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To my Father,
To my Mother,

and Barbara



It is not the critic who counts, not the man who points out how the strong man stumbles
or where the doer of deeds could have done them better. The credit belongs to the man
who is actually in the arena, whose face is marred by dust and sweat and blood, who
strives valiantly, who errs and comes short again and again because there is no effort
without error and short comings; but who actually strives to do the deed, who knows the
great devotion, who spends himself in a worthy cause, who at best knows in the end the
high achievement of triumph and who at worst, if he fails while daring greatly, knows his
place shall never be with those timid cold souls who know neither victory nor defeat.

Theodore Roosevelt

These good words were given to me by Jay Hoffman, a dear friend, for Christmas in

1996. For better or worse they have been a lodestone during my thesis.
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Abstract

The neonatal Fc receptor (FcRn) binds the Fc portion of immunoglobulin G (I1gG)
at the acidic pH of endosomes or the gut and releases IgG at the alkaline pH of blood.
FcRn is responsible for the maternofetal transfer of IgG and for rescuing endocytosed
IgG from a default degradative pathway. We investigated how FcRn interacts with IgG
by constructing a heterodimeric form of the Fc (hdFc) that contains one FcRn binding
site. This molecule was used to characterize the interaction between one FcRn molecule
and one Fc and to determine under what conditions FcRn forms a dimer. The hdFc binds
one FcRn molecule at pH 6.0 with a K4 of 80 nM. In solution and with FcRn anchored to
solid supports, the heterodimeric Fc does not induce a dimer of FcRn molecules. FcRn-
hdFc complex crystals were obtained and the complex structure was solved to 2.8 A
resolution. Analysis of this structure refined the understanding of the mechanism of the
pH-dependent binding, shed light on the role played by carbohydrates in the Fc binding,
and provided insights on how to design therapeutic IgG antibodies with longer serum
half-lives. The FcRn-hdFc complex in the crystal did not contain the FcRn dimer. To
characterize the tendency of FcRn to form a dimer in a membrane we analyzed the
tendency of the hdFc to induce cross-phosphorylation of FcRn-tyrosine kinase chimeras.
We also constructed FcRn-cyan and FcRn-yellow fluorescent proteins and have analyzed
the tendency of these molecules to exhibit fluorescence resonance energy transfer. As of
now, neither of these analyses have lead to conclusive results. In the process of acquiring
the context to appreciate the structure of the FcRn-hdFc interface, we developed a study
of 171 other nonobligate protein-protein interfaces that includes an original principal

component analysis of the quantifiable aspects of these interfaces.
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Chapter 1:

Introduction



Protein-Protein Recognition: Areview of the analyses of collections of crystal
structures

It is difficult to overstate the importance of the formation of protein-protein
complexes in biological processes. To determine whether a cell in the body has been
virally infected, a T-cell receptor on a cytotoxic T-cell must bind a major
histocompatibility complex (MHC) class I molecule on the infected cell (Garboczi et al.,
1998). In order to couple ATP hydrolysis with the electron transfer necessary to fix
atmospheric nitrogen, the nitrogenase iron protein must bind the nitrogenase
molybdenum-iron protein (Schindelin et al., 1997). In order to activate T-helper cells, a
central step in adaptive immune responses, the nuclear factor of activated T-cells, NFAT,
must bind the complex of Fos and Jun proteins to activate the expression of many
immune response genes (Chen et al., 1998). To rearrange the actin cytoskeleton,
necessary for cellular motility, the small G-proteins of the Rho family, RhoA and
RhoGAP form a complex and instigate a phosphorylation cascade by enhancing the rate
of GTP hydrolysis (Rittinger et al., 1997). To rescue serum immunoglobulin gamma,
(IgG) from a default degradation pathway, enhancing the role of these antibodies in
fighting disease, the neonatal Fc receptor (FcRn) binds IgG in cellular endosomes and
releases IgG at the cell surface (Martin et al., 2001). The formation of protein-protein
complexes occurs in every organelle, every cell, every tissue, and every organism.
Understanding how these complexes form and determining their structures is sufficently
complicated that the complexes are usually studied one at a time, as in this thesis.

However, some aspects of protein-protein complexes are studied collectively.



The current understanding of protein-protein recognition stems in part from the
analyses of collections of crystal structures (Stites, 1997). To provide context for
understanding the interaction between FcRn and IgG, the last chapter of this thesis is
such an analysis. This introduction reviews related analyses of protein crystal structures.
This introduction is an effort to show how analyzing collections of crystal structures has
improved our understanding of how proteins are folded, oligomer subunits associate,
protein structure is related to function, different groups of proteins may be distinguished,
and what different aspects of a protein may be assessed quantitatively.

Multiple crystal structure analyses: Learning how proteins fold

Analyses of protein crystal structures have been undertaken to compare the data
with existing theories on how proteins are folded. Before the existence of large amounts
of protein structure data, studies of protein structure and theories of protein folding
emphasized different aspects of a protein’s fold. Pauling anticipated the importance of
hydrogen bonding to secondary structure by predicting the formation of a-helices and B-
sheets in polypeptide chains (Pauling et al., 1951; Pauling and Corey, 1951). Kauzmann
predicted there would be entropic contributions to folding as proteins folded to shield
large amounts of their hydrophobic surface area from the aqueous solvent (Kauzmann,
1959). Examination of the structure of myoglobin reported in 1960 appeared to confirm
the relevance of both hypotheses, the structure is dominated by a-helices, while the
nonpolar aliphatic and aromatic residues were primarily buried in the interior while the
polar residues were exposed to solvent (Perutz et al., 1965).

To quantitatively verify this qualitative observation of hydrophobic burial made

by Perutz, an algorithm was developed to measure the amount of protein surface



accessible to solvent on an atom-by-atom basis (Lee and Richards, 1971). This method
generates a solvent accessible surface by building spheres centered on each crystal
structure coordinate with radii equal to the sum of the van der Waal radii of the chemical
group centered on that atom and the radius of water. This atom-by-atom analysis classed
the protein atoms observed in crystal structures into three groups: all carbon atoms were
considered nonpolar, all oxygen, nitrogen, and sulfur atoms were considered polar,
except the carboxylate oxygens and the amino and guanadinium nitrogen atoms that were
considered charged. With this algorithm Lee and Richards examined the structures of
myoglobin, lysozyme, and ribonuclease and found that a large fraction of the surface was
nonpolar and a large fraction of the interior surface was polar (Lee and Richards, 1971).
This quantitative review of a qualitative observation produced a somewhat unexpected
result.

Resolving this apparent paradox of the preference of nonpolar residues for the
protein interior and the presence in the interior of proteins of large amounts of polar
surface area required a refinement in the way we describe how proteins fold (Chothia,
1976). Chothia observed that the formation of secondary structure buries large amounts
of polar surface area. This burial of polar surface area is energetically offset by the
formation of a large number of hydrogen bonds, and the formation of the hydrogen bonds
diminishes the polar, hydrophilic, character of the surfaces involved. In contrast, the
formation of tertiary structure buries almost exclusively nonpolar surface area. This
hydrophobic surface area buried is largely associated with amino acid side chains, and is

driven by the hydrophobic effect.



Much as the measuring the surface area was understanding the hydrophobic effect
measuring the volumes occupied by atoms, or how well the atoms are packed, was
helpful to understanding the importance of the van der Waals forces. Computational
efforts to assess packing have employed Voronoi polyhedra to measure the volumes of
atoms (Chothia, 1975; Harpaz et al., 1994). A Voronoi polyhedron is generated around
an atom in a protein in two steps. First, lines from that atom to each of its neighbors are
drawn and second planes normal to these lines are placed according to the van der Waals
radii of the two atoms. Each plane extends until it intersects another. This method is
useful for judging atom density because, except for a vertex error due to differences in
atom radii, it includes all the space around the atoms in the calculation (Gerstein et al.,
1995).

Previous investigations into the volumes of amino acids in proteins (Chothia,
1975) were extended more recently in an analysis of 108 high resolution (1.0 A — 1.9 A)
crystal structures (Harpaz et al., 1994). This study found that hydrophobic residues
undergo a reduction in volume as a protein folds, which is somewhat offset by the
increase in the volume of polar and charged residues. This is consistent with the small
overall change in protein volume that occurs when proteins fold. Further calculations in
this study show that amino acids in protein interiors occupy 4% less volume than in
amino acid crystals. When compared with the 15% reduction in volume exhibited when
organic solvents solidify, these results suggest that organic solvent molecules are
significantly less well packed than a protein interior. This suggests that approximating
protein folding as the transfer of a polypeptide chain from aquaeous buffer to organic

solvent may under estimate the importance of van der Waals forces in protein folding.



These results support the proposition that protein stability is more accurately modeled by
dissolving crystalline cyclic dipeptides in water (Murphy and Gill, 1991).
Multiple crystal structure analyses: Learning how oligomer subunits associate

The preference of nonpolar molecules for a nonaquaeous environment predicted
by Kauzmann to be important for protein folding was also proposed as the driving force
in protein-protein recognition (Janin and Chothia 1975). If this hydrophobic effect was to
be considered the predominant source of energy for the interactions between polypeptide
chains, then their association would less likely to be dominated by the formation of
extensive hydrogen bond as seen in secondary structure or salt bridge networks. A study
of 23 oligomers counted the number of hydrogen bonds formed between the polypeptide
chains and found between none and 1 hydrogen bond per 200 A? and 78% of these
hydrogen bonds were formed by interaction between side-chains (Janin et al., 1988).
This dearth of hydrogen bonds, especially those derived from contact between main-
chain atoms, was consistent in oligomeric interfaces ranging from 700 A* to 10,000 A’ in
size. This confirmed the importance of the hydrophobic effect for the interactions
between the polypeptide chains of protein oligomers.

More recent studies reveal that there is greater diversity here than was originally
noticed. There are some structures such as in the interchain contacts in the platform of an
MHC class II molecule (Reinherz et al., 1999), where each chain contributes one strand
at the interface between two different four strand f-sheets to form one 8-strand 3-sheet.
The association of these chains may be enthalpy driven. A recent examination of 136
homodimeric proteins corroborated the predominance of nonpolar surface but noted that

many homo-oligomer subunit interfaces have important hydrophillic aspects (Larsen et



al., 1998). In particular, they found that for homodimers of compact subunits with
extended oligomeric interfaces the relative importance of hydrogen bonds, ordered waters
and polar surface area to the interfaces was broadly sampled.
Multiple crystal structure analyses: Learning how proteins function

The need to distinguish homo-oligomeric proteins, permanent heterocomplexes,
and more transient “non-obligatory” complexes was made explicit in an analysis of
protein crystal structures (Jones and Thornton, 1996). Proteins that exist in their
biological context physically independent of other proteins may form nonobligate
protein-protein complexes by associating with other such proteins (Jones and Thornton,
1996). For example, FcRn in its biological context exists in a form physically
independent of other proteins. IgG does also. When these proteins associate their
complex is non-obligatory. In contrast, the heavy chain of FcRn does not exist in its
biological context in a form independent of the light chain, B2 microglobulin . Even
though the light chain exists alone in biological systems the complex of the heavy and
light chains of FcRn is obligate because a nonobligate complex requires both
participants’ independent existence. The paramount reason we consider nonobligate
complexes distinct is the structures of nonobligate protein-protein complexes are
necessarily informative about the function of a protein in a way that the structures of
obligate, permanent protein complexes need not be.

Because the crystal structures of nonobligate protein-protein complexes are
inherently informative about the function of a protein, analyses of these structures have
been helpful in understanding other systematic structure-function studies. The

understanding of stoichiometry analyses, binding studies, and the results of site-directed



mutageneses for a given set of molecules are all enhanced when couched in the context of
a crystal structure (see for example, Martin and Bjorkman, 1999; Chapter 2). This is true
at the scale of multiple sample analyses as well. Analyses of site-directed mutagenesis
studies show the fraction of tryptophan to alanine mutations that cause a > 2 kcal/mol
reduction in binding affinity over the total number of tryptophan mutations is four times
greater than the average of the ratio for all mutants (Bogan and Thorn, 1998). Analyses
of the structures of nonobligate protein-protein complexes reveal that tryptophan
contributes 3.5 times as much to the surfaces of interfaces as it does to the surfaces of
proteins as a whole (Lo Conte et al., 1999). It may be that the large size of the effect of
the mutation on the binding constant is due to the large steric alteration induced by the
mutation. The crystal structure reviews reveal that tryptophans occur in interfaces with a
greater frequency than they do on the surface (Lo Conte et al., 1999), which means that
size of the effect seen in the mutation studies is not likely the result of undersampling this
residue.

The comparison of the review of nonobligate protein-protein complexes and the
reviews of mutagenesis studies deepens the understanding of another phenomenon.
Mutagenesis studies revealed that alanine substitutions at only 25% of the total number of
positions, usually at the center of an interface, generate a sizable reduction in the affinity
of the interaction (Cunningham and Wells, 1993; Clackson and Wells, 1995; Bogan and
Thorn, 1998). The studies of nonobligate protein-protein complex stuctures reveal
several reasons for this. First, because mutageneses fail to affect main-chain atoms they
fail to affect one-fifth of the interface surface area that provides two-thirds of the

interface hydrogen bonds. Second, three-quarters of the interface area comes from



atoms, almost always those on the interface perimeter, that remain accessible to solvent.
The affect of mutations at these residues may be ameliorated by the incorporation of
more ordered water molecules (Lo Conte et al., 1999).

Nonobligate complexes allow us to examine the shape of protein surfaces that are
functionally significant. One might imagine that rough surfaces are more likely to form
specific intimate associations with other rough surfaces. This is the case with the
associations between small molecule ligands with proteins. Lewis and Rees developed a
metric for the degree of roughness of a protein surface called the fractal dimension
(Lewis and Rees, 1985). This is the sensitivity of the size of the surface to the size of the
probe used to measure it. Pettit and Bowie, assaying the surface of a protein by its fractal
dimension, found that sites involved in binding small molecule ligands were very rough
compared to the surface as a whole (Petit and Bowie, 1999). To determine if the interface
surface is more or less flat than the surface of a protein generally, it is necessary to
extract samples of the rest of the surface. Jones and Thornton first attempted this on a
data set including 31 heterocomplexes with a patch-wise analysis of the surface (Jones
and Thornton, 1997). Their patch size depended per protein on the size of that protein’s
interface. They found that in contrast to small molecules, the surfaces of proteins most
likely to interact with other proteins are more flat than the surface of proteins are
generally.

Another reason to distinguish between obligate and nonobligate protein-protein
complexes is that there may be different selection pressures applied to the protein
surfaces involved. The protein surfaces involved in nonobligate complexes must be

adapted to two environments: aqueous buffer and the interface of the complex. The
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surfaces of obligate complexes must be adapted only to the latter. An analysis of a
collection of crystal structures has provided a structural insight into this functional
question. In a review of 15 protease-protease inhibitor complexes and four antibody-
antigen complexes, the interfaces between these proteins contained an average of 10
hydrogen bonds, greater than 1 per 100 A® of buried surface area (Janin and Chothia,
1990). This is more than double the density seen between the subunits of oligomers
(Janin et al., 1988), indicating that these interfaces rely to a greater extent on hydrogen
bond formation and less on the hydrophobic effect than do the interfaces between
subunits of oligomers. A higher density of hydrogen bonds per unit surface area in
nonobligate complexes was confirmed in later studies (Jones and Thornton, 1996). This
difference is consistent with the proposition that the surfaces involved in the interfaces of
nonobligate protein-protein complexes are subjected to selection based on their ability to
spend indefinite amounts of time exposed to aqueous buffer and cannot be completely
hydrophobic.

In contrast to the differences in the use of hydrogen bonds, the packing of atoms
in nonobligate complexes is similar to that found in cores of proteins (Lo Conte et al.,
1999). Therefore, while the hydrogen bond formation may be more important to
nonobligate complex formation than to the association of oligomer subunits, the
importance of van der Waals forces is the similar in both.

The analyses reviewed in the sections above have confirmed the importance of the
burial of hydrophobic surface area to the formation of tertiary structure and the
association of oligomer subunits (Lee and Richards, 1971; Chothia, 1976). They have

also demonstrated the comparatively larger role played by hydrogen bonding in the



formation of nonobligate complexes as compared to permanent obligate complexes (Janin
et al., 1988; Janin and Chothia, 1990; Jones and Thornton, 1996) though there are homo
oligomers that are exceptions to this rule (Larsen et al., 1988). Multiple crystal structure
analyses have indicated that van der Waals interactions are an important (if somewhat
under-appreciated) and consistently employed force in protein folding, and oligomer
subunit and nonobligate complex formation (Harpaz et al, 1994; LoConte et al., 1999).
They have shown that the flat sections of a protein surface are somewhat more likely to
bind proteins while rough protein surfaces are more likely to bind small molecule ligands
(Jones and Thornton, 1996; Petit and Bowie, 1999). When used in conjunction with
analyses of multiple alanine-scanning mutageneses experiments, crystal structure reviews
have demonstrated that all residues do not contribute equally to nonobligate protein-
protein interactions (Bogan and Thorn, 1998; LoConte et al., 1999). We now review how
other analyses aided in finding what characteristics of proteins are common between
groups of proteins and what characteristics of proteins may be used to distinguish
different groups.
Multiple crystal structure analyses: Distinguishing groups of proteins

Analyses of multiple crystal structures revealed a relationship between the mass
of a protein and its surface area that is common to both monomers and oligomers. The
algorithm that measures the solvent accessible surface area by Lee and Richards was
improved (Shrake and Rupley, 1973) and used to measure the surface area of 46 small
monomeric proteins (Janin et al., 1987). This study found that the surface area of these
small proteins was related, with some exceptions, to the molecular weight of the proteins

by a simple power law. It was proposed that the surface area of oligomeric proteins



would not be related to the mass (Sprang et al., 1979). This proposition was refuted in a
study of 23 oligomeric proteins that found the surface area of the protein as well as the
area buried between oligomers was a function of the molecular weight of the protein
(Miller et al., 1987b). The relationship between the molecular weight and the surface area
of the whole oligomeric protein was confirmed in a study of 24 oligomeric proteins
(Argos, 1988). However, the relationship between the molecular weight and the amount
of surface area buried between oligomers was not found in this study to be a function of
the protein’s mass. Despite this discrepancy, both studies found that for proteins with the
same molecular weight, the surface area of the subunits depended on the number of
subunits (Argos, 1988).

Other studies have revealed what else is consistent between groups and what is
different. Oligomers and monomers were found to share the same proportions of
nonpolar, polar and charged surface area both on their solvent accessible surfaces (57%
nonpolar, 23% polar, and 20% charged) and in their cores (58% nonpolar, 33% polar, and
9% charged) (Janin et al., 1988). The surfaces buried between oligomer subunits and
those buried in nonobligate protein-protein complexes have amino acid compositions that
are more enriched in aromatic amino acids than like the surfaces of proteins generally
(Argos, 1988; Janin and Chothia, 1990; Jones and Thornton, 1996; Lo Conte et al., 1999).
As noted above, the nonobligate surfaces make more hydrogen bond contacts than occur
between the surfaces of subunits in oligomers (Janin and Chothia, 1990; Jones and
Thornton, 1996).

As more structures have become available for analyses, it has become possible to

distinguish between groups that were previously considered collectively. The initial
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studies of homo oligomers treated them as one group of proteins (Janin et al., 1988; Janin
and Chothia, 1990; Jones and Thornton, 1996). The more recent work divides
homodimers into three classes, the first, largest, class is made of compact subunits with
extended interfaces. The relative importance of hydrogen bonds, ordered waters and
polar surface area to the homo oligomer interfaces is broadly sampled within this class.
The other two classes, compact subunits with compact interfaces and a class made up of
intertwined interfaces rely on hydrophobic cores and extensive hydrophobic surface area,
respectively (Larsen et al., 1998). Early studies of nonobligate protein-protein complexes
found the complexed proteins underwent little conformational change when binding each
other (Janin and Chothia, 1990; Jones and Thornton, 1996). These older, smaller studies
saw little movement of the proteins upon complex formation and that result was
confirmed in a larger study, for small proteins. A recent review of 75 nonobligate
protein-protein complexes (Lo Conte et al., 1999) noticed that for larger proteins with
interfaces burying between 2000-4700 A? total this is not always the case. Among
others, the binding of Gj;, with phosducin, the binding of Gj, to transducin and CDK2
binding to cyclin A are all accompanied by large changes in the structure.  These
structural changes are of three general types, disorder to order transitions, large main-
chain movements (primarily alterations in loop structure), and changes in the positions of
the domains relative to each other (Lo Conte et al., 1999).

It has been shown that the core of a monomer is more like the core of an oligomer
than it is like the surface of a monomer (Janin et al., 1988). Oligomers and monomers
also share a general relationship between the mass of a protein and its surface area

(Miller et al., 1987b; Janin et al., 1988; Argos, 1988). While nonobligate complexes have



more hydrogen bonds between the interface surfaces than occur in obligate complexes.
they share a similar propensity for aromatic amino acids as well as efficient packing
(Janin et al., 1988; Argos, 1988). The distinction between permanent, obligate
complexes and transient, nonobligate ones as well the difference between small, more
elastic, nonobligate complexes, and larger inelastic ones was formalized in these analyses
(Jones and Thornton, 1996; LoConte et al., 1999). To conclude the review of multiple
crystal structure analyses, we will examine the tools that have made these analyses
possible.

Multiple crystal structure analyses: Tools for quantifying aspects of structures

We have observed above the importance of the algorithms for calculating the
basic physical properties of surface area and volume to analyzing collections of crystal
structures. We have seen how the output of these algorithms may be partitioned in a
variety of ways to tell us much about the character of the examined proteins. There are
aspects of nonobligate protein-protein complexes in particular that are captured best by
algorithms that measure more subtle aspects of a protein’s shape.

The shape of the interface of a nonobligate protein-protein complex has been
described quantitatively by two numbers in a analyses of multiple crystal structures. In a
review of 32 homo-oligomers, 4 obligate hetero-oligomers, 10 enzyme-inhibitor
complexes, 4 antibody-antigen complexes and 7 other nonobligate complexes, the
planarity and the circularity of both interface surfaces were measured (Jones and
Thornton, 1996). The atoms that bury surface area to form the interface were used to
define the absolute shape of an interface. These atoms are dispersed in three dimensions

such that they do not form any regular, easily defined shape. To describe this shape, the
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best-fit plane through the dispersion of atoms is found. Jones and Thornton employ this
method and describe the way the dispersion fits a plane with two values, the planarity and
the circularity. The planarity is the root mean squared deviation away from the plane, the
smaller this value the more planar the dispersion. The circularity is the ratio of what may
be thought of as the two axes of the plane. If this ratio is equal to 1.0, the dispersion of
atoms that make up the interface will appear circular if one views the interface from a
perspective normal to the best-fit plane. The smaller this ratio, the more oblong the
interface. Using this tool to compare the interfaces of obligate and nonobligate
complexes revealed that nonobligate interfaces were more planar than but similarly
circular to obligate complexes.

Jones and Thornton also measured the degree to which the shape of one interface
surface matched the other, or how well the proteins “fit together.” They did this by
measuring the void volume between the complexed proteins. Larger volumes
corresponded to poorer fits. Obligate complexes and enzyme-inhibitor complexes fit
together well, while antibody-antigen complexes fit together less well (Jones and
Thornton, 1996). This confirmed the results arrived at by a different algorithm that
measures the degree to which proteins fit in a different way (Lawrence and Colman,
1993). To assess the shape complementarity of two proteins in complex, this algorithm
measures both the distance between the surfaces of atoms as well as the angle between
the normals extending from the surface. Perfectly complementary surfaces have a shape
complementarity of 1.0, while completely unlike surfaces register 0.0 shape
complementarity. When this algorithm was applied to the structures of four protease-

protease inhibitor complexes, five obligate complexes, and six antibody antigen
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complexes, the first two groups were found to have a higher degree of shape
complementarity than the latter.

The shape of each of the surfaces in the interface of a nonobligate protein-protein
complex has been measured as well as the degree of fit between them. These values have
been found useful in describing differences between the biologically distinguishable
types of nonobligate protein-protein complexes (Jones and Thornton, 1996; Lawrence
and Colman, 1993).

Conclusions

Analyses of collections protein crystal structures have provided original insights
into protein folding. Analyses of the types of protein surface buried illuminated the role
of hydrogen bond dominated secondary structure formation and hydrophobic surface
burial dominated tertiary structure formation (Lee and Richard, 1971; Chothia, 1976).
Analysis of the volumes of atoms in cores of proteins in high-resolution crystal structures
elucidated the importance of van der Waals forces on the packing of atoms in a folded
protein (Harpaz et al., 1994). This result implies that the solution-transfer model, which
correctly captures the hydrophobic effect, does not fully account for the role of atom
packing in protein folding (Kauzmann, 1987; Harpaz et al., 1994). The indication of
these studies is that dissolution of cyclic dipeptides crystals in water may be a better
model for protein folding than the broadly applied solution transfer model.

Analyses of multiple crystal structures help us understand how separate
polypeptide chains associate. The low number of hydrogen bonds between the subunits
of oligomers and the high density of the participating amino acids suggest that the roles

of hydrogen bonding, van der Waals forces, and the hydrophobic effect in the formation



of quaternary structure are similar to those found in forming tertiary structure (Janin et
al., 1988 Harpaz et al., 1994). The greater number of hydrogen bonds and similar amino
acid densities at the interfaces of nonobligate protein-protein complexes indicates that
these complexes require the tight packing of protein cores but rely less on the
hydrophobic effect and more on enthalpic contributions than do more permanent
associations (Janin and Chothia, 1990; LoConte et al., 1999). These studies also reveal a
prominent role played by aromatic amino acids at interfaces (Argos, 1988; LoConte et al.,
1999).

The analyses of multiple crystal structures helped define how we group protein
crystal structures and demonstrated how the different groups are distinct and how they
are similar. Analyses of monomeric and oligomeric proteins revealed that in most
respects measurable in collective studies these proteins are similar (Miller et al., 1987b;
Janin et al., 1988). In contrast, studies of nonobligate protein-protein complexes have
found that within this category there are differences between the extent conformational
change induced by binding and in the degree of fit between the complexed proteins
(Lawrence and Colman, 1993; Jones and Thornton, 1996; LoConte et al., 1999). These

distinctions indicate that this class may need to be subdivided further.
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Chapter 2:
Characterization of the 2:1 Complex between the Class
I MHC-Related Fc Receptor and Its Fc Ligand in

Solution

This chapter describes the generation of the heterodimeric F¢ molecule and the

characterization of its interaction with FcRn.
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ABSTRACT: The neonatal Fe receptor (FcRn) tacilitates the transfer of maternal immunoglobulin G (1gG)
to offspring and prolongs the half-lite of serum IgG. FcRn binds IgG in acidic intracellular vesicles and
releases 1gG upon exposure to the basic pH of the bloodstream. The crystal structure of an FcRn/Fc
complex revealed FcRn dimers bridged by homodimeric Fe molecules to create an oligomeric array with
two receptors per Fc [Burmeister et al. (1994) Narure 372, 379—383]. consistent with the 2:1 FcRn:Fc
stoichiometry observed in solution [Huber et al. (1993) /. Mol. Biol. 230, 1077—1083; Sanchez et al.
(1999) Biochemistry 38, 9471—9476]. Two distinct 2:1 FcRn/Fc complexes were present in the cocrystal
structure: a complex containing an FcRn dimer interacting with an F¢ and a complex in which single
FcRn molecules are bound to both sides of the Fc homodimer. To determine which of the two possible
2:1 FcRn/Fc complexes exists in solution, we generated recombinant F¢ molecules with zero, one, and
two FcRn binding sites and studied their interactions with a soluble form of rat FcRn. The wild-type Fc
with two FcRn binding sites binds two FcRn molecules under all assay conditions, and the nonbinding Fe
with no FcRn binding sites shows no specific binding. The heterodimeric F¢ with one FcRn binding site
binds one FcRn molecule, suggesting that the 2:1 FeRn/wild-type Fe complex formed in solution consists
of single FcRn molecules binding to both sides of Fe¢ rather than an FcRn dimer binding to a single site
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on Fe.

The neonatal Fe receptor (FeRn)! transports immuno-
globulin G (IgG) across epithelial cell barriers. FCRn was
originally discovered in the intestine of newborn rodents
(reviewed in ref /), where 1t transfers maternal immuno-
globulin in ingested milk to the bloodstream of the newborn.
thereby allowing passive immunization of the neonate o
antigens encountered by the mother. More recently. FcRn
has been characterized in adult animals. FcRn in human
placenta is thought to transport maternal 1gG to the fetus,
and recent evidence suggests that FeRn functions throughout
lite to rescue serum IgG from degradation (reviewed in refs
/=23). In all of its functions, FeRn binds 1gG at acidic pH
(=06.5) in intracellular transport vesicles and releases 1gG at
the basic pH of the blood (pH ~7.4).

FcRn is a type | membrane glycoprotein consisting of an
extracellular domain that resembles class | MHC molecules
and a short (43 residue) cytoplasmic tail (4). Most biochemi-
cal and structural analyses of the FeRn/Fe interaction have
been done using a soluble form of the extracellular portion
of rat or mouse FeRn. which is composed ol the heavy chain
extracellular domams (al, a2, and o3) bound 1o [32-
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Award (P.J.B.), a grant from the NIH (AI/GM41239 to P.1.B.). and an
NIH predoctoral trming grant (5 T32 GMO7616 10 W.L.M.).
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! Abbreviations: CHO, Chinese hamster ovary; Fe. Fe fragment from
immunoglobulin G: FcRn, Fe¢ receptor, neonatal: hdFe. heterodimer
Feo lgG, immunoglobulin G: Ap, equilibrium dissociation constant;
nbFc, nonbinding Fc; RU. resonance units: wiFe. wild-type Fe.

microglobulin. The crystal structures of soluble FcRn alone
(5) and of an FcRn/Fe complex (6) revealed a dimeric
arrangement of receptors. Binding studies involving FcRn
mutants with alterations at the dimer interface demonstrated
that receptor dimerization is required for high-affinity binding
of 1gG (7, 8). We therefore suggested that the crystallo-
graphically observed dimers represent dimers induced by
hgand binding when FeRn is tethered to a membrane (9). In
the cocrystals. the FeRn dimers are bridged by Fc molecules
such that cach of the two potential FeRn binding sites on Fc¢
interacts with one of the FcRn molecules in the receptor
dimer. resulting in a long “oligomeric ribbon™ in which there
are two receptors tor every Fe dimer (6). At micromolar
concentrations in solution, there is no detectable formation
of the oligomeric ribbon (/0). Instead. purnfied FeRn/Fe
complexes consist of three molecules: two receptors and one
Fe. which presumably represent a portion of the 2n:a ribbon
found in the crystals (/0, 11). There are two distinct 2:1
complexes in the cocrystal structure that could account for
the FeRn/Fe complex that forms in solution (Figure 1). In
one. Fe binds to an FeRn dimer using one of its two potential
FcRn binding sites (left shaded portion). and in the other,
single F¢Rn molecules bind to both sides of Fe (right shaded
portion). Computational studies suggested that Fc¢ bound to
FcRn is bent so as to more optimally contact the FcRn dimer
(12). A bent, rather than symmetrical. structure of Fe bound
10 FcRn is compatible with the low-resolution cocrystal
structure since the hinge-proximal portions of the Cy2
domain were disordered (6). If Fc is distorted when bound

10.1021/019913505 CCC: $18.00  © 1999 American Chemical Society
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2:1 FeRn/Fe complex
with FcRn dimer

2:1 FeRn/Fe complex
with bridging Fc¢

FIGURE | FcRn/Fe complexes in the 2n:n oligomeric ribbon observed in the FcRn/Fe cocrystals. FcRn dimers are bridged by homodimeric
Fe's. The shaded portions represent the two different 2:1 FcRn/Fc complexes that can be extracted from the ribbon (see text). Although the
Fc is depicted as being 2-fold symmetric, the low-resolution FcRn/Fc cocrystal structure did not give information about the location of the
hinge-proximal portions of the Cy2 domains since these were disordered (6). Computational studies suggest that Fc bends in response to
contacting an FcRn dimer (/2); thus either of the depicted 2:1 FcRn/Fe complexes is a possibility for the 2:1 complex that forms in
solution. If the oligomeric ribbon network forms under physiological conditions, each FcRn dimer would be associated with a membrane
parallel to the plane of the paper: the left-most dimer is associated with a membrane below the plane of the paper, the central dimer is
associated with a membrane above the paper, and the right-most dimer is again associated with the membrane below the plane of the paper.

to an FcRn dimer, a second FcRn might be prevented from
binding to the other Fc¢ polypeptide chain in solution. Thus
either of the 2:1 FcRn/Fc¢ complexes shown in Figure | are
a possibility for the complex that forms in solution. To
distinguish which 2:1 complex forms in solution, we
constructed Fc proteins, similar to those previously expressed
by Ward and colleagues (2, 73—1/8), that contain zero, one,
or two functional FcRn binding sites and studied their binding
to soluble FcRn.

MATERIALS AND METHODS

Construction of Fe Expression Vectors. A rat [gG2a cDNA
(kind gift of Mark Agila, University of California, Davis)
was modified to encode a secreted Fe fragment as follows:
the DNA encoding the Vi and Cyl domains was removed
using loop-out mutagenesis (/9) to generate an in-frame
fusion between the secretion signal sequence and the hinge
region. The complete construct encodes the signal sequence
fused to 1gG2a residues 223—447 (EU numbering; 20), which
corresponds to the hinge, Cy2. and Cy3 domains of wild-
type Fc (wtFe). The nonbinding Fe (nbFc) construct was
generated from the wtFe construct by introducing mutations
at the codons for some of the amino acids previously shown
Lo be critical for FcRn binding (2, 9, /3—18, 2/) to make
the following substitutions: Thr252 to Gly, 11e253 to Gly,
Thr254 to Gly, His310 to Glu. His433 to Glu, and His435
to Glu. PCR was used to add a factor Xa cleavage site and
6x-His tag to the 3" end of the nbFc construct (added
sequence encodes the following residues C-terminal to
residue 447: Gly-lle-Glu-Gly-Arg-Gly-Ser-Ser-His-His-His-
His-His-His). The wtFe and nbFe constructs were subcloned
after sequencing into the mammalian cell expression pBJ5-
GS (22), which carries the glutamine synthetase gene as a
means of selection and amplification in the presence of the
drug methionine sulfoximine (23).

Expression of Fe Proteins. Chinese hamster ovary (CHO)
cells were cotransfected with the wtFc and nbFe expression
vectors, and selection and amplification of stable cell lines

using methionine sulfoximine were carried out as described
(22, 24). Successfully transfected cells should secrete a
mixture of wtFc and nbFc homodimers and heterodimeric
Fc (hdFe) composed of one wtFc and one nbFc polypeptide
chain. Cell lines secreting wtFc and hdFc were identified
by precipitation at pH 6.0 of [**S]methionine/cysteine (ICN
Pharmaceuticals, Inc.) metabolically labeled supernatants
using soluble FcRn coupled to CNBr-activated Sepharose
beads (Gibco-BRL) (/7). Bound Fc was eluted from the
FcRn-coupled beads by raising the pH to 8.0 and loaded onto
a 10% SDS—PAGE gel run under reducing conditions. Bands
migrating with apparent molecular masses of 30 and 31 kDa
were visualized using a Phosphorlmager screen (Molecular
Dynamics) (data not shown). The lower band was identified
as wtFe by comparison with the Fc protein expressed in cells
transfected with the wtFc vector alone (see below). The upper
band corresponds to nbFc, which migrates more slowly than
wtFc due to addition of the factor Xa site and 6x-His tag to
its C-terminus. The majority of the labeled protein migrated
as the 30 kDa band. indicating that the FcRn-coupled beads
precipitated wtFe homodimers and hdFe. After addition of
glycerol to 10%, NaCl to 300 mM, and imidazole to 10 mM,
labeled supernatants were also precipitated with Ni—=NTA
superflow agarose beads (Qiagen). Bound proteins were
eluted from the Ni—NTA beads by addition of 1 M imidazole
and reducing sample buffer and visualized after SDS—PAGE
as described above. The 30 and 31 kDa bands were again
present, with the 31 kDa band in excess in this instance,
indicating that the nickel beads precipitated His-tagged nbFc
homodimers and hdFec.

CHO cells were also transfected with the wtFc expression
vector alone. After selection and amplification, cells express-
ing wiFc homodimers were identified using FcRn-coupled
beads as described above.

Purification of Fc Proteins. Secreted wtFc homodimers
were isolated from supernatants of CHO cells transfected
with only the wtFc expression vector using a modification
of a previously described functional purification involving
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pH-dependent binding to FcRn immobilized on Sepharose
beads (/7). The pH of the harvested growth media was
adjusted to 5.8 with 1 M sodium cacodylate, pH 5.5. (~50
mL/500 mL harvest) then passed over a 10 mL FcRn—
Sepharose column at 0.5 mL/min. After washing with 200
mL of 50 mM sodium cacodylate, pH 5.5, 150 mM NaCl,
wiFc was eluted with 50 mM Tris-Cl, pH 8.0. 150 mM NaCl,
then concentrated. and exchanged into 50 mM Tris-Cl, 50
mM bis-Tris-propane-Cl. pH 8.0. wtFc was loaded onto a
Uno-QI anion-exchange column (Bio-Rad) mounted on a
Biocad 700E perfusion chromatography system (Perkin-
Elmer) at 5 mL/min. The Uno-Q1 column was equilibrated
with the FcRn loading buffer and then subjected to a pH
gradient from 7.5 to 6.0. Under these conditions, witFc
(calculated pI = 7.1) (25) does not bind to the column,
allowing it to be separated from contaminants that bind. wtFe¢
was concentrated. then purified. and exchanged into 20 mM
sodium phosphate. pH 6.0. 150 mM NaCl by flowing it over
a Superdex 200 HR 10/30 gel filtration column (Pharmacia)
at 0.3 mL/min.

hdFc¢ and nbFe were purified from CHO cells secreting a
mixture of wtFc, hdFe, and nbFc. Since only the nbFc
polypeptide chain carries a 6 x -His tag. hdFe¢ and nbFe bind
to a nickel column. whereas wtFc flows through. hdFc¢ and
nbkc can then be separated from each other using the FcRn
affinity column. which binds hdFc¢ but not nbFc. Harvest
media were dialyzed twice using 6000—8000 Da Spectra/
Por membranes (Spectrum) against 10 volumes of 20 mM
Tris-Cl. pH 8.0, 150 mM NaCl. and 0.05% NaN; to remove
a media component that stripped nickel from the Ni—=NTA
column. The harvest media were then supplemented with
glycerol to 10%., NaCl to 300 mM. and imidazole to 10 mM.
The media were passed over a 20 mL Ni—=NTA superflow
agarose column at 0.5 mL/min and washed with 200 mL of
50 mM Tris-Cl, pH 8.0. 10% glycerol. 300 mM NaCl, 10
mM imidazole, 0.05% NaNs. Nickel binding proteins (hdFe
and nbFc) were eluted from the column with 50 mM Tris-
Cl. pH 8.0, 10% glycerol. 300 mM NaCl. 250 mM imidazole.
0.05% NaNs. The eluent was concentrated and exchanged
into 20 mM sodium cacodylate, pH 5.5, 150 mM NaCl and
passed over an FcRn—Sepharose column, which was eluted
by raising the pH to 8.0. To avoid potential contamination
of the hdFe with wtFe. different FcRn—Sepharose columns
were used for puritying wiFe and hdFe. After passing the
flow-through over the FcRn—Sepharose column again, the
flow-through (nbFc) and the eluent (hdFc) were each loaded
onto the Uno-Q1 anion-exchange column as described for
wtFe. The hdFe (calculated p/ = 0.9) (25) binds to the
column and elutes at pH 7.4. 6 mL after the wiFc peak. The
nbFc¢ (calculated p/ = 6.7) (25) binds to this column and
clutes at pH 7.1, 10 mL after the hdFe peak. In addition to
enhancing purity of the samples. this chromatography
facilitates evaluation of the degree to which each Fc is free
of other contaminating Fe species. Following anion exchange,
nbFc and hdFe were concentrated and further purified by
gel filtration on a Superdex 200 HR 10/30 column as
described for wiFc.

Final yields tor the purified Fe proteins ranged from 3 1o
7 mg/L of harvest.

Expression and Purification of Soluble FeRn. The FeRn
used for these studies was the previously described soluble
form of the rat FcRn extracellular region (residues 1—269
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of the mature FcRn heavy chain bound to rat 32-micro-
globulin) produced in CHO cells (22). FcRn was isolated
from harvested growth media using a functional purification
involving pH-dependent binding to an IgG affinity column
(22). The protein was further purified on Uno-Q1 anion-
exchange and Superdex 200 HR 10730 gel filtration columns
and exchanged into assay buffer as described for wiFc.

Determination of Protein Concentrations. FcRn and Fc
concentrations were determined spectrophotometrically using
extinction coefficients at 280 nm of 84 900 M~ ' cm ' (FeRn)
and 60900 M ' cm ! (wtFc, hdFc, and nbFc). Extinction
coefficients that are valid for denatured protein were first
calculated from the protein sequences as described (26): then
Asgo measurements for a fixed amount of each protein were
compared in 6.0 M GuHCI and aqueous solutions. and the
coefficient was adjusted if necessary.

Coprecipitation of FeRn and Fe. Fe proteins were analyzed
for their ability to bind simultaneously to more than one FcRn
using a modification of a previously described column
binding assay (/7). For each reaction. 20 uL of FcRn—
Sepharose beads was washed and resuspended in 50 uL. of
sodium phosphate. pH 6.0, 150 mM NaCl in a 1.7 mL
Eppendort tube and then incubated with 20 ug of wtFc. nbFc,
or hdFc¢ in ~5 ul. or with 5 uL. of buffer. After washing
twice, the beads were resuspended in 50 L of the same
buffer including 20 ug of soluble FcRn. After two subsequent
washes. the proteins bound to the beads were eluted with
16 uL. of 1 M Tris-Cl. pH 8.0. Eluted proteins were run on
a 10% SDS—PAGE gel under reducing conditions and
stained with Coomassie brilliant blue.

Nonequilibrium Gel Filtration. The stoichiometry of FcRn/
Fc complexes was determined using conventional gel filtra-
tion chromatography under nonequilibrium conditions as
described (70). FeRn was incubated with the various Fc's at
molar ratios between 3:1 and 1:1 in 20 mM sodium
phosphate. pH 6.0. 150 mM NaCl, keeping the concentration
of Fc fixed at 10 4uM. Atter 20 min at room temperature, 25
uL was injected onto a Superdex 200 PC 3.2/30 gel filtration
column (Pharmacia) equilibrated in the sodium phosphate
buffer, which was run at 0. mL/min using a SMART
micropurification system (Pharmacia). The absorbance of the
cluent was monitored at 280 nm, and fractions were analyzed
by SDS—PAGE (data not shown).

Equilibrium Gel Filtration. The equilibrium column chro-
matography method of Hummel and Dreyer (27) and a
SMART micropurification system were used to analyze the
association of FeRn with the Fe proteins at equilibrium as
previously described (/0). A Superdex 200 PC 3.2/30 gel
filtration column was equilibrated with and run in 20 mM
sodium phosphate, pH 6.0, 150 mM NaCl containing 2 uM
FeRn (equilibration buffer) at 0.1 mL/min. Samples (20 x«L)
including a 2 4M amount of one of the Fc's and various
concentrations of FcRn were incubated for 20 min at room
temperature in equilibration buffer that contained 2 4M FcRn.
Samples were injected onto the column, and the absorbance
of the eluent was monitored at 280 nm.

Biosensor Assavs. A BlAcore 2000 biosensor system
(Pharmacia. LKB Biotechnology) was used to assay the
mteraction ol FcRn with the Fc molecules. This system
includes a biosensor chip with a dextran-coated gold surface
to which one protein (referred to as the “ligand™) is covalently
immobilized. Binding of an injected protein (the “analyte™)
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to the immobilized protein results in changes that are directly
proportional to the amount of bound protein and read out in
real time as resonance units (RU) (28, 29). FcRn or one of
the Fe's was covalently immobilized to three of the four flow
cells on a CMS5 biosensor chip (Pharmacia) using standard
primary amine coupling chemistry (BIAcore manual). Each
protein was coupled at three different densities (~200. ~400,
and ~ 1500 RU), and the fourth tlow cell was mock coupled
using buffer to serve as a blank. For deriving Kinetic
constants, we used binding experiments conducted for short
times (30 s) using fast flow rates (100 «L/min) over flow
cells coupled at low density (~200 or ~400 RU). These
conditions were chosen to minimize mass transport effects
upon the Kinetics of binding reactions (30). Kinetic constants
were derived from the sensorgram data using BlAevaluation
version 3.0, which simultaneously fits the association and
dissociation phases of the sensorgrams and globally fits all
curves in the working set. Sensorgrams were fit to models
supplied by the BIAevaluation 3.0 package: the “Langmuir
binding™ model (a single class of noninteracting binding sites
in a 1:1 binding interaction), the “heterogenenous ligand™
model (two or more populations of noninteracting binding
sites). and the “bivalent analyte™ model (the injected protein
can bind to two immobilized proteins) (see Figure 5 legend).
The appropriate model was chosen on the basis of the quality
of the fit o the data, the robustness of the fit under different
experimental conditions, and consistency between the binding
model and structural information regarding the binding
mechanism. Equilibrium dissociation constants (Kp's) were
derived from the ratios of rate constants (Kp = ka/k,, where
k, and Ay are the association and dissociation rate constants,
respectively). For some of the binding interactions, we also
derived Kp's using an equilibrium-based approach that is not
affected by mass transport effects. In these experiments,
binding reactions were allowed to closely approach or to
reach equilibrium. Kp’s were derived by nonlinear regression
analysis of plots of Ry (the equilibrium binding response)
versus the log of the analyte concentration. The fit of data
to binding models assuming a bivalent analyte (A. P. West,
unpublished results) or to one or more classes of noninter-
acting binding sites on the ligand was examined, and the
appropriate model was chosen as described (3/). For each
analysis, the bulk refractive index parameter was set to zero
for every concentration.

RESULTS

wil'c and hdl'e, but Not nble, Bind 1o FeRn. In previous
studies by Ward and colleagues, recombinant versions of
wild-type (two FcRn binding sites). nonbinding (zero FcRn
binding sites), and heterodimeric (one FeRn binding site)
mouse Fe¢ were produced in bacteria (/3—15). These proteins
were used for in vivo catabolic and transcytosis studies. as
well as for biochemical analyses of binding to soluble mouse
FcRn (/13—15, 17, 18, 32, 33). The heterodimeric Fc was
shown to bind mouse FcRn (33). but it was not protected
from serum degradation or transported across the mouse
intestine as efficiently as wild-type Fe (/3. 14). We expressed
analogous versions of rat Fc in stably transtected CHO cells
in order to generate milligram quantities of glycosylated Fe
fragments that could be used for crystallographic and
biochemical studies involving soluble FcRn.
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FIGURE 2: SDS—PAGE analysis of Fc proteins. Samples were run
under reducing or nonreducing conditions on a 10% SDS—PAGE
gel.

TR

CHO cells were cotransfected with expression vectors
encoding a secretion signal sequence followed by the hinge,
Cy2. and Cy3 domains of wtFc and nbFc derived from a rat
1gG2a gene. The nbFc construct was generated from the wtFe
construct by introduction of a C-terminal 6x-His tag
sequence and incorporation of substitutions identified previ-
ously that reduce or eliminate binding of Fc to FcRn (2, 9,
/3—18, 21). FcRn- and nickel-based precipitation methods
were used to identity transfected cells that secrete a mixture
of witF¢ homodimers, nbFe homodimers, and hdFc molecules
(data not shown).

The purification procedures used to isolate the Fc’s require
that wtFe¢ and hdFe bind to FeRn at pH 6 but not pH 8, as
observed for 1gG (34), and that nbFc be unable to bind to
FcRn. hdFc and nbFc were purified from the harvested
growth media of stably cotransfected cells using a combina-
tion of nickel and FcRn—Sepharose chromatography. Su-
pernatants were first passed over a Ni—NTA column. which
binds nbFc and hdFc. The eluted proteins were then run over
an FcRn—Sepharose column at pH 6 to separate nbFc and
hdFc. nbFe was further purified from the flow-through of
this column, whereas hdFe was purified after elution at pH
8 from the FcRn—Sepharose column. To obtain large
quantities of witF¢, this protein was purified from the
harvested growth media of cells transfected with the wtFc
expression vector only. using pH-dependent binding to the
FcRn—Sepharose column. SDS—PAGE analysis of the
purified F¢'s under reducing conditions revealed single bands
at the expected molecular weights for nbFe and wiFe and
two bands corresponding to the nbFc and wtFc polypeptide
chains for the hdFe (Figure 2). Under nonreducing condi-
tions. each protein migrates as a dimer. demonstrating that
the hinge region interchain disulfide bonds had formed
correctly (Figure 2). N-Terminal sequence analysis of
purified hdFc revealed a single amino acid sequence (Val-
Pro-Arg-Glu-X-Asn-Pro-X-Gly-X, where X corresponds to
cysteine, which was not determined using this protocol) (data
not shown). This sequence corresponds to residues 223—
232 of Fe, demonstrating that the secretion signal sequence
had been properly cleaved from the wtFe and nbFc polypep-
tide chains.

wil'c and hdFe Show Different Properties When Binding
to Immobilized FcRn. We previously used a column binding
assay to show that more than one FcRn molecule can bind
to purified rat Fe (171). In this experiment, soluble rat FcRn



Heterodimer Fc Characterization

kDa 1 2 3 4 5 6 7
wiFc hdFc Stds wiFc hdFc nbFc FcRn
200 g & & & elute
116 FcRn = FcRn FcRn FcRn
97 * o+ elute  elute elute
66 —

45~ -~
31----—

=+cRn

Wi

21 -

14 T

——— — - 32m

FIGURE 3: SDS—PAGE analysis of proteins eluted from im-
mobilized FcRn. Samples were run under reducing conditions on
a 10% SDS—PAGE gel. Lanes 1 and 2: 5 ug of each of the
indicated proteins. Lanes 4—7: Proteins cluted from FcRn—
Sepharose when incubated with the following proteins (20 ug
each): wtFc and FcRn (lane 4), hdFc and FcRn (lane 5), nbFc and
FcRn (lane 6), and FcRn (lane 7). Only wtFc is able to bind
simultaneously to immobilized FcRn and added soluble FcRn (lane
4). hdFc bound to immobilized FcRn does not bind additional FcRn
molecules (lane 5). nbFc and FcRn (lane 6) or FcRn alone (lane 7)
does not bind to immobilized FcRn.

was covalently coupled to Sepharose beads and used to bind
Fe at pH 6.0. When additional FcRn was passed over the
column, it bound to the FcRn/Fe complex. indicating that
more than one FcRn molecule could bind to a single Fe (/7).
In the present study, we performed a precipitation-based
version of this experiment using wtFc and hdFc. As
demonstrated previously (/7). wtFe is capable of binding
simultancously to immobilized FcRn on the beads and to
soluble FcRn, but no detectable soluble FcRn binds to
immobilized FcRn in the absence of added Fc (Figure 3).
By contrast, hdFc binds to immobilized FcRn but does not
bind additional soluble FcRn, suggesting that hdFc can only
bind to a single FcRn under the conditions of this experiment.
As expected, no detectable nbFe bound to the immobilized
FcRn (Figure 3).

Gel Filtration Analyses Demonstrate Different Stoichio-
metries for wik'c and hdl'c Binding to FcRn. We previously
described nonequilibrium and equilibrium gel filtration assays
to determine the stoichiometry of rat and mouse FcRn
complexes with Fc (/0). In the present study, we compared
the properties of wiFc, hdFe, and nbFc in these assays. In
the nonequilibrium-based experiments, various ratios of FcRn
and one of the F¢'s were incubated at pH 6.0, and the FcRn/
Fc complex was separated from the free proteins on a gel
filtration column. There was no detectable complex formed
when mixtures of nbFe and FeRn were chromatographed
together on the column (data not shown). For wiFc. we
obtained results similar to those previously reported (/0).
such that virtually all of the protein chromatographs as the
complex at a 2:1 molar ratio of FcRn to Fe (Figure 4A).
When the input ratio of FeRn to wtFc i1s greater than 2:1,
there 1s an additonal peak corresponding to free FcRn: when
the input ratio of FcRn to wtFe is less than 2:1, there 1s an
additional peak corresponding o free wtFe (verified by
SDS—PAGE.: data not shown). By contrast, for hdFc. the
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FIGURE 4: Gel filtration analyses of FcRn/Fc complexes. (A)
Nonequilibrium gel filtration. FcRn and wtFc or hdFc were
incubated at pH 6.0 at the indicated molar ratios and then passed
over a gel filtration column run under nonequilibrium conditions
to separate FcRn/Fc complexes from the free proteins. The identities
of the proteins in each peak were confirmed by SDS—PAGE (data
not shown). A single peak corresponding to an FcRn/Fc complex
is formed at a 2:1 stoichiometry for FcRn/wtFe and a 1:1
stoichiometry for FcRn/hdFc. (B) Equilibrium gel filtration. FcRn
was incubated with 2 M wtFc or 2 uM hdFc at the indicated FcRn/
Fc ratios in buffer containing 2 uM FcRn (equilibration buffer).
Samples were injected onto a column equilibrated in the equilibra-
tion buffer. The peak that elutes first corresponds to an FcRn/Fc
complex in equilibrium with free Fc: thus the concentration of
bound Fc in the complex is lower than 2 M. The second peak or
trough is at the elution volume of free FcRn. Under equilibrium
conditions, the stoichiometry of the solution complex can be
determined from the chromatogram with a flat baseline by rounding
up the ratio of injected proteins to the nearest integral value. Thus
FcRn binds to wtFc with 2:1 stoichiometry and to hdFc with 1:1
stoichiometry under these conditions.

proteins chromatograph as a complex at a I:1 molar ratio
(Figure 4A).

Stoichiometries determined using conventional gel filtra-
tion are not definitive because the protein—protein complex
is being assayed under nonequilibrium conditions. Thus 1f
some of the complexes dissociate during the experiment, their
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constituents can fail to rebind because they are being
separated from each other during the chromatographic
procedure. For example, high mannose carbohydrate-contain-
ing forms of mouse FcRn can form 1:1 complexes with Fc¢
when assayed under nonequilibrium conditions (/0, 33) but
form 2:1 complexes when evaluated under equilibrium
conditions (/0). We therefore used the equilibrium gel
filtration method of Hummel and Dreyer (27) to investigate
the interactions of wiFc and hdFe with FcRn. As previously
described (/0). we equilibrated a gel filtration column with
buffer containing a uniform concentration of FeRn. Pre-
equilibrated complexes of FcRn plus Fe in different ratios
were then injected over the gel filtration column. If' the
amount of additional FeRn injected with Fe 1s greater than
or less than the amount required for formation of the FeRn/
F¢ complex. there is a peak (in the case of too much FeRn)
or a trough (in the case of too little FcRn) at the position
where free FcRn migrates. When the amount of additional
FcRn injected with Fe is equal to the amount required for
forming the FcRn/Fe complex., there 1s a flat baseline at the
position where free FcRn migrates. Unless the protein
concentrations greatly exceed the Ky ol the interaction,
however, the rauo of the concentration of added FcRn to
the concentration of Fc will be a nonintegral value, from
which the integral value corresponding to the stoichiometry
generally can be derived by rounding up to the next integer.
This is because the peak corresponding to the complex
contains significant amounts of free Fc in equilbrium with
the bound form. unless the experiment is conducted at
concentrations that exceed the Ky by greater than 10-fold.
which is usually not possible due to limiting amounts of
purified protein.

We equilibrated a small (2.4 mL total volume) gel filtration
column with 2 4M FcRn. Samples containing 2 «M wik¢
or hdFc were incubated with various amounts of FcRn and
chromatographed in the equilibration buffer containing FeRn.
As shown in Figure 4B, a flat baseline is observed at the
position where free FcRn migrates when 3.6 M additional
FeRn is injected with 2 «M witFe: thus the stoichiometry of
the FeRn/wiFe interaction is 2:1 under equilibrium condi-
tions. By contrast, a flat baseline is observed when 1.6 «M
hdFc is injected with 2 «M hdFc: thus at concentrations up
to 2 «M, hdFc interacts with only one FcRn molecule (Figure
4B). The nbFe shows no specific interaction with FeRn (data
not shown).

Comparison of witFce and hdFe Binding to FeRn Using
Surface Plasmon Resonance Assavs. FeRn was covalently
immobilized onto the surface of a biosensor chip, and binding
of the Fc proteins was monitored in real time using a surface
plasmon resonance-based binding assay. as previously de-
seribed (7, 8, 27, 31, 35). We first analyzed the ability of
nbF¢ to bind FeRn to check for residual binding at high
concentrations. We found that nbFc does not generate a net
binding response unless it is injected al concentrations
exceeding 5 uM. At these concentrations, the responses are
independent of concentration and are not reproducible from
flow cell to flow cell or from chip to chip and thus represent
nonspectfic interactons with the brosensor chip (data not
shown). For wiFc, the binding data were fit to a simple 1:1
interaction model and to a more complex model that assumes
the response is due to two independent classes of noninter-
acting binding sites (heterogeneous ligand model) (Figure
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5A). The heterogeneous ligand model fit the data better, as
found in previous biosensor-based studies using intact 1gG
or Fe fragments (37). Using the heterogeneous ligand model,
we derive a Kyy of 1—6 nM for the high-affinity population,
representing 55% of the binding sites. and a Ky, of 143—
218 nM for the low-affinity population, representing 45%
of the binding sites. By contrast. the hdFe binding data fit
the simple 1:1 interaction model quite well with a derived
K of 75=96 nM (Figure 5A).

Because the hdFe/FeRn binding data fit the simple 1:1
interaction model. we inferred that the complex binding data
observed in the wiF¢/FcRn interaction result primarily from
the presence of two potential FcRn binding sites on wiFc
rather than from two populations of FcRn molecules on the
chip surface. We therefore modeled the interaction of FcRn
and wtFc as one side of wiFe binding the coupled FcRn
followed by the wiF¢/FcRn complex binding another FcRn
using the second FeRn binding site on wiFe (bivalent analyte
model). Using this model, a Ky, is derived for cach binding
event, neither of which represents the affinity of wiFe being
bound on both sides by FcRn: Le.. both Kp's represent
distinet microscopic binding events. When the wtkc binding
data are analyzed using this model. the Ky for the first
binding event is in the range of 68—116 nM, and the second
Ky is 317—487 nM (Figure 5A). Thus the Kp for the binding
of FcRn to one site on wtFe is comparable to the 75—-96
nM Ky, derived tor the binding of FeRn to hdFe. From these
results. we conclude that the complex response exhibited by
the interaction of FcRn with Fe or 1gG on a biosensor chip
is primarily the result of FcRn binding 1gG or Fe at both
FcRn binding sites.

We previously noted that the affinities of FeRn/lgG
complexes are higher when FcRn. rather than lgG. 1s
immobilized on the biosensor chip (37). All 1gG subtypes
tested showed a systematic coupling-dependent affinity
difference. such that the high-affinity Kp when FeRn was
immobilized (determined using a two-site heterogeneous
ligand model) ranged between 15 and 93 nM. whereas the
high-affinity K, when 1gG was immobilized ranged between
74 and 740 nM (30). To determine if hdFc exhibited a similar
coupling-dependent affinity difference, we compared the
binding of FcRn o wtFe and hdFe when cach was im-
mobilized to a biosensor chip. In both cases, the binding
data could be fit o the simple 1:1 interaction model. and
the derived Ky, was 450—500 nM (Figure 5B). Thus both
hdFc¢ and wtFc bind to FcRn with lower affinity when they
are immobilized than when they are injected over im-
mobilized FcRn.

DISCUSSION

FcRn functions in the transport of 1gG across epithelia
and in the protection of 1gG from catabolism in the serum
(reviewed in refs /—23). Crystals of a complex between rat
FcRn and the Fe fragment of 1gG reveal an extended
oligomeric ribbon of FeRn dimers bridged by homodimeric
Fe's (6) (Figure 1). We have suggested that this ribbon forms
under physiological conditions, such as the inside of an acidic
transport vesicle. and that ribbon formation could serve as a
component of a trafficking signal for directing vesicles
containing bound 1gG to their correct destination (9). To
investigate this hypothesis. we have initiated a systematic
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FIGURE 5. Biosensor analyses of FcRn/Fe complexes. FeRn or Fe was coupled to a biosensor chip at ~200, ~400, and ~1500 RU.
Sensorgrams (colored lines) were analyzed using a kinetics-based method for the two lower coupling densities. An equilibrium-based
method was used for analyses of data from all three coupling densities, yiclding results comparable to those of the kinetics-based analyses
(data not shown). In each panel. the model used to fit the data (thin black lines overlaid with the observed response) is listed along with
derived affinity constant(s). The simple 1:1 model fits the data to the reaction FcRn + F¢ <= FcRn:Fe. The heterogeneous ligand model
assumes that there are two populations of FcRn on the chip and fits the data according to the following reactions: FcRn + Fe <= FcRn:Fe
and FeRn* + Fc = FeRn*:Fe. Kp's (Kp or Kp») and the percentage of the total response due to each population of FcRn are derived for
cach reaction. The bivalent analyte model fits the data according to the following sequential reactions: FcRn + Fc = FcRn:Fe and FeRn:
Fe + FeRn e FeRn:Fe:FeRn. Kp's (Kp i and Kp second) are derived for each reaction. (A) Sensorgrams from kinetics-based experiments
in which the indicated Fe is flowed over FeRn. One representative set of injections from experiments performed in duplicate or triplicate
is shown for each interaction on a chip coupled to ~400 RU. Similar results were obtained for the ~200 RU coupling density chips (wtFc:
Kpi = 4 nM (58%); Kp2 = 185 nM (42%): Kpjira = 101 nM: Kp weeons = 336 nM. hdFe: Ky = 86 nM). (B) Sensorgrams from kinetics-
based experiments in which FcRn is flowed over the indicated Fe. One representative set of injections from experiments performed in
duplicate or triplicate is shown for each interaction on a chip coupled to ~200 RU. Similar results were obtained for the ~400 RU coupling
density chips (witFe: K = 500 nM. hdF¢: K = 460 nM)
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characterization of the interaction between FcRn and its Fe
ligand.

Many biochemical studies of FcRn. a membrane-bound
receptor that normally interacts with its ligand in the lumen
of intracellular transport vesicles. have been done in solution
using a soluble version of the receptor. Under equilibrium
conditions in solution. the FcRn/ligand complex is composed
of three molecules. two FcRn's and one Fc (10, 117). In the
FcRn/Fe cocrystals, there are two distinet possibilities that
could account for the 2:1 complex observed in solution. In
one, a dimer of FcRn molecules binds to only one FcRn
binding site on homodimeric Fc. In the other, single FcRn
molecules bind to both FcRn binding sites on Fe (6).

Here we describe the use of recombinant Fc¢ proteins
containing zero. one, or two binding sites for FcRn (nbFc,
hdFc, and wtFc, respectively) to determine the nature of the
FeRn/Fe complex formed in solution. The experimental
results consistently demonstrate that the 2:1 FeRn/Fe solution
complex consists of two FcRn molecules binding 1o both
sides of wtFc. First, using an assay involving FcRn bound
10 a solid support. we show that more than one FcRn
molecule can bind to wtFe but not to hdFc (Figure 3). In
addition. gel filtration analyses under both equilibrium and
nonequilibrium conditions demonstrate that hdFe forms a 1:1
complex with FcRn, whereas wiFe forms a 2:1 FcRn/Fe
complex (Figure 4). The I:1 nature of the FcRn complex
with hdFc is reflected in biosensor analyses of this interac-
tion. in that binding data involving hdFc¢ could be fit o a
simple 1:1 binding model. By contrast, binding data for the
interaction of coupled FcRn with wtFe or intact 1gG must
be fit to more complex binding models that incorporate
binding to the second FeRn binding site on Fe¢ (Figure 5A).
Combined with a previous demonstration that soluble FcRn
Is monomeric at micromolar concentrations in solution (22),
the present results establish that FcRn does not dimerize in
solution, either alone or when bound to Fe.

The result that the 2:1 FeRn/Fe complex formed in solution
does not include FcRn dimers cannot be used to infer that
receptor dimerization does not occur under physiological
conditions. In biochemical experiments such as those de-
scribed here, soluble FeRn is studied at relatively low protein
concentrations (micromolar) that would not be expected to
favor formation of receptor dimers or the oligomeric ribbon.
In vivo, however, receptors are tethered to a membrane under
conditions of high effective molarity in which receptor
dimerization and oligomeric ribbon formation could be
facilitated. Tethering of soluble FeRn to a biosensor chip
may to some extent mimic the high local protein concentra-

tions found 1in a membrane by facilitating dimerization of

FcRn. Previous studies suggest that FeRn can dimerize on a
biosensor chip. in that mutations at the FcRn dimer interface
that do not directly contact 1gG resulted in reduced affinities
for 1gG (8). In addition, the previous observation that the
affinity between FeRn and Fe or 1gG is highest when the
receptor rather than the ligand is coupled to a biosensor chip
(37) can now be interpreted by assuming that FcRn can
dimerize when coupled to a biosensor chip. This orientation
effect is not due to the ability of FecRn to bind 1gG and wtFc
al two sites because it is also produced by hdFe. which can
only be bound on one side by FcRn. A reasonable explana-
tion for this effect is that FcRn can form dimers when
coupled to the surface of the biosensor chip at high effective
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molarity and that these dimers bind Fe and 1gG more stably
than does monomeric FeRn, which is the predominant species
binding to immobilized Fc or 1gG.

The use of F¢ molecules that contain zero. one, or (wo
FcRn binding sites has allowed the identification of the
trimolecular 2:1 FcRn/Fe complex that forms under micro-
molar conditions in solution. Future studies of the interactuon
of these F¢ molecules with membrane-bound FcRn will
facilitate understanding of the more complex interactions
between this receptor and its ligand under physiological
conditions.
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Chapter 3:
Crystal structure at 2.8 A of an FcRn/Heterodimeric Fc

complex: Mechanism of pH-dependent binding

This chapter describes the solution of FcRn/heterodimeric Fec complex crystals as
well as the structure of the non-binding Fc. Dr. Anthony West assisted in the solution of
FcRn/hdFe structure. Lu Gan purified the non-binding Fc, generated the non-binding Fc

crystals, collected the diffraction data, and participated in the solution and refinement of

the non-binding Fc.
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Mechanism of pH-Dependent Binding
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Summary

The neonatal Fc receptor (FcRn) transports immuno-
globulin G (IgG) across epithelia, binding IgG in acidic
vesicles (pH = 6.5) and releasing IgG in the blood at
pH 7.4. Well-ordered FcRn/Fc crystals are prevented
by the formation of “oligomeric ribbons” of FcRn di-
mers bridged by Fc homodimers, thus we crystallized
a 1:1 complex between rat FcRn and a heterodimeric
Fc containing only one FcRn binding site. The 2.8 A
complex structure demonstrates that FcRn uses its
«2 and (32-microglobulin domains and carbohydrate
to interact with the Fc C,2-C 3 interface. The structure
reveals conformational changes in Fc and three titrat-
able salt bridges that confer pH-dependent binding,
and can be used to guide rational design of therapeutic
lgGs with longer serum half-lives.

Introduction

FcRn mediates transport of maternal IgG across the
neonatal intestine in rodents and the placenta in hu-
mans, thereby conferring humoral immunity to the fetus
or newbomn against antigens encountered by the mother.
In addition, FcRn protects IgG from degradation by serv-
ing as the receptor responsible for maintenance of the
long half-life and high concentrations of 1gG in serum
(Simister and Mostov, 1989; Ghetie and Ward, 2000). In
both its transport and protection receptor roles, FcRn
binds IgG with nanomolar affinity at acidic pH (=6.5) in
intracellular transport vesicles and releases IgG upon
encountering the basic pH of the bloodstream (7.4) (Ghe-
tie and Ward, 2000). Understanding the details of the
FcRn interaction with IgG is critical for efforts to increase
the serum half-lives of antibody-based drugs and to
deliver therapeutic IgGs across the placenta.

FcRn shares 22%-29% sequence identity with class |
major histocompatibility (MHC) molecules (Simister and
Mostov, 1989), which present peptide antigens to cyto-
toxic T cells. Both types of proteins are heterodimers
composed of the soluble light chain B2-microglobulin
(32m) and a membrane-bound heavy chain that includes
three extracellular domains (a1, «2, and «3), a single-
pass transmembrane region, and a short cytoplasmic
domain. Crystal structures of rat (Burmeister et al.,
1994a) and human (West and Bjorkman, 2000) FcRn
confirmed the structural similarity with class | MHC mol-
ecules, except that FcRn has a narrowed and nonfunc-

$To whom correspondence should be addressed (e-mail: bjorkman@
its.caltech.edu).

tional version of the class | MHC peptide binding groove.
The low resolution crystal structure (6.5 A) of a rat FcRn/
Fc complex revealed that the side of an FcRn al—2
domain platform interacts with the C,2-C_3 domain in-
terface on each chain of the Fc homodimer (Burmeister
et al., 1994b). Many different surfaces on class | MHC
and class | homologs are employed for interactions with
protein ligands (Strong, 2000). By contrast, the Fc C_2-
C,3 interface is the binding site for a number of proteins
that bind IgG, including protein A (Deisenhofer, 1981),
protein G (Sauer-Eriksson et al., 1995), rheumatoid fac-
tor (Corper et al., 1997), peptides selected for high-affin-
ity Fc binding (DelLano et al.,, 2000), and the herpes
simplex virus IgG binding protein gE-gl (Chapman et al.,
1999). The limited resolution of the FcRn/Fc cocrystals
prohibited detailed comparisons with the other Fc bind-
ing proteins and analyses of potential conformational
changes induced by binding. Growth of well-ordered
cocrystals is apparently prevented by the packing, in
which Fc homodimers bridge between dimers of FcRn
heterodimers to create an “oligomeric ribbon"” (Fig-
ure 1A).

In order to obtain an FcRn/Fc cocrystal with a different
packing arrangement, we engineered a heterodimeric
version of Fc (hdFc) that cannot bridge between FcRn
molecules because it contains only a single FcRn bind-
ing site (Martin and Bjorkman, 1999). The hdFc is com-
posed of a wild-type rat IgG2a Fc region (wtFc) cova-
lently linked via hinge region disulfide bonds to a mutant
rat IgG2a Fc (nonbinding Fc; nbFc) with substitutions
that disrupt FcRn binding (Thr-252 to Gly, lle-253 to Gly,
Thr-254 to Gly, His-310 to Glu, His-433 to Glu, and His-
435 to Glu). In solution, hdFc forms a 1:1 complex with
FcRn, in contrast to wtFc homodimers, which form 2:1
FcRn/Fc complexes (Martin and Bjorkman, 1999). Here
we describe structures of a 1:1 FcRn/hdFc complex and
a nbFc homodimer solved to 2.8 A and 2.7 A, respec-
tively. The FcRn/hdFc structure reveals the molecular
mechanism for the pH dependence of the FcRn/IgG
interaction and shows that ordered carbohydate from
FcRn participates in binding Fc. Comparisons of the
structures of free and FcRn-bound Fc molecules reveal
domain rearrangements distant from the FcRn binding
site and asymmetry in Fc that may result in negative
cooperativity for binding the second FcRn to Fc.

Results

FcRn/hdFc and nbFc Structures

Secreted forms of rat FcRn, hdFc, and nbFc were ex-
pressed in CHO cells and purified as described (Martin
and Bjorkman, 1999). The FcRn/hdFc and nbFc struc-
tures were solved at pH 5.4 (complex crystals) or pH
6.4 (nbFc crystals) by molecular replacement using the
structures of rat FcRn (Burmeister et al., 1994a; Vaughn
and Bjorkman, 1998) and/or human Fc (Deisenhofer,
1981) (Table 1). The FcRn/hdFc structure consists of a
1:1 complex in which FcRn interacts specifically with
the wtFc (proximal) chain of the hdFc with the side of
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Figure 1. FcRn/Fc, FcRn/hdFe, and nbFc Structures

(A) FcRn/Fc complexes in the oligomeric ribbon observed in crystals of FcRn bound to wtFc. FcRn/Fc crystals grown using human, mouse,
or rat FcRn and human, mouse, or rat Fc subclasses all appear to contain the oligomeric ribbon packing in which FcRn dimers are bridged
by Fe homodimers. Such crystals diffract aniostropically to 3.5 A-8 A, with the highest resolution in the direction of the long axis of the FcRn
dimer.

(B) Ribbon diagrams of the structures of FcRn/hdFc and nbFc. Ordered N-linked carbohydrates are shown in ball-and-stick representation.
Disulfide bonds are yellow. Regions of disorder in the distal C,2 domain are shown as dashed lines. The FcRn/hdFc complexes are packed
in the crystals such that the nbFc chain of the hdFc contacts an FcRn in an adjacent FcRn/hdFc complex. This interaction involves a face of
the FcRn «3 domain opposite from the Fc binding site, and the buried surface area (577 A? total) is near the mean size buried in typical crystal
contacts (570 f—‘\z) (Janin, 1997), thus it is a nonspecific interaction.

(C) Close-up of the FcRn/hdFc interface. Interface residues are turquoise (positively charged), pink (negatively charged), and yellow (hydropho-
bic). The carbohydrate attached to residue Asn-87 was omitted for clarity.

(D) The FcRn/hdFc model in the region of the N-linked carbohydrate attached to FcRn Asn-128 superimposed on a 2.8 A SIGMAA-weighted
2F,-F. annealed omit electron density map contoured at 1.0 v.

(E) Comparison of the Fc 251 to 256 loop in the wt (red) and nb (gold) sides of hdFc (Cu rms deviation of 1.78 A).
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Table 1. Data Collection and Refinement Statistics for the FcRn/hdFc and nbFc Crystal Structures

FecRn/hdFc nbFc
Data Collection
Space group P2,2,2, P2,
Unit cell (A) 68.4, 74.4, 196.6 42.5,73.4,82.2, 3 - 103
Resolution (A) 20-2.8 (2.9-2.8) 30-2.6 (2.7-2.6)
Wavelength (A) 1.00 1.54
Mosaicity () 0.7 0.6
Observations 96,527 (7836) 35,621 (3003)
Unique reflections 25,112 (2234) 14,919 (1323)
Completeness (%)* 98.7 (89.8) 97.5 (87.2)
Verl 18.9 (3.0) 13.4 (3.6)
Riarge (%)° 8.0 (30.0) 6.8 (26.1)
Refinement
Resolution (A) 20-2.8 20-2.7
Work reflections 23,810 12,096
Test reflections 1195 1375
Rewer (%) 22.2 241
R’ 29.3 27.9
No. of protein atoms 6241 3264
No. of waters 6 0
No. of carbohydrate atoms 323 198
Average B factor (A?) 79.1 41.2
Anisotropic B correction B11 2412 Bi1 =79 B12 = 0.00
B22 - 595 B22 -5.2 B13 - 0.66
B33 - 18.16 B33 2.7 B23 - 0.00
Rms deviations from ideal
Bond lengths (A) 0.009 0.008
Bond angles () 1.6 1.4
Ramachandran plot quality
Most favored (%) 778 89.1
Additionally favored (%) 20.8 9.8
Generously allowed (%) 1.4 14
Disallowed (%) 0.0 0.0
Statistics in parentheses refer to the highest resolution bin.
"Completeness - (number of independent reflections)/total theoretical number.
" Rage (1) = (ZI1(i)) — = I(h) == |721()), where I(i) is the i"” observation of the intensity of the hkl reflection and < I~ is the mean intensity from multiple
measurements of the h.k,| reflection.
“Reya (F) - ThilFobs(h)| — |Fcalc(h)||/2h|Fobs(h)|, where |Fobs(h)| and |Fcalc(h)| are the observed and calculated structure factor amplitudes

for the hk,| reflection.

“Ri is calculated over reflections in a test set not included in atomic refinement.

its «1-«2 domain platform recognizing the Fc C,2-C.3
domain interface (Figures 1B and 1C). The oligomeric
ribbon is completely disrupted, since FcRn does not
dimerize and hdFc does not bridge between FcRn mole-
cules in the FcRn/hdFc crystals. There is ordered elec-
tron density for FcRn, the FcRn/Fc interface, N-linked
carbohydrates on FcRn (Figure 1D) and Fc, the proximal
(FcRn-bound) side of the hdFc excluding the B-C
loop of the C,2 domain, and the C.3 domain of the dis-
tal (nbFc) chain. In the distal C,2 domain, only the
C,3-nearest half, the intradomain disulfide, and the
N-linked carbohydrates show ordered electron density,
thus the remainder of the C,2 domain was modeled
using coordinates from the nbFc structure. Disorder of
the same portion of the distal C.2 domain is also ob-
served in a 5 A structure derived from FcRn/hdFc crys-
tals collected at room temperature (W. L. M. and P. J. B.,
unpublished results). The same portions of the C.2 do-
mains of human Fc (Deisenhofer, 1981), a human Fc/
protein A fragment complex (Deisenhofer, 1981), and an
intact antibody (Harris et al., 1997) also show disorder.

The structure of the nbFc homodimer (Figure 1B)
closely resembles structures of human Fc (Deisenhofer,

1981; Sauer-Eriksson et al., 1995; Corper et al., 1997;
Harris et al., 1997; DelLano et al., 2000). The most notable
difference concerns the loop containing residues 252-
254, which are replaced by glycines. This loop is re-
arranged relative to the corresponding loops in human
Fc or the wtFc chain of hdFc (Figure 1E), suggesting that
movement of the 251-256 loop as well as the absence of
FcRn-interacting side chains contributes to the lack of
binding between nbFc and FcRn.

FcRn/Fc Interface

The FcRn/Fc binding interface spans a large surface
area and is highly complementary. The buried surface
area at the interface (1870 A?) (Table 2) is slightly larger
than average protein—-protein recognition interfaces
(1560-1700 A% (Jones and Thornton, 1996) and larger
than areas buried at the interface between Fc and other
proteins that bind to C,2-C.3 interdomain region of Fc
(protein A, protein G, and rheumatoid factor) (Table 2).
In addition, the shape correlation statistic (S.) (Lawrence
and Colman, 1993) for the FcRn/hdFc complex is higher
than indices for these and other protein/Fc complexes
(Table 2). On FcRn, the Fc binding site encompasses
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Table 2. Characteristics of the FcRn/hdFe and Other Protein-Protein Interfaces

Percentage Percentage Percentage

Interface Area Shape Number of Nonpolar Polar Charged Proximal, Distal Fc
Protein(s) (A9 Complementarity Salt Bridges Interface Area Interface Area  Interface Area C.,-C,3 Angles
FcRn/hdFc 1870 0.71 4 56 28 16 89, 81
Protein A/Fc 1320 0.66 0 61 36 3 99, 99
Protein G/Fc 1370 0.56 2 56 33 1 100, 100
RF/Fc 1490 0.69 2 47 34 ] 93, 93
FeyRIlIVFe 1730 0.67 o 67 24 9 93, 106
FceRI/Fce 1460 0.69 2 62 27 11 85, 98
Free hFc 98", 95
Free nbFc 92°, 92
Intact migG 98", 94

RF denotes rheumatoid factor. Interface area in column 2 is the total buried surface area at a protein-protein interface and was calculated
as described in Experimental Procedures. Shape correlation statistics (S.) were calculated using SC (Lawrence and Colman, 1993) (S, - 1
for interfaces with perfect fits). Salt bridges are defined as atoms on each interacting protein with opposite charges that are within 3.5 A of
each other. Interface buried surface area in columns 5-7 is defined and characterized as nonpolar, polar, or charged according to the criteria
of Lo Conte et al. (1999). The percentage in each category is calculated for all protein atoms at the interface. The interdomain angle is the
angle between the long axes of the C.2-C.3 domains of Fc calculated as described (Su et al., 1998).

the C-terminal portion of the «2 domain « helix and
the first residues of B2m. On Fc, the FcRn binding site
encompasses the residues identified by DelLano et al.
(2000) as common to all interactions involving the Fc
C.2-C 3 interface (residues 252-254 in the C_2 A-B loop
and residues 434-436 in strand G of the C,3 domain).
In addition, the FcRn footprint on Fc includes residues
in the C,2 E-F loop (309-311) (Table 3).

The center of the FcRn/Fc interface includes a core
of hydrophobic residues in which FcRn Trp-133 con-
tacts Fc lle-253 and (32m lle-1 from FcRn contacts Fc
Pro-307 (Figure 1C). Substitution of FcRn Trp-133, 2m
lle-1, or Fc lle-253 greatly reduces the interaction affinity
(Table 3) (Popov et al., 1996; Vaughn et al., 1997; Shields
et al,, 2001). Surrounding the hydrophobic core con-
taining Fc lle-253 is a network of salt bridges involving
FcRn residues Glu-117, Glu-118, Glu-132, and Asp-137
and Fc residues His-310, Arg-311, His-435, and His-436
(Figure 2A). Mutation of Glu-117, Glu-132, and Asp-137
on FcRn and His-310, Arg-311, His-435, and His-436
on Fc, either individually or in conjunction with other
residues, lowers the binding affinity substantially (Table
3) (Kim et al., 1994a, 1999; Raghavan et al., 1995; Popov
et al., 1996; Ghetie and Ward, 1997; Medesan et al.,
1997, 1998; Vaughn et al., 1997; Shields et al., 2001).

N-linked Carbohydrate Attached to FcRn
Contributes to Fc Binding

Unanticipated from the low-resolution FcRn/Fc struc-
ture (Burmeister et al., 1994b), we find extensive interac-
tions involving N-linked carbohydrates from FcRn that
contact Fc. Contacts between Fc and three sugar resi-
dues attached to FcRn Asn-128 account for 10%-15%
of the buried surface area in the FcRn/Fc interface (Fig-
ures 1C and 1D; Table 3). The sugars contact four Fc
residues, including His-433 (Figure 1D), previously sug-
gested to contribute to binding of rat FcRn (Raghavan
et al., 1995). The N-linked glycosylation site at Asn-128
is found in rodent (Simister and Mostov, 1989; Ahouse
et al., 1993) but not human (Story et al., 1994) or bovine
(Kacskovics et al., 2000), forms of FcRn (Table 3). In the
case of mouse FcRn, differential glycosylation affects
the receptor/ligand stoichiometry such that 1:1 FcRn/Fc

complexes can be isolated using high-mannose forms of
FcRn (Popov et al., 1996; Sanchez et al., 1999), whereas
2:1 complexes are observed under the same conditions
using FcRn with complex carbohydrates (Sanchez et
al., 1999). Contact between Fc and complex carbohy-
drate-specific sugar residues on FcRn (fucose and
N-acetyl-glucosamine) (Table 3) suggests that maximal
Fc binding affinity requires complex carbohydrate
attached to FcRn Asn-128, thus the affinity for binding
a second FcRn to Fc should be lower in high-mannose-
containing rather than complex carbohydrate-con-
taining forms of rodent FcRn (Schuck et al., 1999).

Conformational Changes at the

FcRn/hdFc Interface

FcRn does not undergo a major conformational change
upon binding Fc, but there are slight but significant re-
arrangements in FcRn side chains at the binding inter-
face. In complexed FcRn, Glu-135 adopts a different
rotamer to form hydrogen bonds with backbone amide
nitrogens in Fc residues 253 and 254 (Figure 2B). 32m
lle-1 swings out to make van der Waals contacts with
Fc residues Val-309 and Pro-307 (Figure 2B). Another
interface residue, FcRn Glu-132, adopts a different ro-
tamer to form a salt bridge with Fc His-435 (Figures 2A
and 2B). Overall, however, the structures of free and Fc-
bound FcRn superimpose well (0.89 A rms deviation for
all Ca atoms).

Fc side chains at the FcRn binding site are also reori-
ented in apparent response to receptor binding. His-
436, Arg-311, and lle-253 assume different rotamers in
the structure of FcRn-bound Fc compared with struc-
tures of free Fc or nbFc (Figure 2B). All three differences
likely facilitate FcRn binding to Fc: His-436 forms a salt
bridge with FcRn Asp-137, Arg-311 forms a salt bridge
with FcRn Glu-118 and binds an ordered water also
bound by Glu-117, and lle-253 makes van der Waals
contacts with FcRn Trp-133.

In addition to side chain changes at the FcRn binding
site, we find quaternary structure rearrangements dis-
tant from the FcRn binding site when the structures
of free Fc (human Fc [Deisenhofer, 1981] or the nbFc
homodimer), FcRn-bound Fc, and human Fc bound to
other proteins (Deisenhofer, 1981; Sauer-Eriksson et al.,
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Table 3. Interacting Residues at the FcRn/hdFc Interface

FcRn Fc R M H B

Residue Mutation (Effect Residue 1222 1222 1234 123  Mutation (Effect of Affinity Mutation (Relative
(ASA) RMHB  on Affinity) (ASA) abc abc a for mFcRn or rFcRn) Binding to hFcRn)
86 IL N84GQB5YI86Y 254 T TS 3 1 M252GI253GS254G S254A
(1.3%) 2~ 1) (5.5%) (90 - 1) (<0.10)
90 FYYF - 254 TTST TSS! S5 M252GI253GS254G S254A
(0.5%) (5.5%) (90> ll) (=0.10)
117 E E117S 309 LYGL M@ LVLE ... L309GH310GR311G -
(4.6%) (»300 - ) (2.8%) (80~ 1)

117 EEEE E117S 310 iHEH  HIHH O HHHH HHH O H310A -
(4.6%) (»300 - 1) (1.3%) (8-33- 1)

118 : - 3an RUW QU Quuu gue L309GH310GR311G Q311A
(1.8%) (4.5%) (80 ~ 1) (1.62)
119 ¥ - 253 11 9 - 111 I M252GI253GS254G 1253A
(0.4%) (7.0%) (90> 1) (<0.10)
132 EEDT E132QE135Q 435 HHiH! HHYH HHRH HHE H435A H435A
(3.4%) (»300 - 1) (2.9%) (13-20= 1) (<0.10)
133 WUW W132A 253 1111 LTl 11 &b 111 1253A 1253A
(6.8%) (300> 1) (7.0%) (3000~ 1) (<0.10)
133 W W133A 310 HHHH  HHHHE  HHHHE  HHH H310A -
(6.8%) (»300 1)) (1.3%) (8-33~ 1)

133 W W133A 311 IR it FOLOLH| QQQ L309GH310GR311G Q311A
(6.8%) (300 - 1) (4.5%) (1.62)
133 WWWW W133A 314 LLMM LLMM TTL - -
(6.8%) (»300 - 1) (0.8%)

133 WWWW W133A 435 HHHH  HHYHE  HHRH  HHI H435A H435A
(6.8%) (»300x ) (2.9%) (13-20~ ) (<0.10)
135 EEEE E132QE135Q 252 TTLM TMMM MMM TMI M252GI253GS254G M252A
(2.3%) (300 - 1) (1.1%) (90~ 1) (1.0)
135 E132QE135Q 253 ILes 311 171 11 1253A 1253A
(2.3%) (»300 - ) (7.0%) (3000 1)) (<0.10)
135 A E132QE135Q 254 1 T35 55¢ T M252GI253GS254G S5254A
(2.3%) (»300~ 1) (5.5%) (90 - 1) (<0.10)
136 TTA - 434 M N434A N434A
(0.0%) (5.9%) (2 - I to no effect) (3.46)
137 NELK D137N 434 HMNN OHHNH NMEN O NHN N4AS4A N434A
(1.8%) (»300 - 1)) (5.9%) (2> 1l to no effect) (3.46)
137 YELE D137N 436 HHHH  HHYE TYFY Yy H436A Y436A
(1.8%) (»300 - 1) (1.9%) L ; (3-6- 1) (<0.10)
32m 1 111 A 307 PEPi FEEE TTT REPR - -
(5.1%) (»40 = 1) (1.5%)

32m 2 i Q2A 288 iy QL KEER IR - K288A
(1.6%) (2= 1 (0.8%) (0.38)
FcRn N128

(sugar)

FUC 702 + % - 433 HHHE HEKE  HHHH  HHE  H433A H433A
(2.4%) (3.1%) (2~ |l to no effect) (0.41)
FUC 702 += - 434 PHMEN  HHND NNNE un N434A N434A
(2.4%) (5.9%) (2 - | to no effect) (3.46)
FUC 709 ++ - 348 WAl VVANY WA TRV =
(8.2%) (0.8%)

FUC 709 + 4+ - 439 KY.KEF REER K ; - K439A
(8.2%) (2.9%) (1.0)

Pairwise interactions were identified by contact analysis in CNS (Briinger et al., 1998) using the FcRn/hdFe¢ structure (rat FcRn bound to a
rat IgG2a Fc). Contacting residues were defined as those containing an atom within 4.0 A of any nonhydrogen atom on the partner molecule.
Counterpart residues in mouse (M) (Ahouse et al., 1993), human (H) (Story et al., 1994), and bovine (B) (Kacskovics et al., 2000) FcRn and Fc
regions are listed, with Fc sequences divided into subclasses (Kabat et al., 1991). Percentage ASA (accessible surface area) is the percent
of the total interface ASA contributed by each residue. Mutation nomenclature: E117S means Glu-117 was changed to serine. FcRn mutations
(column 3) were made in rat FcRn, and effects on binding to rat IgG1 or IgG2a were assayed (Vaughn et al., 1997). Fc mutants in column 9
were introduced into human IgG1 or mouse IgG1 Fc regions, and effects on binding to mouse FcRn were assayed (Kim et al., 1994a, 1994b;
Popov et al., 1996; Ghetie and Ward, 1997; Medesan et al., 1997; 1998) or introduced into a human IgG4 Fc region and evaluated using rat
FcRn (Raghavan et al., 1995). Fc mutants in column 10 were introduced into human IgG1, and effects on binding to human FcRn were assayed
(Shields et al., 2001). Effects listed as “relative binding” are expressed as a ratio of the binding of each mutant compared to wild-type IgG1,
thus values less than 1.0 indicate reduced binding of the mutant compared to wild-type Fc, and values greater than 1.0 indicate enhanced
binding of the mutant compared to wild-type Fc.

1995; Corper et al., 1997; DeLano et al., 2000) are com- quaternary structural changes result in altered interdo-
pared. While the tertiary structures of individual Fc do- main relationships. In unliganded Fc and Fc complexes
mains are relatively unchanged in the FcRn-bound hdFc, containing two ligands, the Fc chains are related by an
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Figure 2. FcRn/hdFc Interface and Fc Interdomain Angles
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hFc
(957)

hdFc
(81)

(A) Salt bridge and hydrogen bond network at the interface between FcRn and Fc. Salt bridges are indicated by dotted yellow lines and were
defined as interactions between oppositely charged atoms separated by less than 3.5 A. Water-mediated hydrogen bonds are indicated in
gray. Positively charged residues from Fc are turquoise; negatively charged residues from Fc are pink. The oxygen atom of an ordered water
molecule is shown as a blue sphere.

(B) Comparison of residue conformations in the free and bound states of FcRn and Fc: FcRn from complex structure (turquoise), free FcRn
(gray), Fc from complex structure (pink), free Fc (gray) (from the structures of human Fc [Deisenhofer, 1981] and nbFc), FcRn backbone (dark
blue tubes), and Fc backbone (red tubes). Only interface residues that differ between the free and bound states are shown. In addition to
changes at the interface region, loop regions of FcRn that are distant from the Fc binding site differ in backbone conformation when comparing
the free and hdFc-bound FcRn structures. These changes, which do not appear to be induced by Fc binding, involve the loops between a2
domain strands 1 and 2 (residues 101-105, which includes an ordered N-linked carbohydrate not visible in previous structures [Burmeister
et al., 1994a; Vaughn and Bjorkman, 1998]), «3 strands 1 and 2 (residues 190-195), and 32m strands 1 and 2 (residues 16-19) and 3 and 4
(residues 41-45). The latter three loops are involved in formation of the FcRn dimer observed in three crystal forms of free FcRn (Burmeister
et al.,, 1994a; Vaughn and Bjorkman, 1998) but not in the FcRn/hdFc crystals.

(C) Comparison of Fc domain positions in hdF¢, nbFc, and human Fe. The structures were aligned by superimposing a C,3 domain on the

proximal C.3 domain of hdFc.

approximate dyad axis of symmetry, thus the C 2-C.3
interdomain angles (defined as described in Su et al.,
1998) are identical or nearly the same for both chains
(Table 2). However, in the FcRn/hdFc complex and other
Fc complexes with only one ligand, the interdomain
angles of the two chains differ, creating asymmetric Fc
homodimers (Table 2). The range of interdomain angles
in the free and ligand-bound Fc structures (85° to 106°)
and the degree of interdomain angle asymmetry in singly
liganded Fc structures (8°-13" different) demonstrate the
intrinsic flexibility and the potential for asymmetry of Fc
regions, which could have functional implications. For
example, Fc asymmetry contributes to the 1:1 receptor/
Fc stoichiometry observed in ligand binding by FcyRIll
(Sondermann et al., 2000) and FceRl (Garman et al.,
2000). FcRn can also form 1:1 complexes with Fc under
nonequilibrium conditions (Popov et al., 1996; Sanchez
et al,, 1999). The binding model for the FcRn/Fc interac-

tion assumes the following sequential reactions: FcRn +
Fc ¢ FcRn:Fc and FcRn:Fc + FcRn = FcRn:Fc:FcRn,
and analyses of biosensor (Martin and Bjorkman, 1999)
and equilibrium analytical ultracentrifugation data
(Schuck et al., 1999) suggest that FcRn binding to the
first binding site on an Fc homodimer lowers the affinity
for binding a second FcRn. This could be explained on
a structural level by Fc asymmetry such as that observed
in the FcRn/hdFc structure. We cannot exclude the pos-
sibility that the observed hdFc asymmetry arises from
crystal packing interactions or mutations introduced in
the nbFc chain. We note, however, that the chains in
the nbFc homodimer structure have a different C,2-C.3
interdomain angle (92°) than the angle in the nbFc chain
of the hdFc structure (81°) (Table 2). Thus, the introduced
mutations cannot be solely responsible for alteration
of the nbFc interdomain angle in FcRn-bound hdFc
structure.
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Mechanism of pH-Dependent Binding

With the addition of the FcRn/hdFc structure to previous
studies, we can now identify the residues involved in
the sharp pH dependence of the FcRn/Fc interaction. In
theory, pH-dependent binding and release could result
from conformational changes in FcRn, Fc, or both. How-
ever, the structures of FcRn at pH 6.5 and 8 do not differ
significantly (Vaughn and Bjorkman, 1998), and the pH
6.4 structure of nbFc reveals no major changes (other
than those induced by mutations) when compared with
structures of human Fc solved at other pH values: pH
6.5-7.0 (human Fc) (Deisenhofer, 1981), pH 4.1 (protein
A/human Fc) (Deisenhofer, 1981), pH 7.8 (protein G/hu-
man Fc) (Sauer-Eriksson et al., 1995), pH 6.0 (human
Fc/peptide) (DeLano et al., 2000), pH 5.6 (FcyRIlI/human
Fc) (Sondermann et al., 2000), pH 7.0 (rheumatoid factor/
human Fc) (Corperet al., 1997), and pH 8.0 (intact mouse
IgG2a) (Harris et al., 1997). The pH dependence of the
FcRn/Fc interaction must therefore be attributed to
chemical, rather than conformational, changes at the
interface. Titration of histidines, which have a pK, in
the range of the FcRn/Fc affinity transition, has been
proposed to account for the pH dependence (Simister
and Mostov, 1989; Ghetie and Ward, 2000). There are
three pairs of titrating salt bridges at the FcRn/hdFc
interface, each involving an Fc histidine and an acidic
FcRn residue: Fc His-310/FcRn Glu-117, Fc His-435/
FcRn Glu-132, and Fc His-436/FcRn Asp-137 (Figure
2A). The mechanism of the pH-dependent FcRn/Fc affin-
ity transition appears straightforward: FcRn binds to Fc
with high affinity at pH = 6.5 when Fc histidines 310,
435, and 436 are positively charged and releases Fc
upon deprotonation at pH values =7.0.

Although the FcRn/hdFc interface does not contain
significantly more charged surface area than typical pro-
tein-protein interfaces (56% nonpolar, 29% polar, and
15% charged) (Lo Conte et al., 1999), the charged inter-
face residues are involved in more salt bridges than
seen in other Fc/protein complexes (Table 3). Formation
of salt bridges between surface-exposed residues is
not generally energetically favorable due to the loss of
conformational entropy (Goldman, 1995). However, His-
310 in unbound Fc and two of the three salt bridges at
the FcRn/hdFc interface are buried (Fc His-310/FcRn
Glu-117 and Fc His-435/FcRn Glu-132), and with the
exception of Glu-132, the residues in these salt bridges
assume the same conformations in the bound and free
forms of the proteins. In addition, the residues in these
salt bridges form part of a network of ionic interactions
similar to those found on the surface of thermostable
proteins (Goldman, 1995), such that Fc Arg-311 interacts
with FcRn Glu-118 and an ordered water, which in turn
contacts FcRn Glu-117 (Figure 2A). Salt bridge networks
are energetically favorable because the cost of re-
stricting the conformation of each additional residue is
halved, while the coulombic benefit is essentially the
same (Goldman, 1995). Since Fc Arg-311 is not con-
served, the network of salt bridges observed in the rat
FcRn/hdFc structure is not found in all FcRn/Fc com-
plexes and must not be required for pH-dependent bind-
ing. In addition, the solvent-exposed salt bridge at the
rat FcRn/Fc interface (Fc His-436/FcRn Asp-137) in-
volves residues that vary in FcRn and Fc sequences
(Table 3). These observations suggest that formation of

the two buried titratable salt bridges (Fc His-310/FcRn
Glu-117 and Fc His-435/FcRn Glu-132) is sufficient to
confer pH dependence to the FcRn/Fc interaction. Al-
though other proteins contact Fc histidines at the C 2-
C.3 interface, they do not show sharp pH-dependent
Fc binding near neutral pH because they make fewer or
no ionic interactions with Fc. For example, protein A
and protein G do not form any salt bridges with Fc
histidines (Deisenhofer, 1981; Sauer-Eriksson et al.,
1995), and rheumatoid factor forms one relatively sol-
vent-exposed salt bridge involving Fc His-433 (Corper
et al., 1997).

Implications for Design of Fc-Containing Proteins
with Increased Serum Half-Lives
Mutations that decrease the affinity between FcRn and
1gG result in reduced serum half-lives in vivo (Kim et al.,
1994a; Popov et al., 1996; Medesan et al., 1997), thus
it has been suggested that mutant Fc regions with in-
creased affinity for FcRn should exhibit increased serum
persistence (Ghetie et al., 1997). Two studies have re-
ported Fc mutants with increased affinity for FcRn. In
the first, positions 252, 254, and 256 in a mouse IgG1 Fc
fragment were randomly mutagenized, and one mutant
(T252L, T254S, and T256F) showed an approximately
3.5-fold higher affinity for mouse FcRn and a longer 3
phase half-life when injected into mice (Ghetie et al.,
1997). Fc residues 252 and 254 contact FcRn in the rat
FcRn/hdFc structure (Table 3) and are likely to make
similar contacts in a mouse FcRn/mouse Fc complex,
rationalizing their effects upon affinity for FcRn. In the
second study, alanine scanning mutagenesis was used
to alter all solvent-exposed residues in a human IgG1
Fc, and binding to human FcRn was assessed (Shields et
al., 2001). Mutants that showed higher or lower relative
binding to FcRn than wild-type Fc are listed in Table 4,
and their locations are depicted on the human IgG1
Fc structure (Deisenhofer, 1981) in Figure 3. To predict
which residues on human Fc contact human FcRn, we
constructed a model of a human FcRn/Fc complex by
overlaying the structures of human FcRn (West and
Bjorkman, 2000) and human Fc (Deisenhofer, 1981) on
the rat FcRn/hdFc structure. The model must be re-
garded as approximate since some interface residues
are not conserved between human and rat versions of
FcRn and Fc (Table 3). Using the human FcRn/Fc com-
plex model, we find that the majority of Fc mutations
that result in diminished FcRn binding are in positions
predicted to contact FcRn directly, whereas most of the
mutations that enhance FcRn binding affect residues
near but not actually inside of the region predicted to
contact FcRn directly (Figure 3). Enhanced binding to
FcRn by mutation of residues outside of the FcRn bind-
ing site suggests that propagation of small conforma-
tional changes can result in changes to the binding site
that increase affinity, which may translate into increased
serum persistence. Combination of mutants that individ-
ually have only a slight effect on FcRn affinity can result
in 8- to 12-fold increases in relative FcRn binding (Table
4), suggesting that a synergistic effect on binding affinity
can be achieved by this strategy.

From these results and an analysis of the FcRn/hdFc
structure, we suggest a general strategy for identifica-
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Table 4. Effect of Mutations in Human IgG1 Fc on Binding to Human FcRn

Mutation Relative Predicted to Mutation Relative Prediced to
(Reduced Binding) Binding Contact FcRn? (Enhanced Binding) Binding Contact FcRn?
1253A <0.10 Yes P238A 1.49 No
S254A <0.10 Yes T256A 1.91 No
R255A 0.59 No E272A 1.34 No
K288A 0.38 Yes V305A 1.46 No
L308A 0.63 Yes T307A 1.81 Yes
S415A 0.44 No Q311A 1.62 Yes
H433A 0.41 Yes D312A 1.50 No
H435A <0.10 Yes K317A 144 No
Y436A <0.10 Yes D376A 1.45 No
A378Q 1.32 No
E380A 219 No
E382A 1.51 No
S424A 1.41 No
N434A 3.46 Yes
E380A + N434A 8.0 No/Yes
T307A + E380A - N434A 11.8 Yes/No/Yes
K28BA + N434A 29 Yes/Yes

Fc mutants were introduced into human IgG1, and effects on binding to

human FcRn were assayed (Shields et al., 2001). Effects listed as

“relative binding” are expressed as a ratio of the binding of each mutant compared to wild-type IgG1, thus values less than 1.0 indicate
reduced binding of the mutant compared to wild-type Fc, and values greater than 1.0 indicate enhanced binding of the mutant compared to
wild-type Fc. Only substitutions resulting in relative binding values less than 0.70 or greater than 1.30 are listed. Wild-type residues at altered

positions were evaluated for likelihood of contacting FcRn using a human

FcRn/human Fc complex model generated from the rat FcRn/hdFc

structure. To account for possible inaccuracies in the human FcRn/Fc model, the cutoff for contact residues was extended from 4 A to 5 A,
Thus, Fc residues are predicted to contact FcRn if they contain an atom within 5 A of FeRn.

tion of Fc mutants with increased affinity for FcRn. First,
critical “functional epitope” residues (defined as AAG >
2 kcal/mol for substitution of a single amino acid to

Figure 3. Positions that Affect Affinity for Human FcRn Highlighted
on the Structure of Human Fc

A single polypeptide chain from the structure of human Fc (coordi-
nates obtained from Mark Ultsch, Genentech) is shown with side
chains highlighting positions where substitutions result in reduced
(red side chain) or enhanced (green side chain) affinity for human
FcRn, based upon mutagenesis studies by Shields et al. (2001)
(Table 4). Residues within the predicted interface with human FcRn
(within 5 A of an FcRn atom using a human FcRn/human Fc model
generated from the rat FcRn/hdFc structure) are indicated by thick
side chains and labels. Residues predicted to be outside of the
interface are indicated by thin side chains and smaller labels.

alanine, which corresponds to affinity reductions of

-30-fold) (Cunningham and Wells, 1993) should remain
unchanged. By this criterion, lle-253, which contacts
FcRn Trp 133, and His-310, which salt bridges with FcRn
Glu-117 (Table 3), should not be altered. In addition,
since FcRn-mediated rescue of IgG from catabolism
requires pH-dependent binding (Ghetie and Ward,
2000), the sharp pH dependence of the FcRn/IgG inter-
action must be maintained in any mutants. This requires
preserving His-435 as well as His-310. Although Fc His-
436 in rat Fc also participates in a titrating salt bridge,
the Fc His-436/FcRn Asp-137 salt bridge seen in our
structure would be absent in a human FcRn/Fc complex,
being replaced instead by a hydrophobic interaction
involving an Fc tyrosine or phenylalanine interacting with
FcRn Leu-137 (Table 3). Fc position 436 is therefore a
candidate for random mutagenesis to find human Fc
regions with higher affinity for FcRn. Other interface
positions that could be substituted to produce human
IgGs with longer half-lives include Fc residues 252, 254,
288, 307, 309, 311, 314, and 434, most of which have
been modified by Ghetie et al. (1997) and/or Shields et
al. (2001). Ideally, these residues would be targeted by a
mutagenesis protocol allowing all possible non-glycine,
non-proline substitutions at each position. A second
category of candidates for mutagenesis includes resi-
dues that are near the FcRn binding site but do not
make direct contact with FcRn. These residues include
Fc positions 250, 251, 256, 257, 306, 308, 312, 431, 432,
and 437. Alanine substitutions in many of these positions
exhibited higher binding to human FcRn (Shields et al.,
2001), thus an approach involving random substitutions
at these positions may yield further increases in binding.
A third category of potential mutants includes substitu-
tions of residues buried between the C.2 and C.3 do-
mains. Residues normally found at these positions allow
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flexibility in the C_ 2-C_3 interdomain angle. However,
optimal binding to FcRn is likely to require a particular
C,2-C.3 interdomain angle from among a population of
possible interdomain angles (e.g., see Table 2). Resi-
dues buried between the C.2 and C.3 domains include
247, 248, 251, 376, 378, 428, and 430. A mutagenesis
strategy involving insertion of larger and more hydro-
phobic side chains at these positions could result in
stabilization of the optimal C,2-C 3 interdomain angle
for interaction with FcRn, thereby increasing the affinity
for binding FcRn.

Discussion

The structure of the FcRn/Fc complex reported here
allows a detailed analysis of FcRn binding to IgG, which
increases our understanding of FcRn-mediated trans-
port and protection of IgG and will benefit efforts to
design therapeutic antibodies with longer serum half-
lives. The hallmark of the FcRn/IgG interaction is the
sharp pH dependence of the binding affinity that allows
FcRn to associate with IgG in acidic intracellular vesicles
and release IgG in the bloodstream. The FcRn/hdFc
structure reveals a simple but elegant molecular mecha-
nism for pH-dependent binding, which relies completely
on titrating residues on the ligand rather than the recep-
tor, such that Fc histidines interact favorably with nega-
tively charged residues on FcRn at acidic but not basic
pH. The finding that the pH-dependent binding interac-
tion employed by FcRn is mediated entirely by titration
of histidine side chains may be relevant to predicting
the pH-dependent binding mechanisms of other recep-
tor-ligand pairs that traffic through endosomes, such
as transferrin receptor/HFE (Lebron et al., 1998) and
transferrin receptor/apo-transferrin (Richardson and
Ponka, 1997) complexes. The pH-dependent affinity
transition of the transferrin receptor/HFE interaction is
in the opposite direction to that of FcRn/IgG (Lebron et
al., 1998), by contrast to that of transferrin receptor/
apo-transferrin, which is the same direction as FcRn/
IgG (Richardson and Ponka, 1997). There are two histi-
dines at the interface between transferrin receptor and
HFE (Bennett et al., 2000). Although neither histidine
participates in a salt bridge, protonation at low pH could
cause release of HFE from TfR. Alternatively, or perhaps
concurrently, titration of histidines distant from the bind-
ing 