in insect cells forms a 1:1 complex with 1gG or
serve as a component of a trafficking signal for FcRn/IgG Fc (10). Because the stoichiometry of the interaction between
complexes. An oligomeric ribbon of FcRn dimers bridged FcRn and its ligand is relevant to interpreting its function in

by Fc molecules was visualized in the low-resolution FcRn/ vivo, we analyzed complexes of soluble rFcRn or mFcRn
Fc cocrystal structuresy. In intracellular vesicles, the ribbon  produced in mammalian cells with Fc. Using a gel-filtration

would consist of FcRn dimers on adjacent membranes assay under nonequilibrium conditions, we find that both

rFcRn and mFcRn form 2:1 recepteaigand complexes but
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1 Abbreviations: f2m, 2-microglobulin; CHO, Chinese hamster Expression and Purification of FCRA soluble version

ovary; endo H, endoglycosidase H; FcRn, Fc receptor, neonatal; hFc, of rFcRn was expressed in Chinese hamster ovary (CHO)
Fc fragment from human immunoglobulin G; 1gG, immunoglobulin

G; Kp, equilibrium dissociation constant; mFc, Fc fragment from mouse Ce”s_ as prewqugly desc”,bedjo' This version is a het-
immunoglobulin G; mFcRn, mouse neonatal Fc receptor; mFcRN-HM, erodimer consisting of residues-269 of the mature rFcRn
high-mannose form of mouse neonatal Fc receptor; MHC, major heavy chain associated with r&2-microglobulin 32m).

histocompatibility complex; migG, mouse immunoglobulin G; NB-  repn \was isolated from the supernatants of transfected CHO
DNJ, N-butyldeoxynorjirimycin; rFc, Fc fragment from rat immuno-

globulin G; rFcRn, rat neonatal Fc receptor; rFcRn-HM, high-mannose C€lls by a functional purification involving pH-dependent
form of rat neonatal Fc receptor. binding to 1gG affinity columns, in which rFcRn binds to

10.1021/bi9907330 CCC: $18.00 © 1999 American Chemical Society
Published on Web 06/26/1999




9472 Biochemistry, Vol. 38, No. 29, 1999 Sanchez et al.

immobilized IgG at pH 6 and is released from the matrix by treatment with papain and purified as describ&d).(The
raising the pH to 811). A gene encoding truncated mFcRn mkFc was derived from a mouse IgG1 monoclonal antibody
(stop codon inserted after the codon for residue 269 of the against human Zus-glycoprotein called 1B51@8), whose
mature protein) was constructed from the mFcRn cDNA purification and interactions with rFcRn have been described
(kindly provided by Dr. Neil Simister, Brandeis University) previously {, 16). mFc was prepared by incubating the 1B5
as described for the rFcRn construdtl, The truncated  antibody with 1:100 (w/w) papain in the presence of 10 mM
mFcRn gene was inserted into the expression vector PBJ5-Cys and 2 mM EDTA. Afte 1 h atroom temperature, the
GS, which carries the glutamine synthetase gene as adigestion was stopped with 50 mM iodoacetamide and the
selectable marker and means of gene amplification in the mFc fragment was purified by a combination of anion-
presence of the drug methionine sulfoximing2)( The exchange, cation-exchange, and size-exclusion chromatog-
mFcRn expression vector was cotransfected into CHO cellsraphy. Intact 1B5 1gG was used in some experiments.
with an expression plasmid containing the complete cDNA Recombinant rFc was purified by FcRn affinity chromatog-
sequence of mous$g2m (@ allele) (@3). Transfection, raphy @) from the supernatants of CHO cells expressing
selection, amplification, isolation of cell lines secreting secreted lIgG2a rFc fragments (W. L. Martin and P.J.B.,
mFcRn, and functional purification of secreted mFcRn submitted for publication).

heterodimers on an IgG affinity matrix were done as  Determination of Protein ConcentrationEcRn and Fc
described previously for rFcRn7,( 11, 14). N-Terminal concentrations were determined spectrophotometrically in 6
sequence analysis of purified mFcRn revealed the first 17 M GuHCI by using extinction coefficients at 280 nm of
residues of the mature forms of mFcRn and mag@e in 87 130 Mt cm™ (rFcRn), 89 690 M! cm™! (mFcRn),
approximately equimolar amounts (data not shown). Thus 69 280 Mt cm™ (hFc), 67 620 M1 cm™t (mFc), and 61 720
mouses2m does not exchange for endogenous hanier M~tcm (rFc). Extinction coefficients were calculated from
or bovine2m present in the medium. the protein sequences as describ&g).(For measurements

Preparation of High-Mannose Forms of rFcRn and of protein concentrations in aqueous solutidgy measure-
mFcRn To generate FcRn molecules with high-mannose ments for a fixed amount of protein were compared in 6 M
rather than complex carbohydrate moieties, CHO cells GuHCI and aqueous solution and the coefficient was adjusted
expressing rFcRn or mFcRn were treated wiibutylde- if necessary.
oxynorjirimycin (NB-DNJ) (kind gift of R. A. Marks, Searle, Nonequilibrium Gel-Filtration Analyses of the FcRn/Fc
Skokie, IL). NB-DNJ inhibits N-linked oligosaccharide StoichiometryFcRn and Fc were incubated at molar ratios
processing enzymex-glucosidase |, and its effects on between 3:1 and 0.5:1 in 20 mM MES and 150 mM NacCl,
recombinant proteins expressed in CHO cells have beenpH 6.0, keeping the concentration of Fc fixed atNd. After
previously characterize(ll5). FcRn-expressing cells were 20 min at room temperature, 28_ was injected onto a
grown in glutamine-free. minimal essential medium (Irvine  Superdex 200 HR 32/30 gel-filtration column (Pharmacia)
Scientific) supplemented with 5% dialyzed fetal bovine equilibrated in the incubation buffer. The chromatography
serum (Gibce-BRL), 100 mM methionine sulfoximine  was performed at a flow rate of 0.1 mL/min and the
(Sigma), 100 units/mL penicillin, and 1Q@y/mL strepto- absorbance of the eluent was monitored at 280 nm. Fractions
mycin. When the cells became confluent, 2 mM NB-DNJ were analyzed by SDSPAGE (data not shown). In some
was added to the medium. Harvest of cell culture super- experiments, fractions corresponding to the FcRn/Fc complex
natants for FcRn purification was initiated 2 days after the were pooled and run on a Superdex 75 HR 32/30 gel-
first application of NB-DNJ. Samples of purified FcRn (3 filtration column at pH 8 to separate FCRn and Fc. The area
ug in 20 mM piperazine, pH 5.5) isolated from NB-DNJ- under each of the peaks was determined by photocopying
treated and untreated cells were incubated with 0.05 milliunit the recorder trace and weighing the peak, and the molar ratio
of endoglycosidase H (endo H) (Boehringer Mannheim) of FcRn to Fc in the complex was calculated after correction
following the manufacturer’'s protocol and analyzed on an for the difference in extinction coefficients between FcRn
SDS—polyacrylamide 13% gel. and Fc.

Soluble forms of mFcRn/mousé2m heterodimers ex- Equilibrium Gel-Filtration Analyses of the FcRn/Fc Stoi-
pressed in insect cell4Q) were kindly provided by Drs. S.  chiometry The equilibrium column chromatography method
Popov and E. Sally Ward (University of Texas Southwestern of Hummel and Dreye(20) was used to characterize the
Medical Center, Dallas, TX). One form contained a poly- interaction between FcRn and Fc. A Superdex 200 PC 3.2/
histidine tag attached to the C-terminal residue of the 30 gel-filtration column (inclusion volume of 2.4 mL) was
truncated FcRn polypeptide chain. The other form had beenequilibrated and run in 20 mM sodium cacodylate and 150
treated with carboxypeptidase A to remove the C-terminal mM NaCl, pH 6.0, containing %M FcRn (equilibration
polyhistidine tag 10). buffer). Samples (2@L) including 5uM Fc and various

Fc ReagentsExperiments were done with Fc fragments concentrations of FCRr=5 M) were incubated for 20 min
of either human, mouse, or rat IgG. rFcRn binds to human, at room temperature in equilibration buffer that contained 5
mouse, and rat IgG and their Fc fragments with similar «M FcRn and then injected onto the column. Chromatog-
affinities (16); thus the 1gG and Fc used for the rFcRn raphy was performed at a flow rate of 0.1 mL/min with use
experiments were chosen on the basis of gel-filtration of a SMART micropurification system (Pharmacia), and the
properties and/or availability. The hFc was derived from a absorbance of the eluent was monitored at 280 nm.
CD4~Fc fusion protein (kindly provided by Steven Chamow,

Genentech, South San Francisco, CA) in which CD4 domainsRESULTS
were fused to the Fc region from a human IgG%)( The Gel-filtration experiments are commonly used in stoichio-
hFc fragment of the chimeric protein was released by metric assays because they do not require protein labeling
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A B rFcRn to hFc is greater than 2:1, there is an additional peak
FoRN/Fe Initial FeRn/Ee ratio: corresponding to free rFcRn; when the input ratio of rFcRn

T 21 3 to hFc is less than 2:1, there is an additional peak corre-
—FcRn sponding to free hFc (verified by SB$AGE; data not
FeRn shown). When each of the complexes was dissociated at pH
1 8 and separated by gel filtration, the resulting free compo-
FeRmhFe 31 Fe nents in each complex were present at a 2:1 ratio (Figure
Fcan 1B)

+ Having verified that the rFcRn exhibited 2:1 stoichiometry
rtra e /\/Fc\ 1 with Fc using the gel-filtration assay, we used the assay to

AZSU
AZEO

investigate the stoichiometry between mFcRn and Fc. Using
tFoRnthFe 1:1 a soluble form of mFcRn produced in CHO cells, we found
6 8 10 12 14 16 18 8 10 128 10 12 8 10 12 az2l StOiChiometry for the Complex between mFcRn and
Elution volume (mi) Elution volume (mi) mFc (Figure 1C) as well as between mFcRn and rFc or hFc
c D FeRnF (data not shown). These results contrast with those obtained
FoRn/Fo FeRn with a soluble form of mFcRn produced in insect cells, in
A y which it was found that mFcRn bound to mFc and migG
with a 1:1 stoichiometryX0). Using the insect-derived form
of mFcRn either with or without the attached polyhistidine
tag (10), we also derived a 1:1 stoichiometry for its
interaction with mFc (data not shown), suggesting that the
insect-derived and the mammalian-derived forms of mFcRn
differ in their interactions with mFc.

mFcRn:mFc 3:1

AZ&O

Fc

Asso

mFcRn-HM:mF¢ 2:1

mFcRa-HM:mFc 1:1 Both mFcRn and rFcRn contain four potential N-linked
mFcRn:mFe 2:1 glycosylation sites in their extracellular regior2i(22). The
mFeRMmEC 1:1 mFcRn-HM:mFc 0.5:1 crystal structure of rEcRn produced in CHO cells reveals
————— that at least three of the sites contain attached carbohydrate
Elution volume () Elution volume (mi) moieties &), of which one (attached to Asn-225) is defini-

Ficure 1: Nonequilibrium gel-filtration analyses of FcRn/Fc tively a Cqm-plex Carbohydrat(?Z’\G). Most glycoproteins
complexes. FcRn and Fc were incubated at pH 6.0 at the indicatedeXpPressed in insect cells carry high-mannose type or truncated
molar ratios and then passed over a gel-filtration column to separatetrimannosyl N-glycans, as compared to proteins expressed
FcRn/Fc complexes from the free proteins (panels A, C, and D), in mammalian cells, which usually contain complex carbo-
or the FcRn/Fc complex was passed over the column at pH 8 to hydrate antennae24, 25). To investigate the effects of

separate the com t | B). The identities of th ins . L .
in Qach of the peafso Cvi?escg’,?fﬂﬁqeg by ;B'Sqe(gé'gﬁa?yéise(é);?;emsd|fferences in FcRn carbohydrate structure on its interaction

not shown). (A) rFcRn and hFc. The apparent stoichiometry is 2:1. With Fc, we treated CHO cells expressing mFcRn or rFcRn
(B) rFcRn/hFc complexes isolated after separation from uncom- with NB-DNJ. NB-DNJ stops the conversion of high-

fF’llteXf.d prtot?_iinss %)]anel A) e ditss.o‘?iated hand skeparateld kl’ytgg'mannose carbohydrates to complex forms and thus will
iitration at pH 8. The amount of protein in each peak was calculated - : L

by integrating the peak area. Regardless of the initial input ratio of induce the production of rFcRn and mFcRn with high-
the two proteins, the rFcRn/hFc complex consists of 2 rFcRn per mannose carbohydrates (rFcRn-HM and mFcRn-HM). Treat-

hFc. (C) mFcRn and mFc. The apparent stoichiometry is 2:1. ment with the drug did not affect FcRn expressig2m
Results similar to those presented in panel B were obtained for gssociation, or pH-dependent binding to an IgG affinity

mFcRn/mFc complexes chromatographed at pH 8. The results ayix (data not shown). FcRn purified from the treated and
cannot be accurately quantitated, however, because mFcRn and mFc

cannot be completely separated by gel filtration (data not shown). Untreated cells was compared by SEFAGE analysis before

(D) mFcRn-HM and mFc. The apparent stoichiometry is 1:1. A and after treatment with endo H, a glycosidase that cleaves
1:1 stoichiometry was also found for the interaction of mFcRn high-mannose, but not complex, forms of carbohydraé. (
produced in insect cellsL) with mFc (data not shown). rFcRn-HM and mFcRn-HM show altered mobilities and
and provide additional information such as peak shape anddifferential sensitivity to endo H treatment compared with
relative mobility. Since isothermal titration calorimetry had rFCcRn and mFcRn (Figure 2), consistent with a shift toward
already established that rFcRn and 1gG form a 2:1 complex attachment of high-mannose rather than complex carbo-
in solution under equilibrium conditions9), we first hydrates as a result of the treatment with NB-DNJ. The
investigated the interaction between rFcRn and Fc. Various stoichiometries of the interactions of the high-mannose forms
ratios of rFcRn and Fc were incubated and the rFcRn/Fc of FCRn with Fc were determined by the gel-filtration assay.
complex was separated from free rFcRn or free Fc on a gel-rFcRn-HM, like rFcRn, exhibited a 2:1 stoichiometry with
filtration column (Figure 1A). Maximal separation between hFc and mFc (data not shown), whereas the stoichiometry
rFcRn, the rFcRn/Fc complex, and Fc was achieved with of the interactions of mFcRn-HM and mFcRn differed, in
hFc, but similar results were obtained for mFc and rFc (data that mFcRn-HM exhibited a 1:1 stoichiometry with mFc
not shown). At pH 6.0, the complex runs at the same position (Figure 1D). However, a 2:1 stoichiometry was found for
on the gel-filtration column regardless of the initial molar both forms of mFcRn with hFc or rFc instead of mFc (data
ratio of rFcRn and hFc that was injected (Figure 1A). At a not shown). Thus alteration of the carbohydrates attached
2:1 molar ratio of rFcRn to hFc, virtually all of the protein to mFcRn, but not rFcRn, results in formation of 1:1
chromatographed as the complex. When the input ratio of complexes with mFc in this assay.
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Ficure 2: SDS-PAGE analysis of FcRn and FcRn-HM treated
with endo H. Samples were incubated in the presence dr

absence-) of endo H and analyzed on an SB$3% polyacryl-
amide gel under reducing conditions.

Sanchez et al.

observed at the position that free FCRn migrates. When the
amount of additional FcRn injected is equal to that required
for formation of the FcRn/ligand complex, a flat baseline is
observed at the position that free FcRn migrates; thus all of
the added FcRn is complexed with the ligand. Depending
on theKp of the interaction and the protein concentrations,
however, the peak corresponding to the complex will contain
some amount of free ligand that is in equilibrium with the
bound form. Therefore, unless the protein concentrations
greatly exceed thKp, the ratio of the concentration of added
FcRn to the concentration of ligand will be a nonintegral
value, from which the integral value corresponding to the
stoichiometry can be extracted by rounding up to the next
integer.

Gelfiltration columns were equilibrated withuBM rFcRn,

o ) ) ] mFcRn, or mFcRn-HM. Samples containinguM ligand

The stoichiometry determined by conventional gel filtra- (gjther rFc or mFc) were incubated with different amounts
tion cannot be considered definitive, since the binding of the appropriate FcRn and injected over the column. In
interaction is being assayed under nonequilibrium conditions. go|ytion, thekp of the interaction between rFcRn and IgG
If some of the complexes dissociate during the experiment, js .5,,M (9); thus most of the injected ligand should be in
their constituents can fail to rebind because they are beingine bound form. As can be seen in Figure 3, in all cases in
separated from each other by the chromatographic procedureypich equimolar amounts of Fc and additional FcRn are
Therefore, depending of the kinetics of the binding and the jniected, there is a trough at the position where free FcRn
separation efficiency of the column, one could observe an migrates, indicating a stoichiometry higher than 1:1. A flat
artificially low binding or no binding at all. To avoid this  paseline is observed when the concentration of added FcRn
problem, we used the equilibrium gel-filtration assay of s petween 8.5 and 9.6M; thus the stoichiometry is 2:1,
Hummel and Dreyer20). In this method, a gel-filtration  gyen for the interaction of mFcRn-HM with mFc (Figure
column is equilibrated with buffer containing a uniform 3C), which showed an apparent 1:1 stoichiometry under
concentration of one binding partner (FCRn for our experi- nonequilibrium conditions (Figure 1D). Similar results were
ments). The other binding partner (Fc or I9G) is injected gptained for the analysis of the interaction between mFcRn-
with different amounts of the first protein (FcRn) over the {m and mlgG (data not shown).
gel-filtration column, which is run in the equilibration buffer
that contains FcRn. When the amount of additional FCRn piscussioN
injected is less than or greater than the amount required for
formation of the FcRn/ligand complex, a trough (in the case  The stoichiometry of the interaction between FcRn and
of too little FcRn) or a peak (in the case of excess FcRn) is its IgG ligand is important for understanding the mechanism

A B C

15 uM mFcRn-HM
5 uM mFc

15 uM mFcRn

15 uM rFeRn
5uMrFc

5 8 B 8.5 pM mFcRn-HM

< 9 j.J.M rFcRn < 9.5 H.M mFcRn < M 5 HM mFc
5uMrFc 5 uM mFc

5 uM mFcRn 5 uM mFcRn-HM

5 uM rFeRn 5 uM mFc 5uM Fc

5 uM rFc

12 14 16 18 2 22
Elution volume (ml)

12 14 16 18 2 22 06 08 1

Elution volume (ml)

12 14 16 18 2 22 06 08 1

Elution volume (ml)

Ficure 3: Equilibrium gel filtration analyses of FcRn/Fc complexes. FcRn was incubated wittl 5c at the indicated FcRn and Fc
concentrations in buffer containing® FcRn (equilibration buffer). Samples were then injected onto a column equilibrated in the equilibration
buffer. The peak that elutes first corresponds to an FcRn/Fc complex in equilibrium with free Fc. The second peak or trough is at the
elution volume of free FcRn. When a flat baseline is observed at the position where free FCRn migrates, all of the FcRn in addition to the
amount in the equilibration buffer is complexed with ligand; thus the stoichiometry can be determined from the ratio of FcRn and Fc in the
complex. In all cases, the concentration of bound Fc in the complex is slightly lower thhtecause the peak formed by the complex
contains free Fc in equilibrium with bound Fc. (A) rFcRn and rFc. (B) mFcRn and mFc. (C) mFcRn-HM and mFc.

06 08 1
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by which FcRn binds and transports 1gG. For example, a possible to use higher concentrations of FcRn in the
stoichiometry higher than 1:1 is compatible with models in equilibration buffer, we presume that larger FCRn/Fc com-
which the presence of bound ligand is detected by clusteringplexes corresponding to longer pieces of the FcRn/Fc
or bridging of receptors. Although determining a stoichio- oligomeric ribbon could be revealed. These experiments are
metry from the crystal structure of a receptor/ligand complex difficult to perform, however, due to the large amount of
is usually straightforward, the FcRn/Fc cocrystal structure protein required to equilibrate the column at extremely high
reveals a repeating structure of FcRn molecules binding Fc, (e.g., millimolar) concentrations.

from which several possibilities for a physiologically relevant ~ We conclude from these experiments that rFcRn and
complex can be extracte8l)( One possibility is the repeating mFcRn share the same general properties for recognizing
structure itself, in which FcRn dimers are bridged by Fc IgG. These include the tendency to form 2:1 receptor/ligand
molecules to form an oligomeric ribbon with a8 stoi- complexes in solution, with the potential to form larger
chiometry. If the oligomeric ribbon exists in vivo, IgG  oligomeric ribbons with a Zn stoichiometry.

molecules would bridge FcRn dimers tethered to parallel

adjacent membranes, which are present in acidic transportACKNOWLEDGMENT
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