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Much data support the concept that the MHC class I-related receptor FcRn
serves to regulate immunoglobulin G (IgG) concentrations in serum and
other diverse body sites in both rodents and humans. Previous studies
have indicated that the human ortholog of FcRn is endowed with
unexpectedly high stringency in binding specificity for IgGs. In contrast
to mouse FcRn, which binds promiscuously to IgGs across species,
human FcRn does not bind to mouse IgG1 or IgG2a, and interacts weakly
with mouse IgG2b. Here, we investigate the molecular basis for this high-
level specificity. We have systematically mutated human FcRn residues to
the corresponding mouse FcRn residues in the regions that encompass
the FcRn—-IgG interaction site. Notably, mutation of the poorly conserved
residue Leul37 of human FcRn to glutamic acid (L137E) generates a
human FcRn mutant that binds to mouse IgGl and mouse IgG2a with
equilibrium dissociation constants of 13.2 uM and 14.4 uM, respectively.
From earlier high-resolution structural analyses of the rat FcRn-rat Fc
complex, residue 137 of human FcRn is predicted to contact residue 436
of IgG, which can be either His436 (mouse IgG1, mouse IgG2a) or Tyr436
(human IgG1, mouse IgG2b). The simplest interpretation of our data for
the L137E mutant is therefore that replacement of the Leul37-Tyr436
(human) by the Glul37-His436 (mouse) pair generates a receptor that
can bind to mouse IgG1 and mouse IgG2a. The L137E mutation reduces
the affinity of human FcRn for human IgG1 by about twofold, consistent
with the introduction of a less favorable Glu137-Tyr436 interaction. How-
ever, the analysis of the effects of other mutations on the binding to differ-
ent IgGs indicates that the contribution to binding of the interaction of
FcRn residue 137 with IgG residue 436 can vary. This suggests the exist-
ence of distinct docking topologies that are accompanied by variations in
contacts between these two residues for different FcRn-IgG pairs. Our
observations are of direct relevance to understanding the molecular
nature of the human FcRn-IgG interaction. In turn, understanding
human FcRn function has significance for the optimization of the serum
half-lives of therapeutic and prophylactic antibodies.
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immunoglobulin G; Kp, equilibrium dissociation
constant; B,m, B,-microglobulin; SPR, surface plasmon

resonance.

The MHC class I-related receptor FcRn was
identified initially in rodents as the receptor that
transports immunoglobulin G (IgG) from maternal
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cess called transcytosis. FcRn is therefore an IgG
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transporter. More recent studies have shown that
this receptor has diverse functions, including the
regulation of serum IgG levels in mice.>> FcRn
appears to carry out these functions by binding to
IgGs and transporting them within (recycling) or
across cells (transcytosis). Following uptake into
FcRn-expressing cells, IgGs are hypothesized to
enter acidic vesicles, where they have the oppor-
tunity to interact with FcRn at a pH (6.0-6.5) that
is permissive for the FcRn-IgG interaction.® IgG
molecules that do not bind to FcRn enter the lyso-
somal pathway and are degraded.” By this mech-
anism, FcRn can serve several roles that are not
mutually exclusive: first, it can act to transfer IgG
via transcytosis across endothelial and epithelial
barriers of diverse origin."**~'* In some cases,
such as in the lactating mammary gland, FcRn
may regulate the levels of IgG delivered into milk
by both transcytosis and recycling.'® Second, FcRn
expression in endothelial cells appears to regulate
the levels of IgG in the serum® >'® by trafficking
pathways that most likely involve a combination
of transcytosis and recycling.”” FcRn therefore
serves to control the levels of IgG at diverse body
sites and has a much broader role in humoral
immunity than originally believed.

A human ortholog of rodent FcRn has been iso-
lated from placental syncytiotrophoblast,'® and
FcRn expression at the protein level has been
demonstrated."”~*" Studies using an ex vivo placen-
tal transport model have shown that, as in rodents,
binding of IgG to FcRn is essential for transport
across the placenta.” In addition, IgGs that do not
bind to human FcRn accumulate in lysosomes in
FcRn-expressing endothelial cells.” Thus, the func-
tion of FcRn in humans appears to be broadly simi-
lar to that in rodents, although ethical constraints
preclude direct testing of this hypothesis. How-
ever, data from both analyses of FcRn trafficking
in transfected epithelial cells” and binding
studies with recombinant FcRn** indicate that
there are cross-species differences. Here, we focus
on the differences in binding specificity of human
versus mouse FcRn. Our studies therefore have
direct relevance to the engineering of antibodies
for the optimization of FcRn-mediated functions.

The interaction site for FcRn on IgG (human and
rodent) has been mapped and shown to encompass
conserved residues at the CH2-CH3 domain
interface.”?~? These residues include Ile253, His310
and His435. The involvement of IgG histidine resi-
dues in binding regulates the pH-dependence of
the interaction, resulting in much stronger bind-
ing at pH 6.0-6.5 relative to that at pH 7.3. This
pH-dependence provides a mechanism by which
IgG can be bound to FcRn in endosomes and
released at near-neutral pH," facilitating the role
of FcRn as a transporter. The importance of
pH-dependence in the FcRn-IgG interaction has
been demonstrated recently in a study in which
genetically manipulated IgGs that bind to FcRn
with reduced pH-dependence have lower serum
half-lives in mice.*

Despite the apparent similarity of the docking
site for FcRn on IgG across species, a recent com-
parison of the binding of human and mouse FcRn
to IgG molecules from different species showed
marked differences in specificity:* mouse FcRn is
highly promiscuous and binds to IgGs of every
species analyzed (mouse, rat, human, bovine,
sheep, guinea pig), whereas human FcRn is much
more selective and binds to only a subset of these
IgGs. Human FcRn does not, for example, bind
with a measurable affinity to mouse IgGs (with
the exception of mouse IgG2b). The poor binding
of human FcRn to mouse IgG1 explains the long
misunderstood phenomenon that mouse IgGl1 is
cleared rapidly from the human circulation.’*

In the current study we have attempted to
understand the molecular basis for the difference
in specificity of human and mouse FcRn for IgG.
This has been carried out by mutating human
FcRn residues that are not well conserved across
species to the corresponding mouse FcRn amino
acids. The mutated residues are known from X-ray
crystallography to be either involved directly in
the rodent FcRn-IgG interaction or in close
proximity to the interaction site.”” Mutated human
FcRn variants have been expressed in recombinant
form and their binding to human IgG1 and mouse
IgG isotypes assessed using surface plasmon
resonance (SPR). Using this approach, we have
been able to locate a primary determinant of the
differential binding specificity to an individual
amino acid residue in the a2 domain of FcRn. We
have observed that, in some cases, the mutations
can have effects that cannot be explained using
the existing X-ray structure of rat FcRn complexed
with rat Fc* as a model. Thus, FcRn-IgG inter-
actions may differ in topology across species and
IgG isotypes.

Results

Variations between human and rodent FcRn
sequences and generation of mutants

To determine the molecular basis for the differ-
ence in binding specificity of human versus mouse
FcRn for IgGs, selected regions or residues of
human FcRn were mutated to the corresponding
sequences in mouse FcRn'®** (Tables 1 and 2;
Figure 1). In the X-ray crystallographic structure
of rat FcRn (highly homologous to mouse
FcRn*?*) complexed with rat Fc (IgG2a derived),
the mutated residues either contact directly, or
are in close proximity to, IgG ligand (Table 2;
Figure 2).* The most notable difference between
human and mouse FcRn is the non-conservative
change of Leul37 (human) to Glul37 (mouse) (for
simplicity, in the current study the two amino acid
deletion in human FcRn is ignored in the residue
numbering, which corresponds to the homology
alignment of rodent and human FcRn'**
(Figure 1)). In the complex of rat FcRn and rat Fc,
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Table 1. Oligonucleotides used to generate mutations of human FcRn

Name Mutation Oligonucleotides®

L137E Leul37 to Glu 5-TGG CCC GAG GCC GAGGCT ATC AGT CAG-3
5-CTG ACT GAT AGC CTC GGC CTC GGG CCA-3'

D132E/L137E Leul37 to Glu 5-TGG GGT GGG GAA TGG CCC GAG GCC GAG-3

Asp132 to Glu
Leu137 to Glu plus human 121-132
to mouse 121-132

L137E/loop121-132

L137E/loop79-89 Leu 137 to Glu plus human 79-89

to mouse 79-89

5-CTC GGC CTC GGG CCA TTC CCC ACC CCA-3
5-CCA AGG ATT GGC AAC TGG ACT GGA GAA
TGG CCC GAG GCC-¥

5-A GTT GCC AAT CCT TGG GTT GAA TTT CAT
GAA CTC CTC GCC-3

5-TTG GAA AAG ATT CTA AAT GGT ACC TAC
ACT CTG CAG GGC CTG-3

5-ATT TAG AAT CTT TTC CAA AGT TTT TAA AGC
TTC CAG AAA-3

* Mutated codons are indicated by underlining.

Asp137 (FcRn) contacts His436 (IgG) (Figure 2).
His436 is replaced by Tyr or Phe in human IgG,*
leading to the suggestion that the Asp137-His436
interaction for rat FcRn might be replaced by
Leul37-Tyr/Phe436 in the human FcRn-IgG
complex.”” In mouse FcRn, Asp137 of rat FcRn is
replaced by Glul37,* and Leul37 of human FcRn
was therefore mutated to Glul37.

Significant differences between human and
mouse FcRn that might be relevant to IgG binding
also lie in the region encompassing residues 121-
132 (Figures 1 and 2).'®** This region has been
mutated en bloc to the corresponding mouse
sequence in combination with the L137E mutation
to generate the L137E/loop121-132 mutant. This
loop includes Asp132 (human), which has been
replaced by Glul32 (mouse) either in the en bloc
mutation or as a double mutation in combination
with L137E (D132E/L137E). In addition, complex-
type carbohydrate attached to an N-linked glyco-
sylation site at residue 128 that is present in rat/
mouse FcRn but not in human FcRn has been

Table 2. Residues predicted to be involved in FcRn-IgG
interactions

Human Human Mouse Mouse Mouse
FcRn IgG FcRn IgG1,IgG2a IgG2b
Deleted® Ser254 Leu86® Thr254¢ Ser254
Tyr90 Ser254 Tyr90 Thr254 Ser254
Glu117 His310 Glu117 His310 His310
Glul18 GIn311 Glul18 GIn311 GIn311
Asp132 His435¢ Glu132 His435 Tyr435
Trp133 Ile253 Trp133 Ile253 Ile253
Leul37 Tyr436° Glu137 His436 Tyrd36

Residues are predicted from the X-ray crystallographic struc-
ture of rat FcRn complexed with rat IgG2a derived Fc.*” Note
that for human FcRn the two amino acid deletion (residues 85
and 86) is ignored in the numbering, which corresponds to the
homology alignment of rodent and human FcRn.'#*3

* Residues 85 and 86 of human FcRn are deleted.

P Sequence differences are indicated in bold.

¢ In mouse IgG2a, residue 254 is Ser.”

4 In all human isotypes, except in an IgG3 allotype, where
residue 435 is Arg.®

¢ In all human isotypes, except in an IgG3 allotype, where
residue 436 is Phe.”

shown to contact Val348, His433, Asn434 and
Lys439 of Fc in the crystal complex of rat FcRn
bound to rat Fc. However, mutation of His433
or Asn434 of mouse Fc to alanine does not
affect the activity of the Fc fragment in mouse
FcRn-mediated functions,” despite the fact that
mouse FcRn is highly homologous to rat FcRn and
has the same potential glycosylation sites. This
suggests that the complex carbohydrate-IgG inter-
actions may not be functionally relevant, at least
for the mouse FcRn—-mouse IgG1l complex. In this
context, although it has been shown that for a sub-
set of FcRn-Fc interactions the presence of com-
plex carbohydrate versus high-mannose forms of
carbohydrate can affect binding,* this cannot be
used to explain the differential binding of human
and mouse FcRn to mouse IgG isotypes, as both
FcRn species were expressed in insect cells (Ober
et al.;** this study).

A further obvious difference between human
and mouse FcRn is that the former has a two
amino acid deletion of residues 85 and 86 in the
al domain,'® and residues 79-89, which flank this
region, are also distinct (Figure 1). This deletion
removes a bulge in the vicinity of the FcRn-IgG
interaction site,” and residues 86 (Ile) and 90
(Phe) of rat FcRn have been shown to contact rat
Fc residue 254 (Figure 2).* These two FcRn resi-
dues are replaced conservatively by Leu86 and
Tyr90 in mouse FcRn (Figure 1; Table 2). In
addition rodent, but not human, FcRn has a poten-
tial N-linked glycosylation site at position 87. The
attached sugar molecule does not contact Fc in the
rat Fc—FcRn complex,® but it is possible that this
bulky moiety could affect the disposition of Fc on
FcRn. The effect of replacing human FcRn residues
79-89 with the corresponding mouse FcRn
sequences has therefore been investigated in the
current study.

Wild-type and mutated variants of human FcRn
were purified from baculovirus-infected High-5
cells. All mutants were purified using Ni**-NTA-
agarose followed by size-exclusion chromato-
graphy to exclude aggregates. A representative
size-exclusion (Superdex 200) chromatography
trace of one of the mutants is shown in Figure 3,
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rFcRn 1 PRLPI® DLSTELIZS INGWLGIROQYLENY! OEA
mFcRn 1 SIBTRPPIR TENYSINP S T€LIZS INGWLGIZFOQOY LN YNSILRGEAINPCGA!
hFcRn 1 SHLS)® TIENYSIS PAPE S GCWLGIFOQOY LS YNELREEAIXPCCGAWYWENQV SW YY)

INPCGAWIWENQVSW YN
(WENQVSWY

rFcRn 61 |JHNHNNNIEK S)eH0) AIRTIFENQINET FiNNelRNEGHEA PRSI IVAVIZABNEINAZY 120
mFcRn 61 |[UNHNHENRIRK SN0 NLKTIMEKIL TYTLQGLLGCEL‘SDEES PTANFALNGEEFMESAY
hFcRn 61 |JJSEHGYIFR TieD Al GG- - PYTLQGLLGCELGPDHES PTAINFALNGEEF Mg
rFcRn 121 INPRT] SEE TDIVGNLWM PEEVARIND S EfERE ] ERIFLGIzIRNNENONNANET 180
mFcRn 121 INPRI E TEIVANLQEMKEPDEVARINNS Eiyne IZRLIMEHT ERGRINL EWKESNREA]
hFcRn 121 [DLKQ) D LATSQRQQEDKEY LTIgReE HIQIFR EZINANENCINRNEs 180
rFcRn 181 |PSIINREANNEGCNSESSARNGARNISIRSSSHIK FINRNNEDASE SN C S TEIPNGINESIFWE 24 0
mFcRn 181 |PESININRMENNEGCNS SSVLTCRAFSFYPPELKFRFLRNGL‘SGS INCSTIQNGIBESIFNANES 240
hFcRn 181 [SSHUINIM@NIRE S S DEFISANNGSINESISSRSINiO LINGRNNEODAAETCOGDFEYNSBESHISE 240
o)L N VSN | 2/ KINGDEHH Y@/ ClVISHIZG LAQP LINVIBT INS)=A] P 1LV VAT 300
mFcRn 241 LIFEMNRENNENOGOWEIIEEINNO)IN T} DLDSSR P Ler, VVV”I 300
hFcRn 241 SETIYYSEMNZIZCIE T\ OIIACINXOIJERLY IR EIS Pl L I LTAEA 300
rFcRn 301 NRNGEIOBINZT1 S sEnysEnilBEcGNLPPEREPQG FIENNS* 345

mFcRn 301 Gilu{en=yN LSLSGDDSGILLPGGNLPPEREPQG FIEENNS* 345

hFcRn 301 RjgUiS[eRNay TSJFRenyTe LLPTPGEAQDEDLKD VIIZHNRA* 345

Figure 1. Sequence alignment of rat,>* mouse®™ and human FcRn'® with identical sequences indicated by shading.
Potential N-linked glycosylation sites at positions 87, 128, 225 (present in mouse and rat FcRn) and 104 (present in all

three FcRn species) are indicated by underlining.

and indicates that the major component of the
FcRn preparation before purification is not aggre-
gated ie. FcRn a-chain:B2-microglobulin (B32m)
heterodimers of ~60kDa. The peak that elutes
between fractions 1 and 10 corresponds to a mol-
ecular mass of about 120 kDa and is therefore
most likely dimers of FcRn. Similar traces were
seen for all other wild-type and mutated FcRn
forms (data not shown). These proteins were ana-
lyzed for binding to human IgG1 and mouse IgGs
using SPR. For comparative purposes, the binding
of mouse FcRn to these IgGs was analyzed. As the
IgG-FcRn interaction involves two possible bind-
ing sites on IgG that may not be equivalent,**®
all equilibrium binding (dissociation) constants
should be taken as apparent constants. However,
they represent good estimates of the relative affini-
ties of the interactions. Under the conditions of the

Asp137 i

v

7

121-131 His435
(Asn128) His436

FcRn IgG2a (Fc)

experiments, the major contribution to binding, at
least for the mouse interaction where the affinities
of the two sites have been determined by sedimen-
tation equilibrium,* comes from the higher-affinity
site. In all cases, affinities were determined with
immobilized IgG, rather than FcRn, to avoid avid-
ity effects.

We have recently described an analytical method
for determining equilibrium binding constants by
SPR in which the loss of activity of ligand on the
sensor chip during the course of the experiment is
taken into account.®* This method, which involves
the use of multiple analyte injections over a pro-
longed period of time, was employed for the
higher-affinity ~ interactions (Kp <2 pM) and
resulted in dissociation constants similar to those
obtained by Scatchard analyses (shown in Figure 4
for the interaction of mouse FcRn with mouse

Figure 2. The a carbon trace of
the rat FcRn-rat IgG2a (Fc)
structure” with location of FcRn
residues that have been used to
replace the corresponding human
FcRn sequence in the current study
indicated. Glu132 (red) and Asp137
(blue) interact with His435 (red)
and His436 (blue), respectively, of
IgG. Ile86 and Phe90 (green) of rat
FcRn, contained within the residue
79-89 mutation, also make contact
with Thr254 (green) of rat Fec.
Although residues 121-131 (purple,
with the N-linked glycosylation site
at Asn128 indicated in black) do not
contact Fc directly, this region is not
conserved and has been mutated.
The carbohydrate attached to
Asnl128 also contacts Fc,” and, for
clarity, is not shown.
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Figure 3. Gel-filtration chromatography of human
FcRn (L137E mutant) using a HiLoad™ 26/60 Superdex™
200 preparation grade column to purify FcRn (60 kDa).
As a first step of purification, affinity chromatography
using Ni**-NTA-agarose was carried out.

IgG1). It became apparent from initial analyses that
lower affinity interactions (Kp > 5 uM) required
the use of relatively high concentrations of analyte
(up to 33 uM, or 2 mg/ml) to obtain reliable data.
Due to limitations in the amounts of recombinant
protein, these interactions were analyzed using
lower numbers of analyte injections, which pre-
cluded the use of our analytical method. Ky, values
for these interactions were therefore determined
by Scatchard analyses.
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The L137E mutation generates a human FcRn
variant that binds to mouse IgG1

Mutation of Leul37 to Glu (L137E) in human
FcRn results in a variant that binds to mouse IgG1
with a dissociation constant of 13.2 uM (Table 3;
Figure 5). Consistent with earlier data, wild-type
human FcRn shows very weak binding to mouse
IgG1, for which the dissociation constant cannot
be determined accurately by Scatchard analyses
due to the extremely high concentrations of analyte
that would be required (Figure 5). The dissociation
constant of the L137E mutant for human IgG1 is
increased by about twofold from 0.63 pM (wild-
type) to 1.7 uM (Table 3). Conversion of Leul37 to
Glu therefore results in a substantial improvement
in the binding of human FcRn to mouse IgGl.
However, as the dissociation constant of 13.2 uM
is about 18-fold greater than that of the mouse
FcRn-mouse IgGl interaction (0.75 uM), we
attempted to increase the affinity of the L137E-
mouse IgG1l complex further by additional rounds
of mutagenesis of residues in the vicinity of the
L137E mutation. (1) The combination of both D132E
and L137E mutations results in a human FcRn var-
iant with properties similar to those of the L137E
mutant (data not shown). (2) The replacement of
residues 121-132 in combination with L137E
(L137E/loop121-132) results in an approximately
twofold increase in dissociation constants for the
corresponding interactions with human and
mouse IgG1 (Table 3). (3) The replacement of resi-
dues 79-89 with the corresponding region of
mouse FcRn to generate the L137E/loop79-89

B Mouse FcRn — mouse IgG1
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+ 11667
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Figure 4. SPR analyses of the interaction of mouse FcRn with mouse IgG1 using an analytical method™ to account for
loss of ligand activity during the course of the experiment. Different concentrations of FcRn (0.117-4 pM) were
injected over a flow-cell coupled with mouse IgG1 (1466 resonance units) in PBS (pH 6.0), 0.01% Tween, at a flow-
rate of 10 pl/minute. (A) Sensorgrams corresponding to each concentration (in uM) of mouse FcRn used. Data from
injections performed at about 38—42 hours are plotted. All sensorgrams were zero adjusted and reference cell data sub-
tracted. (B) Data were analyzed using the method described by Ober & Ward.* This method involves two “blocks” of
injections over an extended period of time, and each data point shown represents the signal level (RU) corresponding
to an analyte injection (concentration indicated in nM) at the time indicated after the start of the experiment. To obtain
the dissociation constant of 0.75 pM, data were fit to the analytical equations described by Ober & Ward.*” Scatchard
analyses of the same data resulted in a dissociation constant estimate of 0.7 uM. Concentrations are indicated in B in

nM.
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Table 3. Equilibrium dissociation constants (Kp) of wild-
type human/mouse FcRn and mutated human FcRn var-
iants for IgGs at pH 6.0

Kp (nM)

Human Mouse Mouse Mouse
FcRn type IgG1 IgG1 IgG2a IgG2b
Wild-type 0.63 WB WB 18.1
human
Wild-type 0.082 0.75 0.42 0.5
mouse
L137E 1.7 13.2 14.4 11.7
L137E/ 3.5 25.7 14.2 17.8
loop121-132
L137E/ 14 28.2 15.7 52
loop79-89
Loop79-89 0.55 WB WB 5.2

WB, very weak binding with Kp > 50 pM.

mutant results in a loss in affinity (dissociation
constants of 13.2 uM for L137E versus 28.2 uM for
L137E/loop79-89) for binding to mouse IgGl
(Table 3). In addition, the binding of this mutant
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to human IgGl is similar to that of the L137E
mutant, with a dissociation constant that is about
twofold higher than that of the parent wild-type
FcRn (Table 3).

For several of the mutants (L137E, L137E/
loop79-89), we assessed the effect of substitution
of human B2m by mouse B2m to exclude the possi-
bility that this could account for the differences in
cross-species binding. This results in insignificant
differences in binding affinities (data not shown),
and is consistent with the identity of residues 1
and 2 of 32m, which, in the rat FcRn-rat Fc com-
plex, make contact with Fc ligand.”

Interaction of the mutants with mouse 1gG2a
and IgG2b

We next analyzed the binding of the mutated
FcRn molecules to mouse IgG2a and IgG2b.
Mouse IgG1 and IgG2a have histidine at positions
435 and 436, whereas mouse IgG2b has tyrosine at
these two positions (Table 2). As human IgG1 has
tyrosine at position 436, it was therefore of interest

L137E + mouse IgG1
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Figure 5. SPR analyses of the interactions of wild-type human FcRn (A) and L137E mutant (B) with mouse IgG1. The
coupling density of mouse IgG1 was 1042 resonance units. Different concentrations of FcRn (0.25-2 pM for wild-type,
1-25 uM for L137E) were injected over the flow-cells in PBS (pH 6.0), 0.01% Tween, at a flow-rate of 10 ul/minute.
(Higher concentrations of wild-type human FcRn were not used as a binding signal of only four resonance units was
seen when used at a concentration of 2 uM). For most concentrations, duplicate injections were carried out and
representative sensorgrams for each duplicate are plotted. Concentrations of L137E (in pM) corresponding to each
sensorgram are shown. All sensorgrams were zero adjusted and reference cell data (flow-cell coupled with buffer
only during the coupling cycle) subtracted. The Scatchard plot was generated using concentrations in nM.
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to compare the binding of the different mouse IgG
subtypes to the mutated FcRn variants. In a pre-
vious study, we have shown that human FcRn
binds to mouse IgG2a with a dissociation constant
that was too high to be determined accurately by
Scatchard analyses, whereas weak binding to
mouse IgG2b can be detected.* Here, by using
higher concentrations of analyte than were used
by Ober et al.”* we have determined the dis-
sociation constant of the human FcRn-mouse
IgG2b interaction to be 18.1 uM (Table 3). The
L137E mutant binds to mouse IgG2a and mouse
IgG2b with dissociation constants that are essen-
tially the same as those of the interaction of this
mutant with mouse IgG1 (Table 3; Figure 6), and
similar affinities were obtained for the D132E/
L137E mutant (data not shown). Comparison of
the interactions of the L137E mutant for these
mouse IgG subtypes indicate that, although this
FcRn variant has acquired significant binding
activity, the dissociation constants are again higher
than for the corresponding mouse FcRn-mouse
IgG interactions (Table 3). Relative to the effect of
the L137E mutation, the combination of the
loop121-132 mutation with L137E resulted in
either a slight increase (mouse IgG2b) or no change
(mouse IgG2a) in dissociation constant. The effects
of combining the L137E and loop79-89 mutations
(L137E/loop79—-89) were unexpected: this mutant
binds to mouse IgG2a with a dissociation constant
that is similar to that of the L137E-mouse IgG2a
interaction, whereas the dissociation constant for
mouse IgG2b is lower (5.2 uM versus 11.7 pM)
(Table 3; Figure 6).

To further investigate the effects of the loop79-
89 mutation, a variant with this mutation in the
absence of L137E was analyzed. This mutant
(loop79-89) has the same dissociation constant as
the L137E /loop79-89 mutant for binding to mouse
IgG2b, whereas the dissociation constant for human
IgG1 is close to that of the wild-type human
FcRn—-human IgG1l interaction (0.55 uM wversus
0.63 uM; Table 3). This mutant also resembles the
wild-type human FcRn, as it binds to both mouse
IgG1 and IgG2a very poorly (Table 3).

Effects of the mutations on the pH-
dependence of the FERn-IgG interactions

The pH-dependence (higher-affinity binding at
pH 6.0-6.5 relative to pH 7.3*) of the FcRn-IgG
interaction is believed to be important for FcRn to
carry out its role as an IgG transporter."” The inter-
actions of the wild-type and mutated FcRn mol-
ecules with human and mouse IgGs at pH 7.3
were therefore analyzed. Sensorgrams for binding
of the L137E mutant to mouse/human IgGs at pH
6.0 and 7.3 are shown in Figure 7. Similar behavior
was observed for wild-type human FcRn and all
other mutated FcRn species (data not shown).
However, the binding of wild-type human FcRn to
human IgG1 showed slightly less pH-dependence
than the interactions of the FcRn mutants with

this IgG (Figure 7(D) and (E); and data not
shown). In addition, the pH-dependencies of the
interactions of all FcRn species (including mouse
FcRn) with mouse IgG2b are less marked than
those for other mouse IgGs (Figure 7, data not
shown). This is consistent with earlier studies of
the rat FcRn-mouse IgG2b interaction.* In all
cases, the poor binding at pH 7.3 precluded accu-
rate determination of equilibrium dissociation con-
stants by Scatchard analyses. In qualitative terms,
however, the mutated FcRn molecules retain
pH-dependencies for the corresponding inter-
actions with ligand similar to that of wild-type
human FcRn.

Discussion

In the current study we have investigated the
molecular basis for the difference in binding speci-
ficity between human and mouse FcRn. We pre-
viously reported that human FcRn does not bind
detectably to mouse IgG1 or IgG2a, and has a low
affinity for mouse IgG2b.** As FcRn is a protective
receptor that regulates serum IgG levels, this obser-
vation provides an explanation for the long misun-
derstood phenomenon that mouse IgG1 has a short
serum half-life in humans.*"** Detailed knowledge
as to why human FcRn does not bind to mouse
IgG1/IgG2a has relevance to understanding the
molecular basis of FcRn—IgG interactions in humans.
As this receptor is involved in regulating IgG levels
at diverse body sites, including in the serum, such
analyses are of importance to understanding the
factors that control the humoral immune response.

Human and mouse FcRn share a high degree of
homology, and the FcRn residues that are involved
in binding to IgG are generally well conserved
(Figure 1; Table 2).*' However, there are several
differences: first, Leul37 (human) is replaced by
Glu (mouse); second, Asp132 (human) is replaced
by Glu (mouse); third, there is a two residue dele-
tion (residues 85 and 86) in the al domain of
human FcRn. Residues 79-89 surrounding this
region are distinct, and in rodent FcRn include an
N-linked glycosylation site (Asn87); fourth, amino
acid residues in a loop encompassing residues
121-132 are not well conserved, and Asnl28 of
rodent FcRn is a potential site for N-linked glyco-
sylation. With the aim of transferring the binding
properties of mouse FcRn to human FcRn, we sys-
tematically mutated human FcRn to replace
regions or residues by the corresponding murine
residues. Recombinant mutated human FcRn pro-
teins were purified and analyzed for binding to
human IgG1 and mouse IgG1, IgG2a, IgG2b using
SPR.

Mutation of Leul37 to Glu resulted in a human
FcRn variant that binds to mouse IgG1, IgG2a and
IgG2b with similar dissociation constants (11.7-
14.4 pM). The L137E mutant shows an approxi-
mate twofold increase (0.63 versus 1.7 pM) in dis-
sociation constant for human IgGl. Despite the
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Figure 6. SPR analyses of the interactions of (A) L137E mutant with mouse IgG2a; (B) L137E mutant with mouse
IgG2b; (C) L137E/loop79—-89 mutant with mouse IgG2b. The coupling densities were 1278 resonance units for mouse
IgG2a and 1013 resonance units for mouse IgG2b. Different concentrations of FcRn (1-33.3 pM) were injected over
the flow-cells in PBS (pH 6.0), 0.01% Tween, at a flow-rate of 10 ul/minute. For most concentrations, duplicate injec-
tions were carried out and representative sensorgrams for each duplicate are plotted. Concentrations of mutated
FcRn (in uM) corresponding to each sensorgram are shown. All sensorgrams were zero adjusted and reference cell
data (flow-cell coupled with buffer only during the coupling cycle) subtracted. The Scatchard plots were generated

using concentrations in nM.

ability of the L137E mutation to convert human
FcRn into a form that binds to mouse IgGs, it is
apparent that the dissociation constants for the
L137E mutant for mouse IgGs are all significantly
higher than those of the corresponding mouse
FcRn-mouse IgG interactions. In an attempt to
further increase the affinities of human FcRn for
these IgGs, additional mutations were therefore
superimposed on the L137E mutant. Mutation of

Asp132 to Glu (D132E) does not significantly affect
the binding properties. Replacement of residues
121-132 of human FcRn with the corresponding
sequence of mouse FcRn results in reductions in
binding affinity for three of the four IgGs analyzed,
indicating that this mutation induces confor-
mational effects that are detrimental to complex
formation. Finally, the insertion of residues 85 and
86, together with mutation of the flanking residues
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shown, and are representative of duplicate injections. All sensorgrams were zero adjusted and reference cell data
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(79-89) in this region, has unexpected results: rela-
tive to the L137E mutant, the L137E/loop79-89
mutant has an approximately twofold decreased
dissociation constant for mouse IgG2b, whereas
the dissociation constant for mouse IgGl is
increased about twofold. We do not have an expla-
nation at the molecular level for these effects.

The question arises as to what is the molecular
basis of the effects of the mutations? In the rat
FcRn-rat Fc interaction, Aspl137 interacts with
His436, leading to the earlier suggestion that for

human FcRn, Leul37 might interact with Tyr436
of human IgG1.” Although the supposition that
this interaction occurs can be used to explain some
of our results, it cannot be applied generally. On the
basis of the data, we can divide the FcRn species in
this study into two classes: mouse FcRn-like (wild-
type mouse FcRn, L137E, D132E/L137E and L137E/
loop121-132) and human FcRn-like (wild-type
human FcRn, L137E /loop79-89, loop79-89). For
an individual FcRn species within the mouse
FcRn-like class, binding to all mouse IgG subtypes
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with similar dissociation constants is observed
(Table 3). In contrast, human FcRn-like molecules
discriminate between these IgGs. Significantly, a
single mutation (L137E) can convert human FcRn
into a member of the mouse FcRn-like class.
Unexpectedly, the affinity of the interactions of
most mouse FcRn-like molecules (all containing
Glu137) with mouse IgGs does not appear to be
affected negatively by the substitution of histidine
(mouse IgGl, IgG2a) at position 436 by tyrosine
(mouse IgG2b). For example, the dissociation con-
stant of mouse FcRn for mouse IgG2b is slightly
lower than that for the interaction with mouse
IgGl, and the L137E (human FcRn) variant has a
similar dissociation constant for both mouse IgGl
and IgG2b. Thus, in one case an affinity improve-
ment is seen when the apparently favorable Glu137
(FcRn)-His436 (IgG) interaction is replaced by
Glul37-Tyr436. This suggests that for Tyr436-
containing IgGs such as mouse IgG2b, less favorable
Glu137-Tyr436 interactions may be compensated
for by other stabilizing effects. For example, IgG2b
has tyrosine rather than histidine at position 435,
and it is tempting to suggest that this may enhance
the binding affinity through hydrophobic inter-
actions with Trp133 of FcRn whilst decreasing the
pH-dependence of the FcRn-IgG interaction
(Raghavan et al;* and our unpublished obser-
vations). Clearly, however, in the absence of high-
resolution structural data, it is not possible to
predict the nature of the IgG Tyr436—FcRn
interaction.

In contrast to the indications that the FcRn—mouse
IgG2b interactions are insensitive to variations at
residue 137 of FcRn, all mutants containing L137E
consistently have at least a twofold increase in dis-
sociation constant for binding to human IgGl.
This suggests that the contribution of the inter-
action of IgG residue 436 with FcRn residue 137
might be variable for different IgG species. In
turn, this might be a consequence of variability in
the topology of the interaction. In this context, in
two independent studies, mutation of residue 436
of human or mouse IgG1 to alanine was shown to
result in a loss of binding activity for human or
mouse FcRn, respectively.”** This loss of activity
is consistent with our current data demonstrating
that the IgG residue 436—FcRn residue 137 pair is
involved in the human FcRn-human IgG1 inter-
action, although the only twofold reduction in
affinity seen in our studies suggest that it is not
central to binding. However, based on our obser-
vations here it is likely that the effects of mutation
of IgG residue 436 on FcRn-mediated functions
will vary across species and isotypes.

In contrast to mouse FcRn-like proteins, those of
the human FcRn-like class bind less well to
His436-containing IgGs (mouse IgGl and IgG2a)
relative to Tyr436-containing IgGs (mouse IgG2b,
human IgG1l). Wild-type human FcRn and the
loop79-89 mutant are extreme cases of this class
for which the dissociation constants for IgGs with
His436 are immeasurably high, in contrast to

those for IgGs with Tyr436 (Table 3). Unexpectedly,
the L137E/loop79-89 mutant also falls into this
class, despite the presence of glutamic acid at posi-
tion 137 which would be predicted to interact
favorably with His436. Thus, when in the context
of human FcRn containing Glul37, residues 79-89
of mouse FcRn appear to modulate the docking of
FcRn on IgG so that it binds to mouse IgG2b with
a dissociation constant that is about three- to five-
fold lower than that for binding to mouse IgG2a
and IgGl. In addition, the L137E/loop79-89
mutant shows significantly better binding to
mouse IgG2b relative to the parent wild-type
FcRn. By comparing the L137E/loop79-89 and
loop79-89 mutants, we again do not see an impact
of the compatibility of mouse IgG2b residue 436-
FcRn residue 137 on binding, indicating that this
may be a general feature for all interactions involv-
ing this mouse IgG. In contrast, the lower dis-
sociation constant of the loop79-89 mutant
relative to the L137E/loop79—-89 mutant for bind-
ing to human IgG1 further reinforces the require-
ment for Leul37 for optimal binding to human
IgG1 by human FcRn and its mutated derivatives.

It is noticeable that the binding to human IgG1 of
all FcRn species analyzed in this study are of
higher affinity than the corresponding FcRn-
mouse IgG interactions. This higher affinity for
human IgG1 is seen even for mouse FcRn, and
strengthens the concept that there may be differ-
ences in overall configuration of the FcRn-IgG
interaction across species. Nevertheless, it is inter-
esting that the dissociation constants of the
homologous (i.e. mouse-mouse, human-human)
interactions fall in a similar range (~0.5pM),
suggesting that each FcRn species has evolved to
have an affinity for homologous IgG that is optimal
for IgG homeostasis and transport.

Although we have shown that it is possible to
confer binding of mouse IgGs on human FcRn by
mutagenesis of selected residues, the dissociation
constants of the human FcRn variants are generally
at least ~18-fold higher than those of the corre-
sponding mouse FcRn interactions. Further, the
dissociation constant of the human IgGl-human
FcRn interaction is also about eightfold higher
than the heterologous human IgGl-mouse FcRn
interaction (Table 3).** Thus, relative to human
FcRn, for a given IgG, mouse FcRn binds more
strongly. Although it has been proposed that
additional carbohydrate on mouse/rat FcRn may
be responsible for the higher affinity,” the form of
carbohydrate present on insect cell-expressed
FcRn is of an immature type,* rather than the com-
plex type that was present in the crystallized rat
FcRn-Fc complex.” This makes it less likely that
the high-mannose carbohydrate makes significant
contributions to binding in the current study.
Furthermore, the role of complex carbohydrate at
position 128 of mouse FcRn in binding to mouse
IgG1 is questionable, since mutation of two of
the presumptive Fc/IgG contact residues, His433
and Asn434, does not affect the corresponding
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FcRn-Fc interaction.”” An alternative explanation
for the higher affinity of the interaction of mouse
FcRn with IgGs is that Trpl33 of FcRn, which
makes hydrophobic interactions with Ile253,* is
more exposed in rodent (rat) FcRn relative to
human FcRn due to differences in packing.’”

Analyses of the pH-dependence of the inter-
actions of the mutated FcRn species indicate that
all mutants retain pH-dependence (significantly
stronger binding at pH 6.0 than at pH 7.3). This
suggests that the interaction of His436 at position
436 of IgG with Glul37 of FcRn does not make a
major contribution to the pH-dependence of the
interaction. Significantly, interactions of all FcRn
species with mouse IgG2b are less pH-dependent
than those with other mouse IgGs. This is consist-
ent with earlier analyses of the rat FcRn—mouse
IgG2b interaction,” and is most likely due to the
presence of tyrosine rather than histidine at IgG
position 435. This lower level of pH-dependence
might account for the shorter serum persistence of
mouse IgG2b relative to mouse IgG1l/IgG2a,**
despite the similar affinities of the interactions of
these two IgGs with mouse FcRn at pH 6.0 (Table 3).

In summary, we have shown that it is possible to
generate a mutated human FcRn molecule that
binds to heterologous IgGs with which the parent,
wild-type FcRn does not interact with a measur-
able affinity. The effects of mutations of other
FcRn residues in the vicinity of the putative
human FcRn-IgG interaction site have been ana-
lyzed, and indicate that the contribution of IgG
residue 436—FcRn residue 137 can vary depending
on the nature of proximal residues. Finally, our
studies have relevance to understanding human
FcRn function, which, in turn, relates to the engin-
eering of optimized antibodies for therapy.

Materials and Methods

Generation of plasmids for expression of mutated
human FcRn

The plasmid DNA of human FcRn in pEGFP-N1** was
used as a template for splicing by overlap extension® to
generate the mutated variants of human FcRn shown in
Table 1. Mutated genes were subcloned as BglII-BamHI
(sites that flank the mutated regions in the human FcRn
gene'®) fragments into pAcUWb51 vector derivatives con-
taining either the murine p2m gene* or human B,m

ene* to generate the following mutants: L137E,
D132E/L137E, L137E/loop79-89, L137E/loop121-132
and loop79-89 (Table 1). Clones harboring plasmid con-
structs with the desired orientation of the gene frag-
ments were sequenced using an ABI PRISM model 3100.

Expression and purification of recombinant FcRn

Recombinant wild-type and mutated FcRn (human) or
wild-type mouse FcRn were expressed in insect cells
(High-5; Invitrogen) infected with recombinant baculo-
viruses as described.”*” Recombinant viral stocks were
produced by co-transfection of 2x 10° Sf9 cells with
0.15 ng of Baculogold DNA (Pharmingen) and 10 pg of

plasmid DNA in Grace’s medium with Cellfectin
(Gibco). Third passage virus stocks were used to infect
High-5 cells grown in Excell-405 (JRH Biosciences) or
Express Five SEM (Invitrogen) to a density of 1 x 10°/ml
in suspension at 27 °C. Following infection, High-5 cells
were grown at 23-24 °C and supernatant was harvested
72 hours later. Recombinant protein was purified from
the supernatant using Ni**-NTA-agarose resin (Qiagen)
as described.” Aggregates were removed by subsequent
purification using high-performance liquid chromato-
graphy and a HiLoad 26/60 Superdex™ 200 prep grade
(Pharmacia) column.

Antibodies

Hulys10* and RFB4 [anti-CD22*] were used as a
source of human and mouse IgG1 (both «), respectively.
Hulys10 is a humanized antibody that recognizes hen
egg-white lysozyme (HEL) and was purified from cell-
culture supernatants using HEL-Sepharose.”® The cell
line was a generous gift of Dr Jeff Foote (Fred Hutchinson
Cancer Center, Seattle). Mouse IgG2a and IgG2b were
purchased from Zymed and eBioscience, respectively.

Binding studies using surface plasmon resonance

SPR experiments were carried out using a BIAcore
2000. Flow-cells of CM5 chips were coupled with
human IgGl (HuLys10), mouse IgGl (RFB4), mouse
IgG2a and mouse IgG2b using amine coupling chem-
istry. Reference flow-cells were coupled with buffer only
during the coupling cycle. For the interactions analyzed
in this study, several experiments were run with differ-
ent chips, different batches of FcRn, different analyte
concentration ranges etc. and the coupling densities for
the data shown are indicated in the Figure legends.
Wild-type or mutated FcRn were injected over the flow-
cells at a flow-rate of 10 pl/minute at 25°C. For inter-
actions with equilibrium dissociation constants (Kp) in
the range of 2 uM or less, two or three blocks of injec-
tions were carried out for each FcRn species using an
analogous approach described previously to minimize
artifacts due to loss of ligand activity during the course
of the experiment.” For these experiments, FcRn was
injected at concentrations ranging from 0.05uM to
4 uM. However, for dissociation constants that ranged
from ~5uM to 30 uM, the high concentrations of ana-
lyte needed (~1-30 uM) to obtain reliable constants pre-
cluded the implementation of the method utilizing
multiple blocks of injections. For these interactions,
duplicate injections at different times were carried out
to assess loss of ligand activity during the course of the
experiment. Data analyses for these lower-affinity inter-
actions indicated that the loss of ligand activity was
minimal compared with the effect of changes in analyte
concentration on equilibrium binding signals. For all
experiments, phosphate buffered saline (PBS) at pH 6.0
or pH 7.3 with 0.01% (v/v) Tween 20 and 0.02% (w/v)
NaN; was used as running buffer. For analyte injections
carried out at pH 6.0, the same buffer at pH 7.2 was
used to “strip” the flow-cells at the end of each dis-
sociation phase. Data were zero adjusted and reference
cell subtracted and analyzed using an approach devel-
oped by Ober & Ward,” or Scatchard analyses with
custom-written software. In cases where the affinities
at pH 6.0 were clearly very low from the equilibrium
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binding levels, the equation:

Kp = [analytex](Rmax - Reqx)/Reqx

was used to verify that they were greater than 50 uM
(Rimax is the signal level when all ligand-binding sites are
occupied; R.q is the signal level at equilibrium for a
known concentration of analyte, x). Similar analyses
could not be carried out for binding data obtained at
pH 7.3, as R.x could not be determined at this pH (due

to

poor binding of all FcRn species at this pH).
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