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ABSTRACT

The neonatal Fc receptor (FcRn) is a key membrane protein that plays an integral role in serum
immunoglobulin (IgG) recycling, which extends the half-life of antibody. In addition, FcRn is known to
traffic antigen-bound immunoglobulins (Ag-IgGs), and to interact with immune complexes to facilitate
the antigen cross-presentation of peptides derived from the immune complexes in antigen-presenting
cells (APCs). Studies on the IgG-FcRn molecular interactions have primarily focused on the Fc region, and
only recently have shown the potential impact of the antigen-binding fragment physiochemical proper-
ties on FcRn binding. However, the effect of the antigen physiochemical properties on IgG structure as it
relates to Ag-lgG-FcRn binding is not well understood. Here we used an IgG-peptide antigen complex as
a model system to investigate the structural effects of the antigen’s physiochemical properties on the IgG
structure, and the subsequent effects of Ag-IgG-FcRn interactions. We used hydroxyl radical footprinting—
mass spectrometry to investigate the structural impact on an IgG upon antigen binding, and observed
that the physicochemical properties of the antigen differentially induce conformational changes in the
IgG FcRn binding region. The extent of these structural changes directly correlates to the magnitude of
the affinity differences between the Ag-IgG complexes and FcRn. Moreover, the antigen’s physicochem-
ical properties differentially induce structural differences within the Ag-lgG-FcRn ternary complex. We also
provide electron microscopy data that shows corroborating Fab-FcRn interactions, and confirms the
hypothesis of potential 2:1 FcRn:IgG binding stoichiometry. These data demonstrate antigen-induced Fc
structural rearrangements affect both the affinity toward FcRn and the trimeric antigen-lgG-FcRn com-
plex, providing novel molecular insights in the first steps toward understanding interactions of FcRn-
containing large(r)-sized immune complex.
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Introduction the dynamic distribution of IgG structure is stimulated by
antigen binding, and propagates to influence Fc-receptor
interaction.'® Finally, new work by Orlandi et al. have shown
that antigen binding allosterically effects Fcy-receptor
binding."' However, the role of antigen-induced structural
changes on FcRn binding requires further investigation.

FcRn is a major histocompatibility complex (MHC) class
I-related heterodimeric Fc receptor, best known for regulating
the homeostasis of IgGs.'>"> Binding to FcRn facilitates pro-
tection of monomeric IgGs from intracellular degradation and
therefore prolongs its serum half-life.'*!% As indicated, the
biological role of FcRn on antigen-free IgG recycling has
been well established; however, the molecular mechanism of
FcRn on antigen-bound IgG (Ag-1gG) trafficking is not as well
understood. It has been shown that FcRn can transport Ag-IgG
complexes across epithelial cells and FcRn enhances antigen
presentation (reviewed in Ref.'”). In addition, FcRn-mediated
“antibody buffering” can result in prolonged half-life of Ag-
IgG from recycling or transcytosis, leading to novel mAb
therapeutic strategies for pH-dependent antigen release.'®°
Surprisingly, however, there is little information on the struc-
ture-function relationship within the Ag-IgG-FcRn ternary

Antibody-based molecules have shown great success as treat-
ments for various diseases. Of the immunoglobulin (Ig) sub-
classes, IgG is the most widely developed."” IgGs contain
antigen-binding fragments (Fabs), which are responsible for
the specific recognition of antigen, and the Fc domain, which
determines the binding to Fc gamma receptors (FcyR) and the
neonatal Fc receptor (FcRn). These domains are connected by
a flexible linker denoted as the hinge, which varies in length
within the four IgG isoforms.

Conventionally, the Fab and Fc domains are thought to
function independently due to the flexibility of the hinge
region that connects the two domains. However, emerging
studies have implied that there might be cross-talk between
these domains. For example, IgG with the same Fc framework
but different variable domain sequences showed an impact on
Fc functions,’™ and switching the Fc region from different IgG
isotypes with the same variable domain results in changes in
antigen-binding affinity.>” Moreover, studies using Protein
A and Protein G, as molecule binding probes, have shown
long-range allosteric effects in the Fc region upon antigen-
binding.** Molecular dynamic (MD) simulations showed that
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complex, or how the physiochemical properties of the antigen
may affect FcRn affinity.

Crystallographic data have provided information on the
molecular contacts between the Fc region of an IgG and the
FcRn receptor, shedding light on the pH-dependent affinity by
critical histidine residues.”’* FcRn binds to the CH2-CH3
domains of IgG Fc, and interacts through histidine residues (in
particular, H310 and H435) in a pH-dependent manner. These
histidine residues are protonated under low pH and form salt
bridges with negatively charged residues in FcRn. In the acidic
pH range (below 6.5), FcRn binds to IgG at high affinity, but
with low aflinity at neutral pH and above. The pH-dependent
interaction enables FcRn to capture IgG in the acidified endo-
somal compartment and to release monomeric IgG back into
circulation when exposed to the extracellular physiological pH
condition.?® The Fc-FcRn interactions are well understood; but
understanding of the role the Fab domain involvement in the
IgG-FcRn complex is still in its infancy. Previous work has
shown that antibodies with similar wild-type human Fc
sequences can exhibit a wide range of half-life and clearance
values,”® and changes in the complementarity-determining
region (CDR) residues or swapping of Fab regions of the IgG
can directly influence FcRn binding and pharmacokinetics
(PK).>”® These studies clearly demonstrate that the Fab plays
a role in FcRn biology, but understanding the molecular
mechanism is challenging due to the size and dynamics of
a full-length antibody and the membrane association of FcRn.

Bottom-up mass spectrometry (MS) techniques have shown
great promise in studying molecular interactions of large pro-
tein structures since there are virtually no size limitations. For
example, hydrogen-deuterium exchange (HDX) MS analysis
was able to detect the predicted Fc-FcRn interactions indicated
by crystallography, and revealed potential Fab-FcRn interac-
tions. This led to the hypothesis of a two-step process where
FcRn first recognizes Fc at high affinity, and then recruits Fab
in close proximity as a secondary interaction site.””*® However,
as with all bottom-up MS techniques, deciphering the differ-
ence between direct binding interactions and conformational
changes due to stabilization or allostery typically requires
information from orthogonal methods.

Hydroxyl radical footprinting (HRF) MS is an emerging
technology orthogonal to HDX that, instead of detecting
changes in the protein backbone, probes solvent accessible
surface area (SASA) of protein side-chain residues. This
method has successfully been used to elucidate protein-
protein interface and allosteric conformational changes of
biotherapeutic proteins,”” and to investigate the binding inter-
actions of IgG/FcyR complex in solution.>® However, the struc-
tural interactions within the FcRn-IgG complex have yet to be
investigated using this technology. As such, we were interested
in applying HRF to investigate the IgG-FcRn complex to cor-
roborate the putative Fab-FcRn observed for HDX. In addition,
we were interested in probing if HRF can detect structural
changes on a full-length IgG triggered by antigen binding,
and if antigen-bound IgG (Ag-IgG) affects FcRn affinity.

Here, we performed a series of structure-function relation-
ship studies to probe the effect of antigen physiochemical
properties on an IgG1 structure and FcRn affinity. To simplify
our study design, we chose an IgG1 with a peptide antigen (~2

kDa) to enable physiochemical modifications of the antigen
outside the epitope sequence through a simple linker sequence.
We generated a series of peptide antigens with positive, nega-
tive, and hydrophobic differences to understand how antigen
properties effect IgG and IgG-FcRn interactions. We show that
the physiochemical properties of the antigen differentially
induce conformational changes on the Fc-receptor binding
region of the IgG, in which the extent of the structural change
directly correlate with Ag-IgG affinity toward FcRn. Moreover,
the affinity differences are reflected in differences in receptor
conformation within the Ag-IgG-FcRn ternary complex.
Finally, we used electron microscopy (EM) to visualize the
IgG-FcRn complex and the observed classification indicating
direct Fab-FcRn interactions and the 2:1 FcRn:IgG complex.
This work provides unique structural insights into the Ag-IgG-
FcRn ternary complex.

Results

Analysis of 1gG-FcRn interactions using hydroxyl radical
footprinting

As indicated, the crystal structure of Fc-FcRn has shed light on
the molecular mechanism of IgG-FcRn binding,”* and HDX
has been used to further understand how the full-length IgG
interacts with FcRn.”” However, the contributions from the
Fab region to FcRn binding and the potential impact of anti-
gen-binding on FcRn biology is not fully understood. To this
end, we were interested in determining if HRF analysis could
provide additional insight into the structural interactions
within the IgG1-FcRn complex.

We first compared the HRF data from the FcRn-unbound
and bound states, and mapped the data onto a homology model
to visualize the results. Upon FcRn binding, we observed three
tryptic peptides in the heavy chain (HC) of the Fc region of the
IgG1 (residues HC 249-255, HC 302-317, and HC 417-439)
with a decrease in SASA (Figure 1 highlighted in Red). All three
peptides are located between CH2-CH3 domains and are con-
sistent with the previously identified Fc-FcRn interface.”” In
addition to these expected regions, three peptides on the Fab
region of IgG1 from both the HC and light chain (LC) (HC 1-19,
HC 148-210, and LC 67-108) also exhibit reduced SASA. The
peptide regions identified by HRF corroborate the findings from
the previous HDX study,”” and demonstrate a global conforma-
tional change that includes apparent interactions between FcRn
and the Fab domain at LC 67-108.

The receptor also experiences substantial solvent accessibil-
ity changes upon binding the IgG molecule. In particularly, we
observed 3 peptides within the al-a2 domains (residues
124-140,74-80 and 86-109) and 2 peptides within the f2 m
subunit (residues 20-41 and 82-91) that exhibit reduced sol-
vent accessibility in the bound state. All of these peptides are
located close to the Fc interaction site as predicted by crystal
structure analysis. In addition, we observed 2 peptides in the a3
domain (residues 186-211 and 215-243) that exhibit reduced
solvent accessibility in the bound state, which are distal from
the Fc interaction site and facing the direction of the Fab
domain as shown in the homology model (Figure 1(c)). Our
homology model is configured such that the LC of the Fab is
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Figure 1. HRF structural analysis of the IgG1-FcRn complex. Oxidative footprint of the tryptic peptides from IgG (a) and FcRn (b) in the free and bound states. (c) The
model structure of IgG-FcRn complex. The region color-highlighted in the structure corresponding to the color in the bar graph. **P < .01.

facing down toward the bound FcRn, and suggests a potential
interaction between LC peptide residues 67-108 (magenta) and
FcRn peptide residues 186-211 (blue). There are also regions
on Fab (HC 1-19 and HC 148-210) that are not in direct
contact with FcRn based on the homology model, indicating
there is likely additional conformational effect upon FcRn
binding. These data are consistent with the notion that there
may be direct interactions between FcRn and the Fab region of
an IgG.

(b) IgG1+FcRn=a:1

(d) IgG1+FcRn=1:1 (
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Visualization of 1gG-FcRn complex by electron microscopy

To further assess the putative Fab and FcRn interactions, we
analyzed the IgG-FcRn complex structure by negative stain
electron microscopy, and observed several distinct classifica-
tions of IgG-FcRn complex (Figure 2). The Fab arms of IgG
appear to be highly dynamic as previously observed,”" with
multiple conformations previously predicted by Booth et al.*>
These include the canonical Y-shaped conformation (Figure 2
(a and d)), a T-shaped conformation (Figure 2(b and e)) or

Mix Y/T
(c) 1gG1+FcRn=1:1

(f) 1gG1+FcRn=1:2

Figure 2. Visualization of lgG1-FcRn complex by negative stain electron microscopy. Six representative classifications of lgG1 and IgG1-FcRn complex are shown.
FcRn is highlighted with yellow arrows/circles. (a) IgG1 alone in a canonical Y-shaped conformation. (b) IgG1 in a T-shaped conformation and binds to FcRn at 1:1
stoichiometry. (c) IgG1 in a Y/T mixed conformation and binds to FcRn at 1:1 stoichiometry. (d) IgG1 in a canonical Y-shaped conformation and binds to FcRn at 1:1
stoichiometry. (e) IgG1 in a T-shaped conformation and binds to FcRn at 1:2 stoichiometry. (f) IgG1 in a Y/T mixed conformation and binds to FcRn at 1:2 stoichiometry.
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a mixed Y/T conformation (Figure 2(c and f)). In addition, we
observed that the soluble form of FcRn can bind to the IgG at
either 1:1 (Figure 2(b-d)) or 2:1 (Figure 2(e-f)) stoichiometry.
Both of the stoichiometry conformations appear to show the
Fab arm directly interacting with FcRn (Figure 2(b, cand e)). It
is also interesting to note that in both of the 2:1 stoichiometry
classifications the Fc region appears to be in a bent conforma-
tion (relative to the Fab arms), and not a planar conformation
as is observed in the 1:1 classifications. Whether or not this is
an artifact of the EM staining or a biologically relevant con-
formation remains unclear.

Antigen binding induces global conformational changes
at the Fc receptor binding site

Allosteric activity between antibody Fab and Fc regions has
been proposed and studied since the 1970s, but the research
has remained inconclusive (reviewed in Ref. 7). With the
development of novel bottom-up MS technologies such as
HREF, higher order structure analysis of flexible large molecule
like full-length IgG becomes possible. Therefore, we sought to
utilize HRF-MS to understand the effect of antigen binding on
the IgG structure. We analyzed the solvent accessibility differ-
ence in the IgGl in the free and antigen-bound states, and
observed structural changes across both the Fab and Fc regions
(Figure 3). In the Fab region, the CDR-containing peptides
showed the expected reduced solvent accessibility in the bound
state (Figure 3 highlighted in red); however, a peptide in CH1
domain (residues 148-210) showed increased solvent accessi-
bility upon binding to antigen. The former observation is
consistent with expected changes in the Fab upon antigen
binding, and the latter observation corroborates previous
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findings that antigen-binding induces conformational changes
on the CH1-1 loop on Fab.”

In the Fc region, four peptides also showed changes in
solvent accessibility, indicating antigen-binding induces con-
formational changes distal from the antigen binding sites. Of
particular interest was the observation that an Fc peptide
located at the FcRn binding interface (residues 249-255)
showed reduced solvent accessibility. This peptide is remote
from the antigen binding region and contains residues directly
involved in FcRn binding. These data indicated that either
remote conformational changes are occurring in the IgG
upon antigen binding, or that antigen binding leads to con-
formational stability changes in the Fc region that results in
reduction of the overall solvent accessibility. Since the solvent
accessibility measurements from HRF are an average of the
global population, these differences cannot be readily teased
out. Nonetheless, our HRF data is consistent with previous
literature indicating long-range conformational effects within
the IgG structure upon antigen binding.

The physiochemical property of antigens affects FcRn
binding dffinity

To further investigate whether the observed structural changes
in the Fc region could lead to functional effects, a panel of
peptide antigens was designed by adding a single amino acid to
glycine spacer sequences on either side of the N-terminal and
C-terminal, flanking the same antigen epitopes (Table SI).
First-pass analysis using surface plasmon resonance (SPR)
indicated that these antigen variants retained similar binding
affinity to IgG1, but they appeared to show differential effects
on Ag-IgG-FcRn binding (Figure S1, S2).

N

Figure 3. Structural changes of 1gG1 induced by antigen binding. Bar graph one the left shows the oxidative labeling footprint of the tryptic peptides from IgG1
light chain (upper panel) and heavy chain (lower panel) in the free and antigen-bound states. The model structure of IgG1 antibody is shown on right. The region color-
highlighted in the structure corresponding to the color in the bar graph. *P < .05, **P < .01.



We subsequently measured the binding affinity of an IgG1
to FcRn in the presence of saturating amounts of wild-type
antigen (Ag-WT) and the three modified peptide antigens with
the highest effect of FcRn interaction in the first-pass analysis.
The antigen with arginine (Ag-R) and tryptophan (Ag-W)
modifications increased IgG1l-FcRn binding with the largest
response, and the antigen with aspartic acid (Ag-D) modifica-
tion was the only one that showed reduced binding as com-
pared to Ag-WT. To minimize the SPR assay-induced FcRn
avidity and charge effect from sensor chip,’* we used a Cl
sensor chip with a flat carboxymethylated surface without
dextran matrix. FcRn was immobilized at low density at
100RU, and binding of IgG1 to the FcRn surface was measured
in the presence of saturating amounts of each antigen under
the same experimental condition. We confirmed that the WT
and three modified antigens from different physiochemical
categories displayed differential influence on FcRn binding
affinity (Table 1). Due to the complex nature of the possible
1:1 and/or 1:2 mab:FcRn binding, the SPR data were fitted to
both a 1:1 binding model (Figure S6) and a 1:2 binding model
(not shown). Both models demonstrated a similar trend in the
changes in FcRn affinity from antigen binding, and therefore
a 1:1 binding model was used to obtain data for Table 1.
Among the antigen variants, Ag-R and Ag-W improved the
affinity of IgG1 to FcRn (2.4-fold and 3.5-fold increase, respec-
tively), while Ag-D displayed a small reduction in FcRn affinity
(~20%). The effects of the Ag-R and Ag-D antigens on FcRn
affinity are consistent with previous observations described for
Fab charge patches (positive increase affinity, negative
decreases affinity).* However, the increase in FcRn affinity
resulting from flanking tryptophan on the antigen has not
been previously observed.

Correlating antigen-induced IgG structural changes to
FcRn dffinity

The structural effects of WT antigen binding to the IgGl
suggested that there are structural changes or conformational
stability changes that may affect FcRn affinity. Generating
peptides that differentially affect FcRn affinity enabled us to
probe the correlation between FcRn affinity and antigen-
induced IgG structural changes. To this end, we compared
the structural changes of IgG1 when binding to the antigens
that had largest effect on FcRn affinity (Ag-R and Ag-W), and
then analyzed the structural difference in the Ag-IgG-FcRn
ternary complexes.

In comparing the IgG1 structure in the free and antigen-
bound states, the SASA pattern was very consistent between
the different antigen-bound IgG1 (Figure S3). We observed
that the CDR-containing peptides showed the expected

Table 1. FcRn affinity to Ag-IlgG1 complexes.
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reduced oxidation level in the bound states for all three
antigens; however, the antigens displayed a differential effect
in the Fc region. Two peptides directly involved in FcRn
binding (residues 249-255 and 417-439) displayed
a trending decrease in solvent accessibility (No Ag>Ag-
WT>AG-R> Ag-W) that mirrored the antigen’s trending
increase on FcRn binding affinity (No Ag<Ag-WT<AG-
R< Ag-W) (Figure 4(a and b)). However, when bound within
the antigen/IgG1/FcRn ternary complexes these Fc-peptides
displayed similar SASA for all antigens tested (Figure 4(c),
Figure S4). These data implied that the FcRn binding site on
the IgG1 is likely fully occupied, and that antigen binding
does not change the structure of Fc in the FcRn-bound state.
Moreover, if the observed decrease in SASA in the Fc-region
upon antigen-binding was due to the excess antigen making
direct antigen-Fc surface interactions (nonspecific binding),
then one would expect steric hindrance with FcRn and an
associated decrease in binding affinity, not the observed
affinity increase. Thus, these data are strong evidence that
the SASA change in Fc-region is due to Fab-antigen binding,
not nonspecific interactions in the Fc. It is unclear if this is
from conformational rearrangement or conformational sta-
bility, but in either case, the SASA change in the Fc upon
antigen binding directly correlate with the observed FcRn
affinity.

For the FcRn receptor, antigen binding to Fab appeared to
change the structure within the FcRn-bound state. We
observed two distinct receptor peptides that exhibited changes
in SASA that also mirrored the increasing trend of the binding
affinity between Ag-IgG and FcRn. Peptide residues 1-42 and
141-146 both displayed trending effects in SASA similar to the
IgG Fc-region, albeit in opposite directions (Figure 4(d), Figure
S5). As the affinities of Ag-IgG to FcRn increases, the changes
in the solvent accessibility for peptides residues 1-42 and
141-146 decrease and increase, respectively. While both the
affinity changes and SASA changes are subtle, the direct corre-
lation from two distinct analytical methods provides strong
evidence that antigen physiochemical properties directly influ-
ence the Ag-IgG-FcRn ternary state.

Discussion

The observations that maternal IgGs are transferred to neona-
tal mice®® led to the discovery of the FcRn, and an extensive
scientific effort to understand the molecular interactions that
are responsible for the biology of this receptor. The last fifty
years of scientific research on FcRn biology has enabled
a detailed understanding of the pH-dependency of the mole-
cular residues responsible for Fc-FcRn interactions,”>>® the
transcytosis and recycling function (reviewed in Ref.””), and

Sample Antigen Sequence ka (1/Ms) kd (1/s) KD (M) Change (%), N =2
19G1 unbound No Antigen 6.15E+05 0.5798 9.43E-07 76 £ 18%
19G1 + Ag-WT GGGS-Ag-GGGS 2.91E+05 0.1971 6.78E-07 Ctrl (100 + 3%)
19G1 + Ag-R RGGGS-Ag-GGGR 3.88E+05 0.1099 2.83E-07 239+ 11%
IgG1 + Ag-W WGGGS-Ag-GGGSW 4.70E+05 0.0917 1.95E-07 349 + 2%
IgG1 + Ag-D DGGGS-Ag-GGGD 2.84E+05 0.2309 8.14E-07 83 £ 0%
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Figure 4. Structural changes in IgG1-FcRn complex induced by different antigens. (a) SPR analysis. The relative affinity of IC-FcRn as compared to Ag-WT/IgG1/
FcRn (100%). (b-d) HRF analysis. Oxidative labeling footprint of two tryptic peptides from IgG1 Fc region in the FcRn-free antigen-bound forms (b), and FcRn-bound
antigen-bound forms. (c). Oxidative labeling footprint of two tryptic peptides from FcRn in Ag-bound forms. (e) The model structure of IgG1-FcRn. The region color-
highlighted in the structure corresponding to the color in the bar graph. *denotes significant difference relative to no Ag. ns: not significant, *p < .05, **p < .01.

the effects of Fab charge patches on FcRn affinity.* These
discoveries have been harnessed to modulate the pharmacoki-
netics of monoclonal antibodies as biotherapeutics.**>®

In addition to the crucial function in IgG homeostasis, FcRn
also mediates “antibody buffering”, which can result in pro-
longed half-life of Ag-IgG from recycling or transcytosis.'®
Moreover, it is now understood that this MHC class-I related
receptor has an integral role in antigen presentation (reviewed in
Refs.””*"). FcRn-mediated immune function bridges the gap
between humoral and cellular immunity through the simulta-
neous presentation of an antigen-bound antibody to both
MHCII and MHCI molecules in dendritic cells (DCs). This
subsequently activates CD4+ and CD8 + T cell responses,
respectively. Specifically, FcRn-mediated immune complex
cross-presentation has been found to be of exceptional impor-
tance in activating tumor-reactive cytotoxic T cells, and hence
providing protection from tumors,*”* while disruption of IC-
FcRn interaction by introducing IHH mutations ((I253A,
H310A, and H435A) on the Fc region results in the loss of cross-
presentation ability in DCs.*> However, how antigen-bound
IgGs effect FcRn structure-function relationship is poorly
understood.

To further our understanding of the molecular interactions
between and antigen-bound IgG and FcRn, we designed a model
system using an IgG1 and peptide antigen to probe the structural
consequences of antigen binding on both the Ag-IgG binary and
Ag-IgG-FcRn ternary complexes. The use of a peptide antigen
enabled us to perform structure-function relationship studies to
investigate the role of antigen physiochemical properties on
FcRn interactions. Combining the sensitivity of SPR for affinity
measurements with the region-specific structural information
from HRF provides a new strategy for probing these interactions.

HREF has previously been used to elucidating protein-protein
interactions,”>"** but this is the first work that investigated
IgG-FcRn interactions. Our initial HRF analysis showed all of
the expected Fc-FcRn interactions and the distal structural
changes that are consistent with literature (Figure 1). These
results provided confidence that the SASA data from HRF in
this system is accurate and interpretable. We then utilized nega-
tive stain electron microscopy to visualize the IgG-FcRn com-
plex and observed structural conformations corroborating the
HREF analysis. To date, one of the best visualization of the likely
conformations the IgG must adopt comes from recent modeling
work by Booth et al.”® By creating a “best-fit” model, Booth et al.
describe significant steric hindrance that would occur if the IgG
interacted with membrane-bound FcRn in the canonical
Y-conformation. Instead, the IgG would have to adopt
a T-shape conformation to enable the Fab arms to lay against
the endosomal membrane. This in turn would shift the Fab arms
into a position of direct interaction with the receptor.

Using negative stain electron microscopy, we observed mul-
tiple conformations demonstrating direct contact between the
Fab arm and the FcRn receptor. These orientations are also
consistent with the Y- and T-shaped conformations predicted
by Booth et al.,** in which the latter conformation was sug-
gested for reduction of Fab-membrane steric hindrance. In
addition, we observed the 2:1 FcRn-IgG structure, which
clearly demonstrates the flexibility of the Fab arms and inter-
actions with FcRn. This stoichiometry has been hypothesized
from multiple studies, including Fc-FcRn crystal structure
analysis, FcRn binding studies, in vitro transport studies and
in vivo half-life investigations (reviewed in Ref. 41). However,
to our knowledge this is the first data set to directly visualize
the 2:1 FcRn:IgG stoichiometry.



Having established that HRF provides data consistent with
our EM data and previous literature, we then used this tech-
nology to explore how antigen binding may affect the IgG
structure. The HRF data indicated that the WT antigen clearly
induced SASA changes within the Fc-region at peptides known
to be involved in FcRn binding. Investigating the antigen’s
potential effect on FcRn binding showed there was a modest
increase in the IgG-FcRn affinity, leading to design of a series of
antigen variants to probe the physiochemical effect on the
molecular interactions of the Ag-IgG-FcRn ternary complex.
All of the peptides generated displayed similar affinities toward
the IgG1, and showed similar reduction in SASA in the CDR-
containing peptides. However, the antigen with positive
(Arginine) or aromatic (Tryptophan) properties induced
further structural changes in the Fc-region. Similar to the wild-
type antigen, these antigen variants effected the same 2 pep-
tides involved in receptor binding (residues 249-255 and
417-439), but with increasing SASA responses. The trend in
the effect of SASA directly correlated with an increase in
affinity of the Ag-IgG complex to FcRn. These two sets of
data imply that the physiochemical properties alter the Fc-
region structure to affect FcRn affinity of an antigen-bound
IgG. How exactly the antigen’s properties affect the Fc struc-
ture remains unclear.

Since HRF data is simply a SASA measurement of a global
population of protein, deciphering whether changes are due to
direct protein-protein interactions or distal conformational
changes (such as allostery) remains a challenge. Moreover,
the excess amount of peptide antigens may have nonspecific
interactions with the Fc-region, resulting in reduced apparent
SASA, which would make data interpretation challenging.
However, since the Fc peptides affected by antigen binding
are the same as the ones involved in FcRn binding, one
would expect a negative impact on FcRn binding through steric
hindrance. Since we observed an increase in FcRn affinity in
the presence of excess antigen, the structural changes in the Fc
region are therefore unlikely due to nonspecific binding.

While the exact nature of antigen-induced molecular events
in the Fc are still unknown, comparison of the Ag-IgG binary
complex to the Ag-IgG-FcRn ternary complex provides addi-
tional structural insight. For example, the decreasing trend in
SASA for the Fc peptides in the Ag-IgG binary complexes is
lost within the Ag-IgG-FcRn ternary complexes. These data
indicate that the Ag-IgG complexes are fully bound with FcRn
in the ternary complex. We do not know how much of the
equilibrium population is in the 1:1 vs. 2:1 FcRn-IgG stoichio-
metry during HRF analysis. We added 2-fold molar excess of
FcRn for complex collection, but our EM data clearly indicates
both species are formed. These details are important when
considering the HRF percent (%) modification calculation
because of the 2-fold symmetry of an IgG. If the equilibrium
stoichiometry is anything but 2:1 FcRn:IgG, then the unbound
protein residues located at the interface would be more solvent
accessible than the bound protein residues, obfuscating the
HRF calculations. Here we observe that all of the Fc-region
and FcRn peptides at the binding interface have similar SASA
results in the Ag-IgG-FcRn complexes. This indicates that the
samples are in a similar state of equilibrium for each antigen
regardless of the stoichiometry. This is important for the
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interpretation of results for the FcRn peptides (residues 1-42,
141-146) that showed opposite trending in SASA data in the
Ag-IgG-FcRn ternary states. Since the equilibrium states are
similar for all Ag-IgG-FcRn samples, these data imply that the
physiochemical properties of the antigen are directly affecting
the FcRn conformation with the Ag-IgG-FcRn ternary com-
plex. Taken together, our data indicates that antigen binding
allosterically effects both the FcRn affinity and the receptor
conformation within the ternary state.

This study complements the work by Jensen et al.”” demon-
strating that IgG FcRn binding is a multistep mechanism.
Jensen et al. proposed that FcRn binds the Fc region first,
then the Fab domain interacts with FcRn. Here we demonstrate
additional properties of the IgG and the antigen bound IgG
need to be taken into account. First the antibody needs to be
considered as a whole with all domains involved in the inter-
actions. Second, as soon as the antibody binds its target, the
new molecular environment needs to be considered. These are
the first structural data of a non-Fc engineered mAb and wild-
type FcRn to show that the soluble form of FcRn interacts with
the Fab domain. The peptide antigen, which is relatively small
by comparison to the IgG, does not sterically interfere with
FcRn binding. In contrast, it strengthens the FcRn interaction
as demonstrated by the affinity gain. Finally, this study pro-
vides insight into the first mechanistic steps of small antigen
trafficking in the acidified endosome and the molecular details
that need to be taken into account.

In summary, understanding the molecular interactions
between FcRn and the antigen-bound IgG is critical for both
fundamental immunology and in designing next-generation
mAb therapeutics. Our work provides insight on the role of
antigen binding on IgG structures, and demonstrates that
physiochemical properties can influence FcRn affinity. This
may have implications for antigen targeting and the subse-
quent trafficking of antigens with different isoforms or genetic
polymorphisms. These data also provide direct evidence for
Fab-FcRn interactions that modulate IgG-FcRn affinity, and
provides the first structural images for the 2:1 FcRn:IgG bind-
ing stoichiometry. The structural data depicts conformations
that have been hypothesized, but never before directly
observed. In addition, this work supports the view that the
Fab and Fc domains are not independent entities within the
IgG structure, but rather involved in intricate allosteric inter-
actions that are transmitted through the two domains and that
influence Fc receptor binding. The structural data provided by
HREF details the unique effect the antigen has on the structural
interactions within the Ag-IgG-FcRn ternary complex, and
provides novel details on the role of the physiochemical prop-
erties of the antigen.

Materials and methods

The IgG and FcRn proteins used in this study were expressed
and purified in-house at Genentech, Inc. to clinical-quality
drug substance. The IgG is a humanized IgGl monoclonal
antibody with kappa light chain. The antigen and its derivatives
used in this study are short peptides (2.1 ~ 2.5 kDa) that are
specific for IgGl. Peptide antigens were synthesized by
ABclonal (Woburn, MA).
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Hydroxyl radical footprinting- mass spectrometry

HRF-MS was performed as previously described.*”*" All pro-
teins were combined in equal molar ratio and purified by size-
exclusion high performance liquid chromatography into
a phosphate buffer system at pH5.5 to facilitate binding.*’
The equal-weight strategy previously used for protein-protein
interaction studies was employed, and the total protein con-
centration remained equal at 1 mg/mL for unbound protein,
binary and ternary complexes.*® Peptide mapping, liquid chro-
matography and data analysis was performed as previously
described.”® All data were obtained in triplicate and error
bars represent 95/99 tolerance interval. Non-overlapping
error bars have p < .05 (or otherwise denoted) and are con-
sidered significant differences.

Homology model

The Molecular Operating Environment (MOE) software pack-
age from Chemical Computing Group is used to build Fab
domain models. The Fab models are aligned to the left and
right arms of a generic full-length IgG1 molecule to generate
full-length IgG homology models. The IgG1 framework used as
a template is based on a full structure of the IgG1 antibody that
Brandt et al. composed from crystal structures of the fragments
and equilibrated to a relaxed conformation.*® The FcRn pro-
tein used for molecular modeling was obtained from the pre-
viously characterized crystal structure (PDB: 4NO F).

Negative Stain Electron Microscopy

Concentrated protein was diluted in 20 mM histidine chlor-
ide, pH 5.5 to 0.01 mg/ml. Then 4 yl of the diluted sample was
deposited, and incubated for a minimum of 30 s on a previously
glow-discharged ultra-thin carbon coated 400-mesh, copper
grid (Electron Microscopy Sciences). Following incubation, the
sample was negatively stained by touching the protein bound
side of the grid serially onto 5, 40 pl drops and placed on
a parafilm working surface, of 2% uranyl acetate (Electron
Microscopy Sciences). Excess stain is allowed to sit on the grid
for >30 s and then wicked away using #1 Whatman filer paper.
Imaging was performed on a Talos 200 C equipped with 4 K
Ceta CMOS camera, (ThermoFisher Scientific, Waltham, MA),
at a magnification of 73 k. Resulting micrographs were then
processed in cisTEM analysis software (cisTEM.org) to produce
2D class averages from which overall structure can be observed.

Surface Plasma Resonance (SPR)

The kinetic characteristics and binding affinities of IgG1 and
antigen-bound IgG1 to FcRn were measured by Biacore 2000
instrument (GE Healthcare; Piscataway, NJ) at 25°C. It has
been reported that the assay orientations may affect the IgG-
FcRn binding data.***” To minimize variability, all the kinetic
measurements in this study were run on the same chip set up.

Human FcRn protein was immobilized on a Cl1 sensor
chip with the amine coupling procedure. In the first-pass
analysis, a single dose of IgG1 (66.7 nM) were pre-incubated
with various antigens (500 pM) in the running buffer (phos-
phate-buffered saline (PBS)/0.05% PS20, PH6.0), and the
antigen-antibody complex were injected at a flow rate of

50 pl/min for 180s to reach equilibrium, and dissociate for
240 s. After each injection, the chip surface was regenerated
by PBS PH8.0. The binding level of each complex was
normalized by an internal standard (set as 100%). For
kinetic analysis, various concentrations of IgG1 were serially
diluted from 2 uM to 8 nM, and were pre-incubated with
excess amount of antigen (500 puM) in the running buffer.
Antigen-antibody complex were injected during multiple
cycles at a flow rate of 100 pL/min for 5 s, and dissociated
for 10s. After each injection, the chip surface was regener-
ated by PBS PHS8.0. Analysis was performed after an in-line
reference cell correction and followed by buffer sample
subtraction. The dissociation equilibrium constant (KD),
dissociation rate constant (kd), and association rate constant
(ka) were calculated using the Biacore BIA evaluation soft-
ware (version 4.1; GE Healthcare) with a 1:1 binding model.
All binding data were measured in duplicate.
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