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(Background: The bivalency of IgG and Fc fusion could cause undesired therapeutic properties.
Results: We developed a stable monomeric Fc modality by N-glycosylation engineering, enabling the generation of crystal

Conclusion: The monomeric Fc prolonged the half-life of Fab domain through the interaction with neonatal Fc receptor.
Significance: The monomeric Fc will be used for pharmacokinetics enhancement of biotherapeutics that require monovalent
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Human IgG is a bivalent molecule that has two identical Fab
domains connected by a dimeric Fc domain. For therapeutic
purposes, however, the bivalency of IgG and Fc fusion proteins
could cause undesired properties. We therefore engineered the
conversion of the natural dimeric Fc domain to a highly soluble
monomer by introducing two Asn-linked glycans onto the
hydrophobic C;3-C;3 dimer interface. The monomeric Fc
(monoFc) maintained the binding affinity for neonatal Fc recep-
tor (FcRn) in a pH-dependent manner. We solved the crystal
structure of monoFc, which explains how the carbohydrates can
stabilize the protein surface and provides the rationale for
molecular recognition between monoFc and FcRn. The monoFc
prolonged the in vivo half-life of an antibody Fab domain, and a
tandem repeat of the monoFc further prolonged the half-life.
This monoFc modality can be used to improve the pharmacoki-
netics of monomeric therapeutic proteins with an option to
modulate the degree of half-life extension.

Prolonged survival time of IgG molecules in serum is
achieved through the interaction of their Fc region with the
neonatal Fc receptor (FcRn)? (1, 2). The long half-life of full-
length IgG and Fc fusion proteins, which have been used as
therapeutic molecules for the treatment of various diseases,
allows for less frequent dosing in patients (3, 4). Human IgG is a
bivalent molecule that provides avidity effect and maximizes
the host defense against pathogenic bacteria and virus. For
other therapeutic purposes, however, the bivalency of IgG
might not be necessary and could cause undesired properties.

The atomic coordinates and structure factors (code 4J12) have been deposited in
the Protein Data Bank (http://wwpdb.org/).
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2The abbreviations used are: FcRn, neonatal Fc receptor; C,,2, constant
region 2 of antibody heavy chain; C,;3, constant region 3; SEC-MALS, size
exclusion chromatography coupled with multiangle light scattering; DSC,
differential scanning calorimetry; SEC, size exclusion chromatography; PK,
pharmacokinetics; monoFc, monomeric Fc; %ASA, percentage of accessi-
ble surface area; KLH, keyhole limpet hemocyanin protein; AUC, area under
the curve.
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For example, if the targets are multimeric soluble molecules,
the dimeric nature of IgG can result in formation of a cross-
linked network in plasma (5). Furthermore, when the targets to
be antagonized are on a cell surface, the IgG may result in
unwanted agonist activity (6). To overcome these issues, “one-
armed” antibody and one-armed Fc fusion proteins have been
recently created using Fc heterodimers for various therapeutic
targets and shown to improve the biological activity, bioavail-
ability, and pharmacokinetics of a molecule (7, 8). As an alter-
native approach for half-life extension of biotherapeutics, we
sought a novel monomeric Fc modality that allows single poly-
peptide chains, simplifying production development.

Asn-linked glycosylation (N-glycosylation) is one of the most
common forms of post-translational modification of proteins
in eukaryotic organisms. In general, the modification occurs at
an asparagine residue in the consensus sequence of Asn-X-Ser/
Thr, where X is any amino acid except proline (9). N-Glycosyl-
ation can have an impact on the protein stability, susceptibility
to protease, and immunogenicity as well as in vivo bioactivity of
therapeutic proteins (10, 11). Native human antibodies have an
N-glycan at Asn**” on the C,2 region of the dimeric form of the
Fc domain. Crystal structures of the Fc domains have revealed
that the carbohydrates are packed within the internal space
enclosed by the C;2 domain (see Fig. 14). Although the C,;2
domains from two polypeptide chains make no direct interac-
tions due to the carbohydrate (see Fig. 1, A and B), the C,;3
domains associate through a large hydrophobic interface (see
Fig. 1, A and C). To engineer a stable monomeric form of Fc
domain, we utilized the N-glycosylation engineering approach,
in which the engineered carbohydrates will not only disrupt the
Ci;3-Cy;3 interface, but also mask the exposed hydrophobic
surface of C;;3 domain.

EXPERIMENTAL PROCEDURES
Selection of the Positions for N-Glycosylation Engineering

Four criteria were employed to determine the residues for
introducing N-glycosylation mutational sites (Asn-X-Ser/Thr)
at the C,;3-C;3 interface. First, we identified residues located
on the interface. To calculate the percentage of accessible sur-
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TABLE 1
%ASA of candidate residues for mutagenesis

AASA = %ASA(monomer) — %ASA(dimer). % of ASA was calculated with the
program MOE (Chemical Computing Group).

Interface residues %ASA (dimer) %ASA (monomer) AASA
GIn3*7« 26.5 41.8 15.4
Tyr®* 5.1 414 36.3
Leu®*! 3.8 41.9 38.0
Ser®>* 13.6 60.2 46.6
Asp?® 47.9 74.4 26.5
Glu**” 2.8 26.9 24.1
Lys>®° 42.7 62.9 20.2
Ser>64« 3.8 18.5 14.8
Thr3¢¢« 0.7 21.2 20.5
Leu368« 1.4 15.2 13.8
Lys®7° 17.1 37.3 20.0
Asn®%°¢ 39.9 55.6 15.7
Lys®*? 42.8 77.6 34.9
Thr%* 2.5 42.7 40.2
Val**” 13.6 42.3 28.7
Ser® 56.7 89.2 32.5
Asp* 14.0 32.4 185
Phe*>« 0 24.2 24.2
Tyr*7« 0 37.3 37.3
Lys4°9“ 1.5 50.5 48.9
Lys* 27.9 41.3 13.4
Ser®* 56.8 68.8 12.0

“ The positions selected for N-glycosylation engineering.

face area (%ASA) of each residue in both Fc dimer (native form)
and one chain of Fc dimer (hypothetical Fc monomer), we used
the crystal structure of the Fc domain of human IgG B12 (Pro-
tein Data Bank (PDB) ID: 1HZH), which is the high resolution
structure of the entire human antibody. The residues with a
higher %ASA(dimer) should be the residues that are exposed to
solvent. We hypothesized that the residues with the higher
%ASA(monomer) value are more likely to be either exposed to
solvent or buried in the C;;3-C,;3 interface. Therefore, we esti-
mated the degree of interface involvement by subtracting the
%ASA of monomer from that of Fc dimer as AASA = %ASA-
(monomer) — %ASA(dimer) and selected 22 interface residues
whose AASA values were above a threshold value of 10% (Table
1). Second, we avoided mutagenesis of proline, glycine, and cys-
teine residues that generally play an important role in maintain-
ing the structural framework of proteins. Third, we only incor-
porated Asn-X-Ser/Thr-Y in regions where neither X nor Yis a
proline residue because proline at either of these positions
strongly inhibits glycosylation efficiency (9, 12). When the res-
idue at position +2 needed to be mutated, we chose threonine
over serine because it has been shown that threonine at the
position tends to produce higher N-glycosylation occupancy
than serine (13). Finally, we performed a manual inspection and
selected nine residues where the engineered carbohydrate
would have a substantial impact on disruption of the C;;3-C;3
interface.

Protein Expression and Purification

The expression plasmid of wild type Fc fragment was con-
structed as an N-terminal hexahistidine tag followed by the
human immunoglobulin yl constant region starting with
Gly**® (refer to the numbering of the Eu antibody amino acid
sequence in Ref. 14). The mutational constructs were generated
by PCR with the primers that generate desired amino acid
replacement. KLH (keyhole limpet hemocyanin protein)-de-
rived monoclonal antibody was used as a control antibody for
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mouse pharmacokinetics (PK) study as it comprises no target in
mouse (internal data). The expression vectors of Fab-monoFc
variants were constructed by PCR amplification of the Fab frag-
ment of the KLH-derived antibody and monoFc constructs. For
initial protein production of N-glycosylated Fc variants,
HEK293F cells were transiently transfected with the expression
plasmids by using 293fectin reagent and grown in FreeStyle293
medium according to the manufacturer’s protocol (Invitrogen).
All the Fc variants were purified by using HiTrap chelating
column and HiTrap protein A column (GE Healthcare). For in
vivo analysis of Fab-monoFc variants, CHO cells were trans-
fected with the expression plasmids by Lipofectamine 2000
(Invitrogen). Stable clones were selected with G418 and metho-
trexate for 2—3 weeks. The proteins were purified by using
HiTrap protein G column followed by Superdex200 column
(GE Healthcare). All the purified fractions were dialyzed
against PBS and stored at —80 °C.

Size Exclusion Chromatography-Multiangle Light Scattering
(SEC-MALS)

Average molar mass and oligomerization state of wild type Fc
domain and N-glycosylated Fc variants were determined using
SEC-MALS. Protein samples were prepared at concentrations
of 4.5-7.0 mg/ml in PBS buffer. Each sample (200 ug) was
injected onto an analytical Superdex 200 10/300 GL column
(GE Healthcare) connected to an Agilent 1100 HPLC system
(Foster City, CA). Protein peaks resolved on the sizing column
were analyzed using the Wyatt Technology miniDAWN three-
angle light scattering detector and Optilab-REX refractometer
(Santa Barbara, CA) connected in-line to the HPLC system.
Data acquisition and analysis were done using the Wyatt Tech-
nology Astra software with a An/Ac value of 0.185 ml/g for
protein. Glycan mass contribution was determined by applying
the protein conjugation template in Astra software using an
approximated An/Ac value of 0.14 ml/g for the sugar moiety.

Differential Scanning Calorimetry (DSC)

Thermal stabilities of wild type Fc domain and N-glyco-
sylated Fc variants were analyzed using the MicroCal capillary
DSC system, VP-DSC (Northampton, MA). The protein sam-
ple at concentration of 0.02 mM in PBS buffer was placed in
the sample cell. The heat capacity difference between the
sample cell and reference cell was recorded and analyzed using
Origin7.0 software from MicroCal.

Capillary Gel Electrophoresis

The relative percentage of glycosylated and unglycosylated
species in each protein sample was measured under reducing
condition using Caliper LabChip GXII (Hopkinton, MA).
Deglycosylated control was prepared by incubating the protein
with Glycanase F (ProZyme) for 3 h at 37 °C in PBS buffer.
Samples for the Caliper assay were prepared according to the
manufacturer’s instructions. Protein loading, separation, stain-
ing, and destaining were performed on a quartz chip photo-
etched with microchannels according to the LabChip Protein
Express program. An electropherogram was generated for each
sample and analyzed using LabChip GX version 3.0 software.
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TABLE 2

X-ray data collection and model refinement statistics
Numbers in parentheses reflect statistics for the last shell.
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Crystal 1
Data collection
Space group P3112
Cell dimensions
a, b, c(A) 64.22, 64.22, 146.94
a, B,y 90.0, 90.0, 120.0
Resolution (A) 50-1.9 (1.93-1.90)
Roerge” 0.048 (0.66)
I/ol 33.2(1.12)
Completeness (%) 96.8 (67.3)
Redundancy 4.7 (2.2)
Refinement
Resolution (A) 1.9
No. of reflections 26,861
Ryyoul IR oo (%) 22.2/23.8
No. of atoms
Protein 1,665
Carbohydrate 113
Water 161
B-factors
Protein 49.35
r.m.s.? deviations
Bond lengths A) 0.009
Bond angles (°) 1.15
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€ Ry is equivalent to Ry, but calculated for a randomly chosen 5% of reflec-
tions omitted from the refinement process.

4 r.m.s., root mean square.

Solubility Assessment by Analytical SEC

Protein samples were dialyzed against HEPES buffer (50 mm
HEPES, 150 mm NaCl, pH 8.0), phosphate buffer (50 mm phos-
phate, 150 mm NaCl, pH 7.0), histidine buffer (50 mwm, histidine,
150 mMm NaCl, pH 6.0), or acetate buffer (50 mm acetate, 150 mm
NaCl, pH 5.0). Protein in each buffer was concentrated up to
200 mg/ml by Vivaspin ultrafiltration spin column with 10,000
molecular weight cut-off (Vivascience Ltd.) and then incubated
for 7 days at room temperature. A total of 10 ul for each sample
was injected onto an analytical Superdex 200 10/300 GL col-
umn (GE Healthcare) connected to an Agilent 1100 HPLC sys-
tem (Foster City, CA).

FcRn Binding Assays

The FcRn binding assays were carried out using a surface
plasmon resonance (SPR) biosensor, Biacore 3000 (Biacore).
The SPR experiments were conducted at 25 °C in PBS buffer
(pH 6.0) with 0.005% P20. Human and mouse FcRn proteins
were purchased from ARVYS Proteins, Inc. (Stamford, CT). All
the experiments were repeated three times.

1-to-1 Binding Assay—Immobilization of N-glycosylated Fc
variants or Fab-monoFc variants on a CM5 sensor chip was
conducted by the amine coupling method. The equilibrium
binding was measured by injecting 150 ul of soluble human or
mouse FcRn protein at flow rate of 5 ul/min. The sensor sur-
faces were regenerated by running PBS buffer (pH 7.2). We
observed that all the binding curves of each concentration
reached the plateau at the end of injection (30 min). Steady-
state response units were recorded at the end of the injection,
and the equilibrium dissociation constant (K,) was calculated
using the BIAevaluation software (GE Healthcare).

Avidity Assay—To assess the avidity of analyte (molecule in
mobile phase), we used the SPR-based “avidity assay format”
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FIGURE 1. Structure-based design and protein expression of N-glyco-
sylated variants of human antibody Fc domain. A, the crystal structure of
the Fc domain of human IgG B12 (PDB ID: THZH) is shown. In this model, each
polypeptide chain of the Fc dimer is shown as ribbon models (orange and
green), and all the atoms of carbohydrate moieties are shown as space-filling
models (magenta and cyan). All the molecular graphic figures were prepared
with the program MOE (Chemical Computing Group). B and C, schematic
drawing of dimer interface with amino acid residues (Eu numbering (14)) of
C,2 domain (B) and C,;3 domain (C) of human immunoglobulin y1 chain. The
amino acid residues that were replaced with asparagine for N-glycosylation
incorporation are shown as red. Hydrophobic, hydrophilic, negatively
charged, and positively charged residues are shown as green, yellow, pink, and
blue. Proline residues are shown as gray. The area covered by N-glycan at Asn?®’
is shown as an orbit. D, Western blot analysis of mutational variants under reduc-
ing condition: Fc-N347 (Q347N/Y349T); Fc-N364 (S364N); Fc-N366 (T366N/
L368T); Fc-N368 (L368N/K370T); Fc-N390 (K390N/K392T); Fc-N401 (D40TN);
Fc-N405 (F4A05N/Y407T); Fc-N407 (Y407N/K409T); Fc-N409 (K409N). The genes
were transiently expressed in HEK293F cells. Expression levels of all the mutants
were similar to wild type Fc domain except that Fc-N366 was expressed poorly.
The Fc variants with additional N-glycosylation migrated with mobility corre-
sponding to a molecular mass of ~32 kDa, whereas wild type Fc molecule
migrated at ~30 kDa. The natural glycosylation of Fc may account for the differ-
ence from the theoretical molecular mass of polypeptide part of wild type Fc
(25,010 Da). MW, molecular weight standard.

that was previously reported (15-17). Briefly, FcRn protein was
immobilized on a CM5 sensor chip by the amine coupling
method. The equilibrium binding was measured by injecting 30
wul of Fab-monoFc variants over the FcRn surface at flow rate of
2 pl/min. The sensor surfaces were regenerated by running 100
mM Tris-HCI, pH 8.0.

pH Switch Assay—To evaluate the efficiency of dissociation
of Fab-monoFc variants from FcRn at neutral pH, we employed
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a “pH switch assay” modified from the method that was previ-
ously reported (18). In this assay, FcRn protein was immobi-
lized on a CM5 sensor chip by the amine coupling method. The
binding was measured by injecting 100 nm of Fab-monoFc vari-
ants in running buffer (PBS, pH 6.0) followed by injection of
either running buffer (PBS, pH 6.0) or neutral buffer (PBS, pH
7.2) alone over the FcRn surface.

Crystallization and Structure Determination

Protein was concentrated to 30 mg/ml in Tris buffer (25 mm
Tris-HCl, 150 mm NaCl, pH 7.5) for crystallization trials of
monoFc (Fc-N364/N407).? Crystallization was performed with
the Mosquito crystallization robot (TTP LabTech) using the
hanging-drop vapor diffusion method at 18 °C, with the drops
containing 0.2 pl of protein solution and 0.2 ul of reservoir
solution equilibrated against the reservoir solution. Crystals
were cryo-protected in the presence of 20% glycerol in the
mother liquor and immediately flash-cooled in liquid nitrogen.

3 Throughout this study, the following mutant designations were used through-
out: Fc-N364/N407, Fc[S364N/Y407N/K409T]; Fc-N364/N368, Fc[S364N/
L368N/K370T]; Fc-N347, Q347N/Y349T; Fc-N364, S364N; Fc-N366, T366N/
L368T; Fc-N368, L368N/K370T; Fc-N390, K390N/K392T; Fc-N401, D401N;
Fc-N405, FA05N/Y407T; Fc-N407, Y407N/K409T; Fc-N409, K409N.
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FIGURE 2. Deglycosylation of engineered N-glycosylated Fc variants. Cap-
illary gel electrophoresis of purified N-glycosylated variants shows that each
band shift correlates with the number of incorporated N-glycosylation
sequons. Capillary gel electrophoresis was also carried out with the treatment
of Glycanase F (GNase), confirming that the shifting was caused by occupa-
tion of N-glycosylation in each position. The electropherogram was analyzed
using LabChip GX version 3.0 software to quantitate the ratio of glycosylated
and nonglycosylated species at each position (Table 3). MW, molecular
weight standard.

TABLE 3

Summary of biophysical characterizations of N-glycosylated Fc variants

X-ray diffraction data were collected from a single crystal up to
1.9 A resolution on the SER-CAT beamline 22-ID, Advanced
Photon Source (APS), Argonne, IL. The data were indexed,
integrated, and scaled with HKL2000 (the statistics are given in
Table 2). The crystals belonged to the space group P3112, with
cell dimensions of @ = b = 64.22 A and ¢ = 146.94 A. The
structure was solved by molecular replacement with PHASER
using the crystal structure of a mutated, antibody-dependent
cell-mediated cytotoxicity-enhanced human Fc domain (PDB
ID: 2QL1) (19) as a search model. After the monoFc monomer
was located, the initial model was subjected to minimization
with BUSTER and was further rebuilt using COOT. Several
rounds of refinement alternating with rebuilding produced the
final refined model corresponding to an R, of 0.22 and Ry,
of 0.24 (the refinement statistics are given in Table 2).

PK Study in Mice

Male BALB/c mice (~8-week-old males) were purchased
from Charles River (Wilmington, MA). Six mice per group
received a single dose of Fab-monoFc variants via intravenous
route. The administered dose of 5 mg/kg was based on the most
recent scheduled body weights. The test articles were prepared
in PBS, and the dosing volume was 4 ml/kg. At 0 min, 10 min,
6h,24 h,and 2, 3,4, 7, 14 and 21 days after dose, blood samples
of 10 ul were collected from the tail vein via capillary tubes. The
Pfizer Institutional Animal Care and Use Committee approved
all aspects of these studies. All studies were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Study samples were quan-
titated using biotinylated goat anti-human antibody (Bethyl
Laboratories) captured onto streptavidin-coated beads (affinity
capture column of the Gyrolab CD microstructure). After being
captured onto the affinity capture column, bound Fab-monoFc
variants or KLH-derived antibodies were detected with Alexa
Fluor 647-labeled goat anti-human antibody (Molecular
Probes). Sample concentrations were determined by interpola-
tion from a standard curve that was fit using a five-parameter
logistic curve fit with 1/y” response weighting in Watson (Ver-
sion 7.4). Plasma PK parameters were calculated using non-
compartmental methods with the aid of Watson (Version 7.4).
Data in the terminal log-linear phase were analyzed by linear
regression to estimate the terminal rate constant (k) and half-
life (t, = 0.693/k). At least the last three time points were used

Molar mass”

FcRn binding K, (1-to-1)*

N-Glycosylated
Fc variants % of unglycosylation” Monomer Dimer T, Human FcRn Mouse FcRn
% °C nm

Wild type Fc 12 None 51,860 72/83 290 280
Fc-N364 6 28,390 47,490 64 310 340
Fc-N368 9 29,370 42,110 58 320 460
Fc-N405 7 27,090 None 62 260 290
Fc-N407 5 32,640/33,580° 63 450 340
Fc-N364/N368 <0.5 Aggregation 53/62 580 790
Fc-N364/N407 <0.5 29,270 None 64 210 220

“ Capillary gel electrophoresis was used to quantitate the yields of glycosylated and nonglycosylated species at each position. The percentage of unglycosylation was calcu-

lated as 100X [unglycosylated protein]/[glycosylated protein].

? SEC-MALS was used to estimate the molecular mass and distribution of oligomeric species of the N-glycosylated mutants.

¢ The melting temperature (7,,) was measured by DSC.

@ The apparent equilibrium dissociation constants (K,,) for human or mouse FcRn binding were obtained from the 1-to-1 binding assay with an SPR biosensor.
¢ Two broad peaks were observed with average molecular mass between monomer and dimer.
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to calculate k. Total AUC, , was determined as the sum of
AUC, i and AUC,,,,,, where AUC,, ., was calculated from
0 to the last time point (77,,,) with the last measurable concen-
tration (C,,,,) using the linear trapezoidal rule and AUC,,,,,,,
was the extrapolated portion of the area from T}, to infinite
using C,,,/k. Total body clearance (CL) based on plasma con-
centrations was calculated as dose/AUC,,, and the volume of
distribution at steady-state (V) was calculated as CL X
AUMC/AUC, where AUMC was the area under the first
moment curve. The intersubject variability was relatively
higher for the KLH-derived antibody than for other constructs.

RESULTS AND DISCUSSION

We designed mutational sites for N-glycosylation incorpora-
tion onto the C;;3-C,;3 interface based on the crystal structure
of Fc domain (see the details under “Experimental Proce-
dures”). Nine selected residues are illustrated in Fig. 1C. Indi-
vidual N-glycosylated Fc variants were constructed using the Fc
domain of human immunoglobulin y1 without hinge region
(Gly**® to Lys**”) as a template. Western blot analysis showed
that the mutagenesis at 364, 368, 405, and 407 resulted in effi-
cient expression and N-glycosylation, whereas other mutants
resulted in either lower expression of the protein or less than
50% incorporation of N-glycosylation (Fig. 1D). These four
N-glycosylated variants (denoted as Fc-N364, Fc-N368,
Fc-N405, and Fc-N407) were purified and further character-
ized. Capillary gel electrophoresis was used to estimate the
N-linked glycosylation occupancy of the purified proteins (Fig.
2 and Table 3). Distribution of oligomeric species was analyzed
by SEC-MALS. The molecular mass determined by SEC-MALS
showed that Fc-N405 was mostly monomeric, whereas
Fc-N364, Fc-N368, and Fc-N407 were mixtures of monomeric
and dimeric forms (Table 3).

We attempted to eliminate the residual dimeric forms of
these variants by combining two N-glycosylation sites. We cre-
ated two double mutants, namely Fc-N364/N368 and Fc-N364/
N407. Further increases in size were observed in Fc-N364/
N368 and Fc-N364/N407 (Fig. 2). We found that nongly-
cosylated molecules of both Fc-N364/N368 and Fc-N364/N407
were decreased to an undetectable level (Fig. 2 and Table 3).
SEC-MALS and DSC data show that Fc-N364/N407 was com-
pletely monomeric and the most stable among all the variants,
whereas Fc-N364/N368 showed a tendency to aggregate and
lower thermal stability (Fig. 3, A and B, and Table 3). The equi-
librium binding assay confirmed that our monomeric Fc-N364/
N407 retained binding to FcRn with almost the same affinity as
wild type Fc (Fig. 3C and Table 3). Here, we demonstrated that
the double N-glycosylation variant Fc-N364/N407 improved
the properties of monomeric Fc while maintaining the ability to
bind to FcRn, and we named this monomeric version of Fc
molecule as monoFc. Two independent groups have recently
reported engineering of monomeric forms of Fc domain by site-
directed mutagenesis. Rose et al. (20) found that mutation of
Tyr*®” promoted the formation of monomeric Fc as well as
sialylation of N-linked glycan at Asn**” in the C,;2 domain. Ying
et al. (21) also found that amino acid replacement at the posi-
tions of Pro°?, Phe*®”, Tyr**?, and Lys**® resulted in the mono-
meric form of Fc with FcRn binding affinity retained. We
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FIGURE 3. Biophysical characterization of monoFc. A, SEC-MALS analysis
shows the molar mass of total molecules (green), polypeptides (red), and carbo-
hydrate moiety (blue) of wild type Fc domain (left panel) and monoFc (right panel).
B, DSC analysis shows the thermograms (black dot) with model fitting (red line).
The excess heat capacity (Cp) is plotted versus temperature. Wild type Fc dimer
(left panel) yielded two transitions with the melting temperatures (t,,,) of 72 and
83 °C(right panel).In contrast, monoFcyielded a single transition with the melting
temperature of 64 °C (right panel). C, SPR binding analysis shows the FcRn inter-
action with wild type Fc (left panel) and monoFc (right panel). The fractions at
equilibrium for each injection were plotted versus the concentrations of mouse
FcRn (black dots), and the data were fit to a steady-state affinity models (red line) to
calculate K for immobilized Fc variants (Table 3) D, analytical SEC analysis of
concentrated monoFc solution at various pH levels. Protein in each buffer was
concentrated up to 200 mg/ml and then incubated for 7 days at room tempera-
ture. The SEC profile shows the overlay of monoFc samples in HEPES buffer (50
mm HEPES, 150 mm NaCl, pH 8.0), in phosphate buffer (50 mm phosphate, 150 mm
NadCl, pH 7.0), in histidine buffer (50 mwm, histidine, 150 mm NaCl, pH 6.0), and in
acetate buffer (50 mm acetate, 150 mm NaCl, pH 5.0). Overlay of molecular weight
(MW) standard (gel filtration standard, Bio-Rad) is shown as red line: 670 kDa (thy-
roglobulin), 158 kDa (y-globulin), 44 kDa (ovalbumin), 17 kDa (myoglobin), and
1.4 kDa (vitamin B;,).
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A D

, Lys246

Asn297

Asn297 -

FIGURE 4. Crystal structure of monoFc. A, crystals of monoFc protein. Large trigonal crystals were obtained using 2.2 mammonium sulfate and 200 mm sodium
fluoride as a precipitant. B, crystal structure of monoFc (blue) superimposed onto the structures of one polypeptide chain of 18 Fc domains (gray) available at
the PDB. C, comparison of spatial alignment of His*'°, His**3, and His*** of the monoFc (red) and Fc domain of human IgG1 (blue, PDB ID: 2DTS). D, schematic

drawing of the sequence of carbohydrate at Asn®°”

and its interaction with amino acid residues of monoFc. Symbols are assigned for N-acetylglucosamine (blue

square), mannose, (green circle), and fucose (red triangle). Dotted arrows represent the direction of hydrogen bonds from hydrogen donor to hydrogen acceptor.

E, stereo representation of 2F, — F. electron density maps around the carbohydrate moiety connected to Asn
molecular structures. F, clear density was seen for one sugar residue attached to Asn3®*. G, continuous but weak extra density was seen adjacent to Asn

believe that N-glycosylation incorporation not only can disrupt
the Fc dimer but also can improve physicochemical properties
such as protein solubility and stability. We tested the solubility
of monoFc at various pH levels and found that monoFc was
highly soluble and remained monomeric up to 200 mg/ml (Fig.
3D). In addition, our approach may be advantageous when
compared with the mutational approaches because the glycan
moieties could sterically shield these residues, masking poten-
tial immune recognition or anti-drug antibody binding (22).
We solved the crystal structure of monoFc, which, to our
knowledge is the first crystal structure of the monomeric form
of the Fc domain. Crystals of monoFc were grown that dif-
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297 of monoFc superimposed with refined

407

fracted to 1.9 A (Fig. 44 and Table 2). The asymmetric unit
contents of the crystal accounted for only one copy of monoFc,
and the calculated electron density maps showed clear density
for the entire backbone of the monomer from Gly**® to Ser***.
Interestingly, the overall structure of monoFc was very similar
to those of one polypeptide chain of Fc dimer (Fig. 4B), although
the C,;3-C;3 interface of Fc dimer is completely separated. It is
also noteworthy that the spatial alignment of key residues
involved in the FcRn interaction appears to have been main-
tained between monoFc and wild type Fc dimer (Fig. 4C). This
might explain our finding that monoFc had the same FcRn
binding affinity as wild type Fc (Fig. 3C and Table 3).
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The electron density of eight sugar residues connected to
Asn**” was clearly visible on the C,;2 domain of monoFc (Fig. 4,
D and E), and the conformation of carbohydrate on monoFc
was very similar to that of wild type Fc dimer. The internal
space enclosed by the C;;2 domain of the wild type Fc dimer is
filled with the Asn**” carbohydrate that has multiple contacts
with the inner surface of C;;2 domain (Fig. 14). In particular,
Lys®*®, Asp®®°, and Arg®*' are the key residues to form hydro-
gen bonds to sugar residues in the Fc dimer structures (23).
Because the same hydrogen-bonding patterns were observed in
the structure of monoFc (Fig. 4D), these hydrogen bonds most
likely play an important role in maintaining the spatial orienta-
tion of Asn**” carbohydrates of monoFc. In contrast, the car-
bohydrates at the engineered Asn®*** and Asn"” sites appeared
highly mobile and therefore displayed only partial electron den-
sity of carbohydrates (Fig. 4, F and G). These observations could
indicate that monoFc is stabilized by two different types of car-
bohydrates: the static nature of the carbohydrate at Asn**” and
the dynamic nature of the carbohydrates at Asn>** and Asn*"”.
In this study, we describe the method of N-glycosylation engi-
neering to generate a monomeric molecule of the Fc domain
that is naturally a dimer through tight hydrophobic interac-
tions. We believe that our strategy can be applied to other sys-
tems to disrupt protein-protein interfaces and to stabilize the
exposed protein surface by either the static or the dynamic
nature of carbohydrates.

The Fc region of IgG is responsible for the prolonged circu-
lation time of IgGs in serum through FcRn recycling (1, 2). To
assess whether monoFc molecule can extend the serum lifetime
of protein therapeutics, we studied the FcRn binding and PK of
monoFc. We used the Fab fragment from the KLH-derived
antibody fused to monoFc (Fab-monoFc) providing a prototype
with no target in mice (internal data). To elucidate the FcRn
involvement for the serum lifetime of monoFc, we also con-
structed the Fab-monoFc fusion proteins with FcRn-binding
knock-out variant (Fab-monoFc[H310A/H433A]) (24) and the
FcRn-binding enhancement variant (Fab-monoFc[M428L/
N434S]) (15). First, we examined the FcRn binding of these
constructs with the 1-to-1 binding assay format. As expected,
Fab-monoFc[M428L/N434S] had higher binding affinity than
Fab-monoFc, whereas no FcRn binding was observed for Fab-
monoFc[H310A/H433A] (Table 4). Furthermore, we charac-
terized the PK properties of these constructs in mice. The mean
plasma concentration profiles following a single intravenous
injection of the Fab-monoFc variants are illustrated in Fig. 5A.
Fab-monoFc and Fab-monoFc[M4281./N434S] had improved
PK over Fab-monoFc[H310A/H433A]. When comparing the
PK parameters and FcRn binding affinity of these three Fab-
monoFc variants (Tables 4 and 5), we found that the higher
affinity for FcRn binding corresponded to the longer serum
half-life in vivo. This correlation between FcRn binding and
serum half-life suggests that the monoFc extended the plasma
half-life of the fusion proteins through FcRn-mediated recy-
cling mechanism.

The serum half-life for the Fab-monoFc molecule, however,
was much shorter than that for the control antibody (Table 5).
Hence, we proposed a hypothesis that avidity could improve
the pharmacokinetic property of monoFc. To test the hypoth-
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TABLE 4
FcRn binding affinity of Fab-monoFc variants

Two different SPR binding assays were used to measure the binding affinity of
Fab-monoFc variants for FcRn. The 1-to-1 binding was examined by injecting either
human or mouse FcRn over Fab-monoFc variants on the biosensor surface. The
avidity binding was examined by injecting Fab-monoFc variants onto FcRn on the
surface. Apparent equilibrium dissociation constants (K,) were calculated by plot-
ting the steady-state binding.

Human FcRn Mouse FcRn
binding binding
K, K, K, K,
Fab-monoFc fusions (1-to-1) (avidity) (1-to-1) (avidity)

nm nm
Fab-monoFc 210 1300 250 180
Fab-monoFc[H310A/H433A]  >8,000 >8,000 >8,000 >8,000
Fab-monoFc[M428L/N434S] 35 240 68 35
Fab-monoFc-monoFc 250 44 250 4.5
KLH-derived antibody 290 28 280 9.3

esis, we constructed a tandem repeat of monoFc molecules
fused to the Fab (Fab-monoFc-monoFc). The PK data showed
that Fab-monoFc-monoFc had a 3-fold longer serum half-life
than Fab-monoFc (Fig. 54 and Table 5). We next examined the
FcRn binding in a format that permitted avid interaction (FcRn
on the biosensor surface) as well as in the 1-to-1 format
(monoFc on the biosensor surface). It has been known that
mouse FcRn displays 2—10-fold higher affinity for human IgG
than human FcRn (25-27). We observed a similar trend in
which monoFc variants were bound to mouse FcRn with a
higher affinity than human FcRn in the avidity format (Table 4).
Although Fab-monoFc-monoFc had similar binding affinity to
that of Fab-monoFc in the 1-to-1 binding format, it had ~40-
and 30-fold higher binding affinities than Fab-monoFc in the
avidity format for mouse and human FcRn, respectively (Table
4). Fab-monoFc-monoFc appears to bind to FcRn on the bio-
sensor surface with a slow dissociation rate, similar to that of
control antibody (Fig. 5B). This is probably due to the avidity
effect of tandem monoFc when it binds to the immobilized
FcRn on the biosensor surface. The release of IgGs from FcRn at
neutral pH is as important as the binding to FcRn at acidic pH
for the FcRn-mediated recycling mechanism of IgGs (28). Our
data demonstrated that Fab-monoFc-monoFc not only associ-
ated tightly to the immobilized FcRn at acidic pH, but also dis-
sociated readily from the FcRn at neutral pH (Fig. 5B). These
results strongly indicate that a tandem repeat of monoFc can
gain avidity in a similar way to wild type Fc dimer, which results
in slow dissociation from the surface FcRn at acidic pH while
maintaining the fast dissociation at neutral pH. The Bjorkman
group (29) has recently reported that the bivalency of Fc dimer
is required for efficient cell-based FcRn-mediated recycling
mechanism. Our FcRn binding and in vivo PK data further con-
firmed that bivalency is important to achieve the slow dissoci-
ation that is required for efficient FcRn recycling and thus lon-
ger serum half-life. The same group has also proposed a model
in which a network of Fc-FcRn complex is formed between
adjacent membranes (30, 31). The tandem monoFc might be
able to gain the avidity for FcRn due to a close proximity of each
receptor molecule on the membrane surface. In this context,
avidity would slow the dissociation of tandem monoFc from
FcRn in endosome at acidic pH, which in turn could prevent it
from entering a degradation pathway in the lysosome (31).
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FIGURE 5. Pharmacokinetics and FcRn binding of monoFc variants fused
to Fab fragment. A, BALB/c mice were intravenously administrated with 5
mg/kg of monoFc fused to the Fab fragment from the KLH-derived antibody
(Fab-monoFc), FcRn-binding knock-out variant (Fab-monoFc[H310A/
H433A]), FcRn-binding enhancement variant (Fab-monoFc[M428L/N434S]),
and tandem monoFc fusion (Fab-monoFc-monoFc) as well as the KLH-de-
rived antibody that is a control human antibody with no target in mice. At 0
min, 10 min, 6 h, 24 h,and 2, 3, 4,7, 14, and 21 days after dose, blood samples
of 10 wl were collected from the tail vein via capillary tubes. Each data point
represents the mean =+ S.D. (n = 6 each). The clearance for the KLH-derived
antibody was comparable with that of typical IlgGs at 0.3 ml/h/kg. The PK
parameters are summarized in Table 5. Mean Conc., mean concentration.
B, the pH-dependent interactions of Fab-monoFc, Fab-monoFc-monoFc, and
the KLH-derived antibody with either human FcRn (left panels) or mouse FcRn
(right panels). Overlays of sensorgrams show sequential injections of 100 nm
of each Fab-monoFc variant in acidic buffer (pH 6.0) followed by injection of
either acidic buffer (pH 6.0, black) or neutral buffer (pH 7.2, red) at 120 s. Each
sensorgram was normalized for the comparison of dissociation phases (120 -
240 s) between pH 6.0 and pH 7.2.
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TABLE 5

Pharmacokinetic parameters of Fab-monoFc variants

Numbers are the average of six animals for intravenous administration of 5 mg/kg of
proteins. PK parameters were calculated using noncompartmental methods using
Watson (Version 7.4). AUC = area under the concentration curve (AUC represents
AUC,for all the constructs except for KLH-derived antibody, which used AUC, .,
due to the high AUC,,,,.). C, = Initial concentration extrapolated to time zero;
t,,, = terminal half-life; CL = clearance; V, = volume of distribution at steady-
state.

Variants AUCy,¢ AUCkrp Co  f,  CL Viss
ug X h/ml % wpg/ml  h ml/h/kg ml/kg
Fab-monoFc 579 1 70 32 9.0 177
Fab-monoFc[H310A/H433A] 364 0 72 11 14 93
Fab-monoFc[M428L/N434S] 548 1 58 42 9.2 213
Fab-monoFc-monoFc 1,288 20 95 97 3.0 323
KLH-derived antibody 5,955 62 140 173 03 78

In summary, we have engineered two N-glycosylation sites
on the C;;3 domain to stabilize the monomeric form of Fc and
solved the crystal structure, revealing the stabilized protein sur-
face by carbohydrates. We have demonstrated that monoFc can
prolong the half-life of Fab domain via FcRn-mediated recy-
cling and that the avidity through a tandem repeat of monoFc
can further prolong the half-life. This monomeric Fc modality
could possibly constitute an alternative approach for the PK
enhancement of protein and peptide therapeutics that require
monovalent properties.
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