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The MHC class I-related receptor, FcRn, is involved in binding and
transporting immunoglobulin G (IgG) within and across cells. In contrast to
mouse FcRn, which binds to IgGs from multiple different species, human
FcRn is surprisingly stringent in binding specificity. For example, human
FcRn does not bind to mouse IgG1 or IgG2a and interacts only weakly with
mouse IgG2b. Here, we have used site-directed mutagenesis in combi-
nation with interaction (surface plasmon resonance) studies, with the goal
of generating human FcRn variants that more closely resemble mouse FcRn
in binding specificity. Our studies show that residues encompassing and
extending away from the interaction site on the a2 helix of FcRn play a
significant and most likely indirect role in FcRn-IgG interactions. Further,
by combining mutations in the a2 helix with those in a non-conserved
region of the al helix encompassing residues 79-89, we have generated a
human FcRn variant that has properties very similar to those of mouse
FcRn. These studies define the molecular basis for the marked difference in
binding specificity between human and rodent FcRn, and give insight into
how human FcRn recognizes IgGs.
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Introduction

The MHC class I-related receptor, FcRn, appears
to play a general role in regulating the 1mmuno-
globulin G (IgG) levels throughout the body." For
example, through its ability to bind and transport
IgG, FcRn delivers this ligand across epithelial and
endothelial barriers via transcyt051s, 1n addition to
functioning as a recycling receptor.”
demonstrate that the interaction of IgGs with FcRn
following uptake into cells results in sorting away
from lysosomal degradation and subsequent exo-
? In contrast, IgGs that do not bind enter
the lysosomal pathway. This provides a mechanism
by which FcRn maintains relatively constant serum

cyt051s

IgG levels.'”'* Although the majority of studies of
FcRn function have been carried out in rodents, the
isolation of a human ortholog of rodent FcRn'
together with functional studies indicate that the
roles of FcRn across mammalian species are
similar.’

Despite the similarity in function for FcRn across
species, in an earlier study we reported that whilst
mouse FcRn binds to IgGs from a wide range of
sources, human FcRn shows a high degree of
selectivity in binding and only 1nteracts with a
limited subset of the IgGs analyzed Significantly,
relative to mouse FcRn the affinities of human FcRn
for mouse IgGs are immeasurably low (with the
exception of mouse IgG2b for which weak binding
is observed). Here, we have used site-directed

7 Recent data

Abbreviations used: IgG, immunoglobulin G; SPR,
surface plasmon resonance; PBS, phosphate-buffered
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mutagenesis and interaction analyses to gain
insight into the molecular basis for this variation
in specificity across species. Understanding the
basis of this marked difference is of practical
relevance as it impinges on the validity of the use

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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of mice as a model for human FcRn. Knowledge as
to how human FcRn interacts with cognate IgGs at
the molecular level also has relevance to the
engineering of antibodies for therapy.

The interaction of both human and rodent FcRn
with IgG ligand has been studied at the molecular
level.">™" Binding of FcRn to IgG involves a site on
IgG that encompasses several well-conserved
residues at the CH2-CH3 domain interface.'> >
These residues include the highly conserved amino
acid residues I1e253, His310 and His435. Additional
binding specificity is contributed by a less well
conserved residue at position 436 (His436 in
rodent IgGs with the exception of mouse IgG2b;
Tyr436 in human IgGl, IgG2, IgG4 and mouse
IgG2b).'*182122 From the X-ray crystallographic
structure of rat Fc complexed with rat FcRn,*' the
key FcRn and IgG residues for the rat receptor—
ligand interaction have been ma%)ed and are
consistent with functional studies.”*?** Signifi-
cantly, the X-ray structure’ also demonstrates
interactions between acidic FcRn residues and IgG
histidine residues that mediate the pH dependence
of the FcRn-IgG interaction (strong binding at
pH 6.0 that becomes Erogressively weaker as
pH 7.3 is approached).”**

Despite similarities in the residues that constitute
the FcRn-IgG interaction site across species, a
noticeable difference is a non-conservative change
of Asp137 of rat FcRn (or Glu137 in mouse FcRn) to
Leu137 in human FcRn."*?* In the rat FcRn-IgG
structure, Asp137 interacts with His436 of IgG.21
Using site-directed mutagenesis we recently
demonstrated that the amino acid difference at
position 137 of FcRn could account, in part at least,
for the difference in binding specificity of human
versus mouse FcRn.”> We hypothesized that the
ability of a human FcRn variant with glutamic acid
at residue 137 (L137E) to bind to mouse IgGs was
due to an unfavorable Leul37 (FcRn)-His436 (IgG)
interaction being replaced by a more favorable
Glul37-His436 pair. However, the affinities of this
L137E variant for binding to mouse IgGs were
about 20-fold lower than the corresponding mouse
FcRn-TgG interactions™ and the molecular basis for
these observations was not understood. Here, the
goal is to address this issue.

We have analyzed the effects of mutating human
FcRn residues that are in the vicinity of key binding
residues such as amino acid residue 137 on the
interactions with mouse IgGs and human IgG1. The
majority of the targeted amino acid residues would
be predicted to not make direct contact with IgG
ligand.*" This approach has allowed us to delineate
the molecular basis of the distinct binding specifi-
cities of mouse and human FcRn. We show that
residues in the «2 helix extending away from
residue 137 (Leu or Glu) play an important role in
FcRn-IgG interactions. FcRn-IgG binding is further
modulated by amino acid residues 79-89 in the o1
helix that are spatially close to residue 137 and also
contain a potential N-linked glycosylation site at
residue 87 that is present in rodent but not human

FcRn.'*?*2° Our analyses have relevance to under-
standing the molecular basis of the high binding
specificity that is a characteristic feature of human
FcRn.

Results

Rationale for the generation of the mutated
derivatives of human FcRn

Here, the goal was to identify the amino acid
residues that are responsible for the marked
difference in binding specificity between human
and mouse FcRn. An alignment of the sequences of
human, mouse and rat FcRn with sequence
differences indicated (note that we have ignored
the two residue deletion of human FcRn to
facilitate comparison of rodent and human FcRn
sequences'>**?®) is shown in Figure 1 of the
Supplementary Material. In an earlier study we
showed that mutation of Leul37 of human FcRn to
the corresponding mouse residue (Glu; L137E
mutation) resulted in a human FcRn species that
binds to mouse IgGl and mouse IgG2b with
equilibrium dissociation constants of 13.2 uM and
11.7 uM, respectively.® From the X-ray crystallo-
graﬁhic structure of rat FcRn complexed with rat
Fc,” residue 137 of FcRn contacts residue 436 of IgG
(Table 1 of the Supplementary Material; and
Figure 1), and the effect of mutating Leul37 to
Glul37 is therefore predicted to be due to more
favorable Glu (FcRn)-His (mouse IgGl) inter-
actions. However, the affinities of the L137E mutant
for binding to mouse IgG1 and mouse IgG2b were
substantially lower than those for the correspond-
ing mouse FcRn interactions.”

Here, we have probed additional regions of FcRn
that might modulate binding. Specifically, the
residues that flank amino acid residue 137 and
extend away from the interaction site along the a2
helix of FcRn have been mutated (Figures 1 and 2).
These mutations have been combined with altera-
tions of al helix residues 79-89 of human FcRn.
Mutated proteins (Figure 2) have been expressed,
purified and used in surface plasmon resonance
(SPR) studies with mouse IgG1, mouse IgG2b and
human IgG1, which differ in several residues at the
putative FcRn-IgG interaction site (Table 1 of the
Supplementary Material).

The FcRn-IgG interaction involves two possible
sites on IgG that are not equivalent,”*® most likely
due to steric effects of occupancy of the first site
partially blocking the second site.” To avoid avidity
effects during SPR analyses, all affinities were
determined with IgG immobilized and FcRn in
solution. In earlier studies® where, in general, the
FcRn-IgG interactions were of lower affinity than
here, the analyte (FcRn) concentrations used were
such that the major contribution to the
interactions came from the higher-affinity binding
sites on IgGs. This was consistent with the
linearity of the Scatchard plots, suggesting a
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Figure 1. The a-carbon trace of rat FcRn bound to rat
Fc*' (IgG2a derived) with regions that were mutated here
indicated. Ile86 (black) and Asp137 (blue) of rat FcRn
interact with Thr254 (black) and His436 (blue) of rat Fc,
respectively. A, The “top” view of FcRn, to display the
two o helices that flank a narrow groove. B, An
approximate 90° rotation of the structure in A to show
the side view of FcRn. Other residues that play a role in
the rat FcRn-rat Fc mteractlon are not shown, but are fully
described by Martin et al.*' Residues 85 and 86 (black) are
deleted in human FcRn (Figure 1 of the Supplementary
Material). Mouse FcRn residues 79-89 and 136-147 are
very similar in rat FcRn (shown in green and red,
respectively) and were used to replace the corresponding
sequences in human FcRn. The Figure was drawn using
RASMOL (Roger Sayle, Bioinformatics Research Institute,
University of Edinburgh, Edinburgh, UK).

monophasic 1:1 interaction.” Here, for interactions
with Kp> ~2.8 pM, the data were fitted adequately
by a 1:1 interaction model (indicated by only one Kp
value in Table 1). However, the ma]orlty of affinities
are higher than those described,” resulting in
significant levels of occupancy of the “second”
lower-affinity sites on IgGs and non-linearity of
Scatchards. These data were therefore fitted to a
more complex interaction model (two-site negative
cooperativity model; see Methods) in which two
dissociation constants (Kp; and Kpp) were
estimated.

Analyses of the effects of mutating residues
136—-147 of human FcRn

Mutation of residues 136-147 of human FcRn to
those of mouse FcRn (136-147) generated a human
FcRn variant that has similar dissociation constants
for binding to mouse IgG1 as those corresponding

to mouse FcRn (Figures 3 and 4, and Table 1). In
contrast, the dissociation constants for mouse IgG2b
and human IgGl are about fivefold to 30-fold
higher. As human IgGl and mouse IgG2b both
have tyrosine at position 436 (whereas mouse IgG1
has histidine at this location), and re51due 436 of rat
Fc interacts with Asp137 of rat FcRn,*' we also
made a mutant comprising 136-147 with leucine at
position 137 (136-147/L137). This generated a
variant with decreased dissociation constants
(Kpis) for the Tyr436-containing antibodies,
human IgG1 and mouse IgG2b, that were closer to
those corresponding to mouse FcRn (Figures 3 and
4,and Table 1). However, relative to mouse FcRn the
136-147/L137 mutant had approximately four- to
sixfold higher dissociation constants for mouse
IgGl. Nevertheless, the affinities of the 136-147
and 136-147/L137 mutants for mouse IgGs were all
substantially increased relative to those of the
L137E mutant (Table 1 and the work done by
Zhou et al*), indicating that residues extending
away from the putative binding interface (Figure 1)
can increase the interaction strength through
longer-range effects.

We also probed the role of the region encompass-
ing residues 136-147 of FcRn in ligand binding by
carrying out a reciprocal mutation, i.e. mutating
residues 136-147 of mouse FcRn to the correspond-
ing human FcRn sequence. The resulting mutant
binds to mouse IgGl with an immeasurably low
affinity. The dissociation constants (Kp;s; Kpas were
too high to estimate) for binding to mouse IgG2b
and human IgGl are 20.5uM and 7.4 uM,
respectively. This mutated mouse FcRn therefore
resembles wild-type human FcRn, although the
affinity for binding to human IgG1 is markedly
weaker (Table 1). These data reinforce the import-
ance of amino acid residues 136-147 of FcRn in
determining binding specificity.

We next attempted to delineate the amino acid
residues within residues 136-147 that might be
responsible for the improvements in affinities of the
human FcRn mutants. This was done by truncating
the 136-147 mutation into two en-bloc alterations of
136-142 and 143-147. The 143-147 mutation was also
combined with L137E (L137E/143-147), as the
L137E change is central to broadenmg the
binding specificity of human FcRn.* In addition,
two 136-142 mutations were made with Glu
(mouse FcRn) and Leu (human FcRn) at position
137 (136-142 and 136-142/1137, respectively). The
effects of these mutations on binding are shown in
Table 1. From these results it is clear that whilst the
136-142 and 136-142/L137 mutations result in
marked improvements in binding affinities for
mouse IgGl and mouse IgG2b relative to wild-
type human FcRn, the dissociation constants are, in
general, higher than those for the corresponding
136-147 and 136-147/L137 mutations. More
dramatic losses in affinity are observed for the
L137E/143-147 mutant, and this human FcRn
variant has properties that are very similar to
those of the L137E mutant (Table 1). In addition,
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Figure 2. Sequences of the human FcRn mutants (residues 79-147) analyzed here. Sequence identities (.) and
differences (residues shown in bold) between wild-type human and mouse FcRn'**® are indicated. The double dash (- -)
indicates a two residue deletion at positions 85 and 86 in human FcRn. The sequences of the generated mutants are
shown, with identities (.) with human FcRn indicated. Sequences of these mutants outside residues 79-147 are the same

as that of wild-type human FcRn.

the 143-147 mutant (with leucine at position 137)
has dissociation constants that resemble those of
wild-type human FcRn (Table 1). Of note, the non-
conservative and helix-disrupting Asp (human) to
Pro (mouse) change at position 147 (Figure 1 in the
Supplementary Material; and Figure 1) therefore
does not appear to affect the overall disposition
of the binding surface. This was further
substantiated by analyzing the combined effects
of D147P plus L137E, which resulted in an
FcRn species with properties analogous to those
of L137E (data not shown). Thus, the positive
effect of the 136-147 mutation cannot be fully
recapitulated by mutating segments of amino acid
residues, or individual residues, within this
sequence.

Analyses of the effects of mutating residues
79-89 of human FcRn

Relative to mouse FcRn, the 136-147 mutant has
reduced affinities for mouse IgG2b and human
IgG1, and approximate four- to sixfold decreases in
affinities are observed for the interaction of the
136-147 /1137 mutant with mouse IgG1 (Table 1).
These reduced affinities are most likely due to less
favorable residue 137 (FcRn)-residue 436 (IgG)
interactions (e.g. Glu137-Tyr436 or Leul37-His436;
Table 1 of the Supplementary Material). However,
and in contrast to the properties of the human FcRn
(variants), unfavorable interactions between FcRn
residue 137 and IgG residue 436 appear to be
compensated for in the interactions of mouse FcRn

Table 1. Dissociation constants of the FcRn-IgG interactions

Mouse IgG1 Mouse IgG2b Human IgG1

FcRn type Kp1 (uM) Kpy (uM) Kpy (uM) Kpz (LM) Kp1 (LM) Kpz (M)
Wild-type human WB* 8.3 0.37 2.1
Wild—tglpe mouse 0.28 2.3 0.15 12 0.024 0.23
L137E 13.2 ND¢ 11.7 ND 17 ND
136-147 0.34 3.0 0.69 6.0 0.20 6.4
136-147/1137 1.8 9.6 0.46 74 0.071 13.1
136-142 0.7 5.4 2.8 ND 0.28 17
136-142/1.137 5.7 ND 0.57 45 0.1 44
143-147 WB 9.3 ND 0.18 2.9
L137E/143-147 15.2 ND 12.3 ND 0.69 11.3¢
79-89/136-147° 0.2 1.9 0.087 2.0 0.014 0.22
79-89/136-147/1.137 3.1 ND 0.092 1.3 0.021 0.23

* WB, very weak binding (Kp estimated to be >50 uM).

® Dissociation constants for this mutant are taken from our earlier st’ucly.25

¢ ND, not determined as data were adequately fit to a 1:1 interaction model.

d Fitting of the data for this interaction to a 1:1 model results in a estimate for Kp; of 1.6 pM.
¢ Shown in bold to indicate similarity with wild-type mouse FcRn.
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Figure 3. SPR analyses of the interactions of mouse IgG1 (mIgG1) and mouse IgG2b (mIgG2b) with (A) 136-147 mutant
and (B) 136-147/L137 mutant. The coupling densities used were 480 RU (mouse IgG1) and 624 RU (mouse IgG2b).
Different concentrations of FcRn mutants (0.05-14.7 uM) were injected over the flow cells in PBS (pH 6.0), 0.01% Tween at
a flow rate of 10 pl/minute. Concentrations of FcRn mutants corresponding to each sensorgram are shown in pM. For all
concentrations, duplicate injections were carried out and representative sensorgrams for each duplicate are shown. All
sensorgrams were zero adjusted and reference cell data (flow cell coupled with buffer only during coupling cycle)

subtracted.

with IgGs. For example, the dissociation constants
of mouse FcRn for mouse IgG1 (His436) and mouse
IgG2b (Tyr436) are in a similar range (work done by
Zhou et al.> and Table 1). This prompted us to
investigate other regions of FcRn that might be
involved in modulating the residue 137 (FcRn)—436
(IgG) interaction.

Human FcRn has a deletion of residues 85 and 86,
and the flanking residues (79-89) differ between
mouse and human FcRn (Figure 1 of the Sup-
plementary Material). In the X-ray crystallographic
structure of rat FcRn bound to rat Fc (IgG2a),
residues 86 (Ile in rat) and 90 (Phe in rat) contact
Thr254 of IgG*' (Figure 1). In an earlier study we
noted that replacement of residues 79-89 of human
FcRn by the corresponding mouse FcRn sequences
in the presence or absence of the L137E mutation
generated a human FcRn variant that bound to
mouse IgG2b with the same affinity.*® This obser-
vation suggested that this region in mouse FcRn
could have longer-range effects on the interaction

between FcRn residue 137 and IgG residue 436.
We therefore combined the 79-89 mutation with
136-147 and 136-147/L137 mutations to generate
79-89/136-147 and 79-89/136-147/1.137 mutants.
The combination of the 79-89 and 136-147 mutations
generates a human FcRn with properties very
similar to those of mouse FcRn (Figure 5, Table 1).
Notably, and as observed for mouse FcRn, the
79-89/136-147 mutant appears to be indifferent as to
whether residue 436 of IgG is histidine or tyrosine
(compare dissociation constants for mouse IgGl
versus mouse IgG2b). In contrast, relative to mouse
FcRn, the 79-89/136-147/L137 mutant has an
increased dissociation constant (Kp;; Kp, was too
high to estimate under the conditions of the
experiments) for interacting with mouse IgGl
whilst having similar properties for binding to
mouse IgG2b and human IgG1 (Figure 5, Table 1).
This suggests that interactions with the 79-89/
136-147 /1137 variant are more sensitive to incom-
patibilities of the 137 (FcRn)—436 (IgG) pair, and in
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Figure 4. Analyses of the SPR data shown in Figure 3 using a model incorporating two non-equivalent binding sites on
IgG and negative cooperativity. Data were fit as described in Methods. Analyte concentrations are shown in nM. The
residuals are plotted below each fit.

this respect this mutant is similar to the related
human FcRn mutant, 136-147/1.137 (Table 1).

The pH dependence of the interactions

The interaction of mouse FcRn and wild-type
human FcRn with IgGs is highly pH-dependent,

with binding at pH 6.0 that becomes 51:>1rogressively

weaker as pH 7.3 is approached_22,23,2

We therefore

analyzed whether the highest affinity mutants,
79-89/136-147 and 79-89/136-147/L137 had
retained the pH dependence that is seen for the
corresponding mouse FcRn interactions. Figure 6
shows that the 79-89/136-147 mutant, which at
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Figure 5. SPR analyses of the interactions of mouse IgG1 (mIgG1) with (A) 79-89/136-147 mutant, (B) 79-89/136-
147/1137 mutant and (C) mouse FcRn. The coupling density of mouse IgG1 was 555 RU. Different concentrations of
FcRn mutants (0.05-16.7 pM) were injected over the flow cells in PBS (pH 6.0), 0.01% Tween at a flow rate of
10 pl/minute. Concentrations of wild-type mouse FcRn or human FcRn mutants corresponding to each sensorgram are
shown in uM. For all concentrations, duplicate injections were carried out and representative sensorgrams for each
duplicate are shown. All sensorgrams were zero adjusted and reference cell data (flow cell coupled with buffer only

during coupling cycle) subtracted.

pH 6.0 has binding properties that closely resemble
those of mouse FcRn, binds to IgGs with markedly
lower affinities at pH 7.3. The pH dependence of
this mutant is very similar to that of mouse FcRn
(Figure 6 and data not shown). In addition, as noted
previously,”** binding to mouse IgG1 (His436)
shows more marked pH dependence than the
interactions with mouse IgG2b or human IgGl
(both containing Tyr436). Although the 79-89/
136-147/L137 mutant retains pH dependence for
binding to mouse IgGl, less marked pH depen-
dence is observed for the interactions of this mutant
with human IgG1l and mouse IgG2b than for the
79-89/136-147 mutant (Figure 6 and data not
shown).

Discussion

Here, we have used a combination of site-
directed mutagenesis and SPR binding analyses to
determine the molecular basis for the difference in
binding specificity between mouse and human
FcRn. By using iterative rounds of mutagenesis to
confer the binding properties of mouse FcRn onto
human FcRn in a stepwise fashion, we have
identified two regions of FcRn that are functionally
important. One of these regions encompasses and
extends away from the key residue pair, FcRn
residue 137 and IgG residue 436, whereas a second
region in the al helix of FcRn appears to act as a
modulator of the contribution of the residue 137
(FcRn)—436 (IgG) interaction. In contrast, sequence
differences in the region encompassing residues
121-132 (Figure 1 of the Supplementary Material)
that are in proximity to the FcRn-IgG interaction
site’’ do not contribute to the difference in
specificity between human and mouse FcRn (work
done by Zhou et al.> and data not shown). Taken
together, our studies lead to an improved

understanding of the molecular details of FcRn—
IgG interactions.

Structural and functional studies of FcRn and its
IgG ligand indicate that residue 137 (Asp in rat
FcRn, Glu in mouse FcRn and Leu in human FcRn)
interacts with residue 436 (His in mouse IgGl, rat
IgG2a and Tyr in mouse IgG2b, human IgGl) of
IgG."?! Loss of compatibility of this interacting
pair has been suggested to be responsible for the
inability of human FcRn to bind to mouse IgGs.*
However, two observations indicate that there may
be additional sequence variations between human
and mouse FcRn that account for their marked
differences in binding specificity. First, mouse FcRn
binds to human IgGl and mouse IgG2b with
relatively high affinity, despite what might appear
to be an unfavorable 137 (FcRn)—436 (IgG) pair (this
study and the work done by Zhou et al.*®). Second,
mutation of Leul37 of human FcRn to Glul37
(L137E) generates a human FcRn variant that binds
to mouse IgG1 and IgG2b, but with greatly reduced
affinities compared with the corresponding mouse
FcRn-mouse IgG interactions.”®> Here, we demon-
strate that two additional regions of sequence can
contribute to the functional differences across
species.

By mutating sequences of the a2 helical region
(residues 136-147) encompassing and extending
away from the crucial residue 137 of human FcRn to
those corresponding to mouse FcRn we have
generated human FcRn variants with substantially
improved affinities that approach those observed
for the corresponding mouse FcRn-IgG inter-
actions. Interestingly, this region contains a Pro
(mouse FcRn) to Asp (human FcRn) difference at
position 147, and we therefore analyzed whether
the positive effect of mutating residues 136-147
could be recapitulated by alteration of a shorter
segment (143-147) encompassing this residue in
combination with the L137E mutation. This mutant
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Figure 6. The pH dependence of the interactions of (A) mouse FcRn, (B) 79-89/136-147 mutant and (C) 79-89/136-
147/L137 mutant with mouse IgG1 (mIgG1) and IgG2b (mIgG2b). The coupling densities of the IgGs were 555 RU
(mouse IgGl1 for A and B), 694 RU (mouse IgG1 for C) and 662 RU (mouse IgG2b for A, B and C). Sensorgrams for each
FcRn species analyzed using PBS (pH 6.0 or pH 7.3 as indicated) plus 0.01% Tween as running buffer are shown, with pH
and concentrations (0.5 pM or 2.5 pM) indicated. All sensorgrams are representative of duplicate injections and were
zero adjusted and reference cell data (flow cell coupled with buffer only during coupling cycle) subtracted. Data for the
pH dependence of binding of wild-type mouse FcRn and human FcRn variants to human IgG1 were similar to those

shown for mouse IgG2b.

had essentially the same affinities for IgGs as those
of the L137E mutation alone. This suggests that the
effects of the 136-147 mutations may be due to
differences in residues 136-142; however, mutation
of residues 136-142 generated variants that in
general had reduced affinities relative to the
corresponding 136-147 mutants. Thus, at least
from the mutations analyzed here, the positive

effect of the 136-147 mutation cannot be fully
attributed to subsets of residues within this
sequence.

Despite the affinity improvements of the 136-147
(with Leu at 137) and 136-147 (with Glu at 137)
mutants, these variants still retained a clear
preference for Leul37-Tyr436 or Glul37-His436
interactions. For example, the 136-147 mutant has
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similar dissociation constants for mouse IgGl
relative to those corresponding to mouse FcRn
(Table 1), but decreased affinities for mouse IgG2b
and human IgGl. This prompted us to analyze
additional regions of sequence dissimilarity that
might modulate the impact of the 137 (FcRn)—436
(IgG) pair. We therefore combined mutation of
residues 79-89 of human FcRn with the 136-147
mutants (with Glu or Leu at position 137). The
corresponding region of human FcRn has a two
base-pair deletion (residues 85 and 86) and lacks the
potential glycosylation site at position 87 that is
present in rodent FcRn (Figure 1 of the Supplemen-
tary Material). Residues 86 and 90 of rat FcRn have
been shown to contact IgG residue 254 in the X-ray
structure of the corresponding complex.”" Signifi-
cantly, the effect of the 79-89 mutation, in combi-
nation with 136-147 (with Glu at 137) generates a
human FcRn mutant that has properties similar to
those of mouse FcRn. Perhaps unexpectedly, how-
ever, the 79-89 mutation plus 136-147/L137 (Leu at
137) mutation results in an increased dissociation
constant for mouse IgG1 (Table 1). This suggests
that although the 79-89 mutation can reduce the
negative impact of an unfavorable Glul137-Tyr436
pair, this is not the case for the Leu137-His436 pair.
The molecular basis of the effects of the 79-89
mutation are currently not understood. However, as
a consequence of the insertion of two amino acid
residues, the al helix encompassing these residues
is almost one turn longer than the corresponding
region of human FcRn.”™ Mutation of human IgG1
residue 254 (Ser) to alanine results in a dramatic loss
of affinity for binding to human FcRn,'® suggesting
that this residue m ght by comparison with the rat
FcRn-Fc structure,” contact human FcRn in the
vicinity of residues 84, 87-90 (residues correspond-
ing to 85 and 86 in rodent FcRn are absent in wild-
type human FcRn) (Figure 1 of the Supplementary
Material). Hence, it is possible that the shorter helix
results in a slight reorientation of human FcRn on
IgG relative to the rodent FcRn-IgG interactions,
which might in turn affect the impact of the residue
137-residue 436 pair. In this context, the presence of
additional carbohydrate at position 87 of FcRn is not
predicted to play a role as in rat FcRn this sugar
does not contact Fc.*! However, it is possible that
carbohydrate at this position has more subtle steric
effects on the overall topology of the interaction.
In general, the interaction of FcRn with homo-
logous IgG is highly pH-dependent, with relatively
high affinity binding at pH 6.0 that becomes
progressivelzg weaker as near neutral pH is
approached.”! This pH dependence is essential
for functional activity,” as it is involved in the
binding and release cycles that occur to transport
IgG molecules within and across cells."”” Analysis of
the pH dependence of the two mutants that most
closely resemble mouse FcRn (79-89/136-147 /L1137
and 79-89/136-147) indicates that pH dependencies
analogous to those seen for mouse FcRn are only
observed for the 79-89/136-147 mutant. Although
the 79-89/136-147/L137 mutant binds to mouse

IgG1 in a highly pH-dependent way, the pH
dependence of the interactions with mouse IgG2b
and human IgG1 (both with Tyr at residue 436) is
reduced. This suggests that FcRn species with
Glul37 (or Asp137) show greater pH dependence
for binding to IgGs than those containing Leul37,
even when the presumed partner residue on IgG is
Tyr.

yIn summary, we have shown that it is possible to
confer, by site-directed mutagenesis, the binding
properties of mouse FcRn onto human FcRn.
Residues in close proximity and more distal to the
interaction site are responsible for the cross-species
differences in specificity. The shorter al helix of
human FcRn relative to that of rodent FcRn is also
functionally relevant, as it appears to act as a
modulator of key interactions. Thus, several regions
of sequence variation appear to account for the
marked differences in specificity between human
and mouse FcRn. Our analyses extend the
knowledge of human FcRn and its interactions
with IgGs, and this has relevance to the use of
antibodies in therapy.

Methods

Generation of plasmids for expression of mutated
human FcRn

The plasmid DNA of human FcRn in pAcUW5125 was
used as a template for splicing by overlap extension® to
generate the mutated variants of human FcRn shown in
Figure 2. Mutated genes were subcloned as BglII-BamHI
(51tes Wthh flank the mutated regions in the human FcRn
gene'®) fragments into pAcUWS51 vector derivatives
containing the human B,-microglobulin gene® to
generate the following mutants: 136-147, 136-147/L137,
136-142, 136-142/1137, 143-147, L137E/143-147, 79-89/
136-147 and 79-89/136-147 /L1137 (Figure 2). To generate a
mouse FcRn variant in which residues 136-147 were
replaced by the correspondlng human FcRn sequence,
splicing by overlap extension® was used with the mouse
FcRn gene in pAcUW51% as template. The mutated gene
was recloned as a BamHI fragment into the BglII site of
PAcUWS51 containing the mouse B,-microglobulin gene
Sequences of mutagenic oligonucleotides are available on
request. Clones harboring plasmid constructs with the
desired orientation of the gene fragments were sequenced
using an ABI PRISM model 3100.

Expression and purification of recombinant FcRn

Recombinant wild-type and mutated FcRn were
expressed in insect cells (High-5; Invitrogen) infected
with recombinant baculoviruses and proteln was purified
from culture supernatants using Ni**-NTA-agarose 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 D1.3 (anti-lysozyme™®) were used as a
source of human and mouse IgGl (both kappa),
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respectively. Hulys10 is a humanized (human IgGl
constant region) antibody which recognizes hen egg
lysozyme (HEL) and was purified from cell culture
supernatants using HEL-Sepharose.>* The HuLys10 cell
line and D1.3 hybridoma were generous gifts from Dr Jeff
Foote (Fred Hutchinson Cancer Center, Seattle) and Dr
Roy Mariuzza (Center for Advanced Research in Bio-
technology, Maryland), respectively. Mouse IgG2b was
purchased from eBioscience.

Binding studies using surface plasmon resonance

SPR experiments were carried out using a BlAcore
2000. Flow cells of CM5 chips were coupled with human
IgG1 (HuLys10), mouse IgGl (D1.3) and mouse IgG2b
using amine coupling chemistry. Reference flow cells
were coupled with buffer only during the coupling cycle.
For all of the FcRn species described in Figure 2, at least
two analyses for each IgG were run with different batches
of FcRn, different analyte concentration ranges, etc. Wild-
type or mutated FcRn proteins were injected over the flow
cells at a flow rate of 10 pul/minute at 25 °C. FcRn was
injected at concentrations ranging from 0.05uM to
16.7 pM. For all experiments, phosphate-buffered saline
(PBS) pH 6.0 or pH 7.3 with 0.01% (v/v) Tween 20 and
0.02% (w/v) sodium azide 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 dissociation phase. Sensorgrams were zero
adjusted, reference cell data subtracted and data analyzed
using custom-written softwaret.

The equilibrium dissociation constants for interactions
showing linear Scatchard plots were estimated using
standard methods for a monophasic 1:1 interaction (e.g.
as in Zhou et al.*®). However, the majority of interactions
resulted in biphasic Scatchards, consistent with studies
showing that FcRn-IgG interactions involve two non-
equivalent binding sites on IgG.*”*® This is most likely
due to steric effects of occupancy of the first binding site
on IgG, which hinder binding to the second site.? These
interactions were therefore fitted to a two-site model
involving negative cooperativity using custom-written
software. This generated estimates for two dissociation
constants (Kp; and Kpy), which are taken to represent
occupancy of the first site on IgG (Kp;) followed by
binding to the second site with lower affinity (Kpy).
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