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Abstract

Monoclonal antibodies (mAbs) exhibiting highly selective binding to a protein target constitute a 

large and growing proportion of the therapeutics market. Aggregation of mAbs results in the loss 

of their therapeutic efficacy and can result in deleterious immune responses. The CH2 domain 

comprising part of the Fc portion of Immunoglobulin G (IgG) is typically the least stable domain 

in IgG-type antibodies and therefore influences their aggregation propensity. We stabilized the 

CH2 domain by engineering an enhanced aromatic sequon (EAS) into the N-glycosylated C’E loop 

and observed a 4.8 °C increase in the melting temperature of the purified IgG1 Fc fragment. This 

EAS-stabilized CH2 domain also conferred enhanced stability against thermal and low pH induced 

aggregation in the context of a full-length monoclonal IgG1 antibody. The crystal structure of the 

EAS-stabilized (Q295F/Y296A) IgG1 Fc fragment confirms the design principle, i.e., the 

importance of the GlcNAc1•F295 interaction and surprisingly reveals that the core fucose attached 

to GlcNAc1 also engages in an interaction with F295. Inhibition of core fucosylation confirms the 

contribution of the fucose-Phe interaction to the stabilization. The Q295F/Y296A mutations also 

modulate the binding affinity of the full-length antibody to Fc receptors by decreasing the binding 

to low affinity Fc gamma receptors (FcγRIIa, FcγRIIIa and FcγRIIIb), while maintaining wild-

type binding affinity to FcRn and FcγRI. Our results demonstrate that engineering an EAS into the 

N-glycosylated reverse turn on the C’E loop leads to stabilizing N-glycan–protein interactions in 

antibodies and that this modification modulates antibody-Fc receptor binding.
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Graphical Abstract

Monoclonal antibodies (mAbs) are used extensively in scientific research, and are becoming 

increasingly important for diagnosing and treating diseases.(1) Despite their widespread 

applications, antibodies, like all proteins, remain susceptible to chemical and biological 

degradation processes. For example, mAbs undergoing significant structural fluctuations 

during purification, processing and storage can aggregate if at sufficient concentration.(2) 

Local mAb unfolding can expose peptide substructures that have a high propensity for 

intermolecular β-sheet formation, enabling mAb misassembly.(2) Aggregates of mAbs 

generally no longer recognize their target, and even a minor population of aggregates can 

sometimes lead to an unwanted immune response that can neutralize a therapeutic antibody.

(2, 3) Therapeutic antibodies that sample alternative conformations can also be degraded by 

proteases in the body. Therefore, it is common practice in the pharmaceutical industry to 

select lead antibodies both based on their biological activity and their stability to minimize 

endoproteolysis and aggregation.(4) Engineering strategies that can reliably stabilize mAb 

native states both during storage and in vivo are valuable.

The immunoglobulin G (IgG) glycoproteins account for about 75% of the total 

immunoglobulins in human plasma. IgGs are Y-shaped macromolecules comprising two Fab 

(“Fragment antigen-binding”) and one Fc (“Fragment crystallizable”) substructures (Figure 

1a). Two identical light chains and two identical heavy chains linked by disulfide bonds 

make up each IgG (Figure 1a). Each IgG heavy chain contains a variable domain (VH) and 

three constant domains (CH1, CH2 and CH3). The horseshoe-shaped IgG Fc is a homodimer 

composed of the CH2 and CH3 domains of the two heavy chains, which are covalently linked 

via disulfide bonds between the hinge regions that bridge the Fab and Fc fragments (Figure 

1a). The interaction of the Fc substructure with the neonatal Fc receptor (FcRn) is 

responsible for the long serum half-lives of antibodies. Furthermore, the interaction of the Fc 

substructure with Fc gamma receptors (FcγRs) is necessary for obtaining the desired Fc-

mediated effector functions, while interaction of the Fc with the C1q component of 

complement is necessary for clearing pathogens or aberrant cells.(1) The Fc region of IgG is 

also valuable for extending the serum half-lives of proteins-of-interest by generating 

therapeutic protein–Fc fusions (e.g., abatacept, alefacept, and etanercept).(1, 5, 6)

In most human IgGs, CH2 is the least stable domain, as reflected by its low melting 

temperature (Tm).(7) Given this circumstance, it is not surprising that, in many cases, IgG 

antibody aggregation is mediated by the CH2 domain.(2, 8–10) The conformational 

instability of the CH2 domain is also established to contribute to the aggregation of 
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therapeutic protein-of-interest–Fc fusions.(6) Thus, stabilizing the native state of the CH2 

domain should lower the rate of conformational excursions or unfolding of the Fc region and 

in turn, reduce the aggregation propensity of antibodies and therapeutic protein–Fc fusions.

A key feature of the Fc region of all IgG subclasses is that each CH2 domain contains a 

single Asn297 side chain amide N-linked glycan (or “N-glycan”) in the loop between 

strands C‘ and E (hereafter called the “C’E loop”).(11) These N-glycans are sequestered 

within the space between the two CH2 domains, bridging them while shielding the 

hydrophobic inner surface of the two CH2 domains from solvent (Figures 1a and 1b). The 

glycan-glycan and glycan-protein interactions involving the CH2 domains maintain the 

relative glycan orientation and are thought to influence Fc-FcγR interactions.(7, 12) The 

glycan-protein interactions are established to be vital for the stability of the CH2 domains, as 

deglycosylation greatly destabilizes the CH2 domain and abolishes binding to low-affinity 

FcγRs.(1, 13, 14) It has also been shown by NMR analysis that the termini of both the α1–3 

and α1–6 arms of the N-glycan are highly dynamic, rendering the termini accessible to 

glycan-modifying enzymes.(15) Terminal glycan remodeling is known to influence the 

receptor binding abilities of the Fc.(15–17)

A common strategy to minimize the aggregation propensity of a protein-of-interest is to 

identify and remove the aggregation “hot spots” by altering the protein’s primary sequence. 

Such a strategy has been used previously on the Fc fragment to reduce antibody aggregation 

under thermal stress.(8, 9) CH2 domain sequences facilitating N-glycan conformational 

flexibility can lead to exposure of the hydrophobic inner surface of the CH2 domain, 

contributing to the aggregation of IgG antibodies and therapeutic protein–Fc fusions.(7) We 

hypothesize that strengthening the interactions between the glycan and the CH2 domain 

should stabilize the CH2 domain, lowering the concentration of alternatively folded CH2 

domains, and thereby reducing CH2 domain aggregation propensity. We posit that the 

interactions between the glycan and CH2 domain can be engineered to be more stabilizing 

by replacing the N-glycosylated C’E loop with an enhanced aromatic sequon (EAS)—a 

portable structural module that features stabilizing aromatic side chain-glycan interactions 

while at the same time enhancing N-glycosylation efficiency by oligosaccharyltransferase.

(18–23) A 4.8 °C increase in the melting temperature of a purified IgG1 Fc fragment was 

realized using this strategy. Moreover, this EAS-stabilized CH2 domain also conferred 

enhanced stability against thermal and low pH stress-mediated aggregation in the context of 

a full-length monoclonal IgG1 antibody. The crystal structure of the EAS-stabilized (Q295F/

Y296A) IgG1 Fc fragment supports the engineering strategy, i.e., the importance of the 

GlcNAc1•F295 interaction and surprisingly, along with fucosylation inhibition data, reveals 

that the core fucose attached to GlcNAc1 also engages in a stabilizing interaction with F295. 

The Q295F/Y296A mutations also modulate the binding affinity of the full-length antibody 

to Fc receptors by decreasing the binding to low affinity Fc gamma receptors (FcγRIIa, 

FcγRIIIa and FcγRIIIb), while maintaining wild-type binding affinity to FcRn and FcγRI.
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 RESULTS AND DISCUSSION

 Design

Enhanced aromatic sequons are sequences that include an aromatic residue prior to an Asn-

Xxx-Ser/Thr sequence, or “sequon”, harbored in a reverse turn conformation that allows the 

glycan and the aromatic side chain to interact upon enzymatic N-glycosylation. The best 

studied EAS features an aromatic residue at the n-2 position relative to the N-glycosylated 

Asn that is integrated into a type I β-turn with a G1 β-bulge (a five-residue EAS; e.g., Phen-2-

Alan-1-Asnn-Glyn+1-Thrn+2). Another EAS that is well studied is one where the aromatic 

residue is 3 residues N-terminal to a sequon in a type II β-turn within a larger six-residue 

loop (a six-residue EAS, e.g., Phen-3-Argn-2-Sern-1-Asnn-Glyn+1-Thrn+2). The EAS glycan-

aromatic side chain interaction generally stabilizes proteins by ≈ 1–2 kcal/mol.(18–20, 22, 

24) An extensive study of five- and six-residue EASs in the Pin WW domain, whose folding 

thermodynamics and kinetics have been extensively studied,(25–28) showed that the 

stabilizing carbohydrate-aromatic interactions are driven by the hydrophobic effect and CH-

π interactions, powered largely by dispersion forces in this context.(20)

In the IgG1 Fc structures available in the Protein Data Bank (PDB), the C’E loop of the CH2 

domains, which contains the N-glycosylated Asn297 residue, comprises one of two 

sequences, resulting in two different turn structures. Almost all the IgG1 Fc fragments have 

type I β-turns with a G1 β-bulge in the C’E loop(29–35); the exception being those IgG1 

variants isolated from the serum of a patient with multiple myeloma (Cri, allotype G1m3)

(36–39), which have a type IV β-turn (Table S1 and Figures S1 and S2). A type I β-turn with 

a G1 β-bulge, as noted above, is known to be amenable to conversion to an EAS. Thus, 

simply replacing Gln295 with a Phe residue should enable the aromatic-glycan interactions 

in the EAS. Although the Tyr296 side chain is usually in a conformation that projects away 

from the rest of the protein, and is therefore generally solvent exposed, Tyr296, together 

with the C’E loop, are flexible.(31) Moreover, this residue has been predicted to increase the 

aggregation propensity of antibodies.(8) Thus, to prevent Tyr296 from interacting with the 

Phe residue of the EAS or enhancing aggregation, Tyr296 was mutated to an Ala residue. 

This EAS sequence, with Phe at the n-2 position and Ala at the n-1 position relative to the 

N-glycosylated Asn residue in the context of a type I β-turn with a G1 β-bulge, has been 

shown to be effective in stabilizing the N-glycosylated rat ortholog of the immune protein 

CD2, muscle acylphosphatase, and the Pin WW domain. (18, 19, 24)

 Introduction of the Enhanced Aromatic Sequon Stabilizes the CH2 domain

We overexpressed the above-described double mutant with Phe and Ala in the n-2 and n-1 

positions, respectively, relative to the Asn that is N-glycosylated (hereafter called the “FA 

variant”), as well as the wild-type IgG1 Fc fragment in HEK293F cells. Single mutant 

variants, including variant FY (with Phe and Tyr in the n-2 and n-1 positions, respectively) 

and variant QA (with Gln and Ala in the n-2 and n-1 positions, respectively), were also 

biosynthesized so that we could parse the individual contributions of each mutation (Figure 

2a). The wild-type (WT) and mutant IgG1 Fc fragments were purified from the harvested 

conditioned media by Protein A affinity chromatography followed by size-exclusion 
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chromatography. The purity of the Fc fragment variants was very high, as discerned by SDS-

PAGE (Figure S3).

We confirmed that the mutant sequences of the purified Fc fragments were those expected 

and that they were N-glycosylated, using dithiothreitol treatment followed by an 

electrospray ionization (ESI) mass spectrometry (MS) analysis (Figures 2b, S4, and S5). The 

most abundant glycoform for all Fc variants was G0F (see Figures 2b and S5 for glycoform 

nomenclature and abundances), consistent with the glycan analysis for the recombinant WT 

IgG Fc by positive ion matrix-assisted laser desorption/ionization (MALDI) time-of-flight 

(TOF) MS of the enzymatically released glycans.(1, 40, 41) The second most abundant 

glycoform for the WT and FY variant is G1F. However, the second most abundant 

glycoform for variants QA and FA is a hybrid glycoform, suggesting less processing of the 

N-glycan of these two variants in the Golgi compartment (Figures 2b, S5). This observation 

of reduced processing of the N-glycans in the most stable CH2 domains (see below) could be 

explained by the lower accessibility of the N-glycan to glycan processing enzymes and has 

been observed before.(21, 42)

Differential scanning calorimetry (DSC) was used to examine the thermal stabilities of the 

purified Fc fragments. The thermal unfolding of the WT Fc fragment showed two 

endothermic peaks at 71.3 °C (Tm1) and 82.5 °C (Tm2), which correspond to the unfolding 

of the CH2 and CH3 domains, respectively (Figure 2c).(7–9) The thermal unfolding of the 

FA variant also showed two endothermic peaks, but Tm1 of the FA variant (76.1 °C) was 

substantially elevated compared to the WT, whereas Tm2 was unchanged (82.5 °C; cf. 

Figure 2f to Figure 2d–e). The Tm1 values of the FY and QA variants were both higher than 

that of WT Fc and lower than the FA variant, while the Tm2 of the FY and QA variants were 

unchanged compared to the WT Fc (Figures 2d–e). Comparing the Tm1 of the WT Fc and 

the QA variant shows that removing the aromatic side chain of Tyr296 by mutating it to an 

Ala residue increased Tm1 by ∼3 °C, possibly because the aromatic side chain of Tyr296 

being solvent exposed is destabilizing. The next step of installing the EAS by introducing an 

aromatic Phe residue to replace Gln295 (comparing variants QA and FA) further increases 

the Tm1 by 1.7 °C. This increase likely originates from the Phe-glycan interactions in the 

EAS. Replacing Gln295 with Phe in the wild-type Fc (variant FY) slightly increases the Tm1 

by 0.9 °C, 0.8 °C less than the effect observed for the same mutation on the QA variant (QA 

to FA), showing that there is some cooperativity between the stabilizing effects of the Q295F 

and Y296A mutations.

The WT and FA variants each display a slightly different distribution of glycoforms, with FA 

having less-processed N-glycans. However, it is unlikely that these differences in glycoforms 

result in the observed stabilization of the CH2 domain in variant FA (ΔTm1 = 4.8 °C) 

because prior studies have shown that an Fc with less-processed hybrid N-glycans was less 

stable than an Fc with complex N-glycans.(40) The stabilization of the C’E loop by EAS 

incorporation that we observed by DSC compares favorably with that achieved by past 

efforts at stabilizing CH2.(8, 9) Moreover, it is reasonable to assume that the Q295F/Y296A 

mutations in the variant FA could work cooperatively with other stabilizing mutations in IgG 

antibodies.(8, 9) It is also important to note that the C’E loop sequences and structures of the 

Fc region in IgG1, IgG2, IgG3 and IgG4 are very similar, suggesting that comparable 
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stabilization could be achieved by engineering the FA variant of an EAS into other IgG 

subclasses (Figure S6).(43, 44)

 Structure of the Enhanced Aromatic Sequon in the Fc Fragment CH2 Domain

To further understand how the EAS stabilizes the CH2 domain, we solved the crystal 

structure of the FA variant of the Fc fragment (Figure 3, Table S2, PDBID:4QGT). The two 

identical polypeptide chains that form the Fc homodimer (chains A and B) are generally 

well-defined as judged from the electron density (Figures 3a,b). Chain B engages in more 

crystal contacts, and thereby has a slightly lower average B-value (71 Å2) than Chain A (77 

Å2). Tighter crystal packing also explains why the Asn297 glycan on chain B (average B-

value = 101 Å2) is substantially more ordered than the same glycan on chain A (average B-

value = 238 Å2). Therefore, our analysis of the EAS focused on chain B.

As expected from the relatively minor engineered modification made, the overall structure of 

the FA variant chain B (protein backbone) aligns very well with the WT Fc chain B 

structures (PDBID 3AVE; RMS=0.53 Å) (Figures 3c and S7, grey and green structures, 

respectively). The backbone conformations of the C’E loops with and without the EAS have 

very similar structures and backbone dihedral angles (Table S3). A slight shift in the position 

of Ser298 and the side chain of Asn297 is observed (Figures 3c and S7). The N-linked 

glycans also align well, but with a substantial difference in the core fucose moiety, which is 

shifted 2 Å towards the engineered Phe295 relative to the corresponding fucose on the wild-

type Fc (Figure 3c). The engineered Phe side chain in the FA variant packs well with the 

protein backbone and the aliphatic portions of the Asp293 and Arg301 side chain (Figure 

3b). Unlike the aromatic-glycan interactions observed previously in type I β-bulge turn 

EASs,(20) which consist mainly of face-to-face packing between the Phe side chain and the 

α-face of GlcNAc1 of the N-glycan, Phe295 in the FA variant of the Fc fragment interacts 

primarily with the C6-H of GlcNAc1 and C1-H of the invariant core fucose, probably 

engaging in hydrophobic packing and CH-π interactions (Figure 3b). These new aromatic-

glycan interactions have not been observed before because the previously studied EASs in 

type I β-turns with a G1 β-bulge did not have fucosylated N-glycans.

To further probe the role of Phe-fucose interaction in the stabilization of the FA variant, we 

expressed and purified the WT and FA Fc fragments with core fucosylation 

pharmacologically inhibited (2-deoxy-2-fluoro-L-fucose at 200 µM) during expression. 

Using dithiothreitol treatment followed by an ESI-MS analysis, we found that the most 

abundant glycoform for both WT and FA variants was G0, showing that the core 

fucosylation was mostly inhibited (≈ 30% residual core fucosylation; Figure S8a). The 

stabilization in the FA variant compared to WT Fc is significantly less with core 

fucosylation inhibition (ΔTm1 = 3.2 °C; Figure S8b–c) than was observed without core 

fucosylation inhibition (ΔTm1 = 4.8 °C), suggesting that the Phe-fucose interactions 

contribute to the stabilization of the CH2 domain in the FA variant, as probed by DSC (also 

consistent with the reduction in glycoform elaboration in the EAS CH2 domain noted 

above).
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 A CH2 EAS Stabilizes a Full-Length Antibody against Thermal Aggregation

To be useful in the context of antibody engineering, the mutations that we introduced into 

the Fc fragment must be able to stabilize full-length antibodies against thermal denaturation 

and aggregation. Therefore, to examine whether the stabilization of the CH2 domain in the 

Fc fragment by the FA variant translates to full-length antibody stabilization, we expressed 

and purified the wild type, QA, and FA variants of the antibody 5J8, a human IgG1 

monoclonal antibody that recognizes a conserved epitope on the hemagglutinin receptor 

binding site of the H1N1 influenza virus (Figure S9).(45, 46)

DSC was used to evaluate whether the CH2 domain is stabilized in the QA and FA variants 

of antibody 5J8. The DSC trace of wild-type 5J8 antibody could be deconvoluted into the 

melting of CH2, Fab, and CH3 domains, with CH2 being the first to unfold (Figures 4a and 

S10). The unfolding of the CH2 domain results in the apparent shoulder visible at about 

71 °C in the DSC trace of 5J8. This shoulder is missing in the DSC trace of both the QA and 

FA variants, consistent with the stabilization of the CH2 domain against thermal denaturation 

in these two variants (Figure 4a).

Next, we analyzed the global stability of these 5J8 antibody variants by measuring the extent 

to which they aggregate at low pH or at high temperature. It has been shown that antibodies 

aggregate with different mechanisms under different kinds of stress, with low pH stress 

producing relatively small aggregates, whereas heat stress produces large insoluble 

aggregates.(10, 47, 48) To stress 5J8 using low pH buffer, we diluted 5J8 antibodies from a 

concentration of 10 mg/mL in PBS buffer into 10 mM sodium acetate buffer (pH 3.5) at a 

final concentration of 0.5 mg/mL and then monitored their aggregation using dynamic light 

scattering (DLS), a highly sensitive method frequently used to study antibody aggregation.

(49, 50) DLS analysis reveals that the WT and QA variants of 5J8 formed aggregates with 

hydrodynamic radii (Rh) of 0.1–0.3 µm immediately upon dilution into pH 3.5 buffer (Figure 

4b). In contrast, the EAS-stabilized FA variant of 5J8 was resistant to aggregation (Figure 

4b), with the predominant peak corresponding to monomeric antibody. Thus, the combined 

Gln295Phe and Tyr296Ala mutations protected 5J8 from acid-induced aggregation almost 

completely. The intensity-weighted particle size distribution calculated from the DLS signal 

shown in Figure 4b tends to over-represent the population of large aggregates, because large 

aggregates scatter light to a much greater extent than smaller particles. Thus, to quantify the 

extent of acid-mediated aggregation of the 5J8 variants, we measured the protein 

concentration in solution before and after centrifugation at 20,000 × g for 30 min. 

Centrifugation was sufficient to completely sediment the aggregates, as demonstrated by 

examining the supernatant by DLS (Figure S11). This approach revealed that 6% ± 3% of 

the total antibody aggregated at low pH for WT 5J8 vs. 2% ± 3% for the QA variant of 5J8 

(Figure S12). Prolonged incubation of the aggregate-free supernatant of 5J8 antibodies in pH 

3.5 buffer at 37 °C (up to 3 days) did not cause further aggregation. Also, we note that the 

mechanical process of diluting these samples without changing the pH, by using PBS buffer, 

does not result in the generation of new aggregates for any of the three variants (cf. Figures 

S13 and 4b).

To determine whether the FA variant could protect 5J8 against aggregation due to heat 

stress, we incubated the WT, QA and FA variants of 5J8 at 70 °C in PBS buffer for 20 and 
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40 min. Since the aggregates formed were too large to characterize by DLS, we pelleted the 

insoluble aggregates and measured the concentration of soluble antibody in the supernatant. 

After 20 min, only 70% of the wild-type 5J8 antibody was in the soluble form. In contrast, 

96% of the mutant QA and FA 5J8 antibody variants remained soluble (Figure 4c). After 40 

min of heat stress at 70 °C, only 44% of the wild-type 5J8 antibody remained in the 

supernatant, whereas 92% and 88% of the QA and FA variants, respectively, remained 

soluble (Figure 4c). Taken together, these data show that introducing the Gln295Phe and 

Tyr296Ala mutations into a full-length IgG1 antibody globally stabilizes the antibody 

against aggregation, in part by EAS-associated stabilization of the Fc.

 The EAS Modulates Antibody Interactions with Fc Receptors

The Fc region (Figure 1a) is responsible for the long half-lives of antibodies and therapeutic 

protein–Fc fusions, via its interaction with FcRn.(51–53) The Fc region also mediates 

effector functions, such as antibody-dependent cell-mediated cytotoxicity (ADCC) and 

antibody-dependent cell-mediated phagocytosis (ADCP) via its interactions with FcγRs.(54) 

Mutations in the C’E loop (Q295A and Y296F) have previously been shown to mildly 

decrease the binding to FcγRs.(55) To determine how the Q295F/Y296A mutations affect Fc 

receptor binding by the 5J8 antibody, we measured the energetics of the binding between the 

WT, QA and FA variants of 5J8 and several important Fc receptors using bio-layer 

interferometry.

The Y296A mutation in the QA variant of 5J8 moderately perturbs binding to the Fc 

receptors that were examined: it decreases the affinities of 5J8 for FcγRI, FcγRIIIa and 

FcγRIIIb by 5- to 6-fold each, and for FcRn and FcγRIIa by less than 2-fold (Table 1). 

Similarly, the Q295F/Y296A double mutation in the FA variant of 5J8 has little effect on 

binding of 5J8 to FcRn or FcγRI, but decreases the affinity for FcγRIIIa by 9-fold. However, 

binding of the FA variant of 5J8 to FcγRIIa and FcγRIIIb is substantially impaired; in fact, 

the on- and off-rates could not be accurately measured for these variants (Table 1).

The most likely reason why the FA variant antibody maintains its ability to bind to FcRn and 

FcγRI is simply because the binding sites used for interacting with these two Fc receptors 

should be minimally perturbed by the two mutations in the C’E loop.(34) FcRn binds Fc at 

the CH2/CH3 interface and the high affinity receptor FcγRI binds the Fc region at the FG 

loop.

In contrast, Y296 interacts extensively with residues in FcγRIIIa, as found in the crystal 

structure of the Fc fragment in complex with FcγRIIIa,(32) thus accounting for the 

somewhat diminished binding of the FA variant antibody to FcγRIIIa. The origin of the 

diminished binding of the Q295F/Y296A mutations of 5J8 to FcγRIIa and FcγRIIIb is less 

clear. While the mutated residues are not directly involved in the binding of the Fc fragment 

to these Fc receptors, it is possible that the C’E loop needs to maintain a certain level of 

flexibility to adopt the optimal conformations for the polypeptide chain and the N-glycan 

upon binding to some low-affinity FcγRs. It is thus possible that the C’E loop prefers a 

conformation that is not optimal for FcγR binding in the FA variant antibody. For example, 

upon the binding of Fc to FcγRIIIb, the C’E loop adopts a conformation in which Y296 

interacts with the core fucose;(38) such an interaction would be in competition with the EAS 

Chen et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aromatic-glycan interactions in the FA variant. Further investigation is needed to better 

understand the mechanism of tuning low-affinity FcγR binding by manipulating the protein 

primary sequence in or close to the C’E loop.

Although the FA variant of 5J8 loses its ability to bind to some FcγRs, we note that the 

ability to modulate the Fc receptor-mediated effector functions of antibodies is often 

desirable in circumstances in which neither FcγR binding nor immune activation is desired; 

examples include immunomodulatory antibodies(11, 56) and conjugate-based therapy.(57) 

Two common ways to abolish the binding to FcγRs are to use aglycosylated Fc (for 

example, MPDL3280A, Genentech/Roche, phase III) or IgG subclasses other than IgG1, 

such as IgG2 (e.g., tremelimumab, Pfizer, phase III) and IgG4 (e.g., Nivolumab, Bristol-

Myers Squibb; and Pembrolizumab, Merck; both approved).(56–58) Unfortunately, the CH2 

domain of non-glycosylated Fcs is greatly destabilized compared to glycosylated Fcs, and 

engineering antibodies from IgG1 to other subclasses may encounter problems such as 

increased aggregation (IgG2 and IgG4) and light chain exchange when using IgG4.(59, 60) 

Engineered antibodies containing the FA variant Fc fragment could be a viable alternative, 

given the stabilizing influence imparted by integrating an EAS, its low aggregation 

propensity, and its altered Fc receptor affinity. Interestingly the FcγR-binding profile of the 

FA variant antibody resembles that of IgG4, which binds strongly with FcRn and FcγRI, but 

poorly with other FcγRs.(61) Thus the FA variant antibody might diminish or abolish some 

Fc-mediated effector functions while enhancing the stability of the CH2 domain and 

protecting the antibody (or Fc-fusion protein) from aggregation.

 CONCLUSIONS

In summary, we utilized an EAS to engineer the N-glycosylated C’E loop in the Fc fragment 

of human IgG1 and thereby successfully stabilized the CH2 domain. The stabilization effect 

has two sources: removing the side chain of the solvent exposed Tyr296 and introducing new 

aromatic-glycan interactions via the EAS. The engineered C’E loop adopts a type I β-turn 

with a G1 β-bulge conformation, which enables protein-glycan interactions between the Phe 

side chain on the protein and the N-glycan. In this protein, GlcNAc1 and the core fucose on 

the N-glycan interact with the aromatic side chain of Phe, which is different from the face-

to-face packing observed in previous EASs, showing the portability and adaptability of the 

EAS to different glycoforms. These interactions not only stabilized the CH2 domain within 

the Fc fragment, but also improved the global stability of an intact antibody against thermal 

and acid-mediated aggregation. Finally, the stabilized FA variant antibody was able to bind 

FcRn and FcγRI with wild-type affinity, but exhibited reduced affinity to other FcγRs. Our 

results show that simply manipulating the sequence space close to the N-glycosylated Asn in 

the Fc is useful both for creating stabilized antibodies and modulating the binding of these 

antibodies to the receptors that mediate their effector functions.

 METHODS

 Protein Expression and Purification

The Fc region of human IgG1 (residues 98–330) was cloned into the phCMV3 vector and 

the human CD5 antigen leader sequence(62, 63) was added to the N-terminus of the fusion 
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protein. All mutations were introduced by QuikChange site-directed mutagenesis per the 

manufacturer’s instructions (Agilent Technologies). The plasmids for IgG1 Fc or for full-

length IgG 5J8(45, 46) variants were transiently transfected into HEK293F cells (Invitrogen) 

using 293-fectin (Invitrogen) according to the manufacturer’s protocol. In the experiments in 

which core fucosylation was inhibited, 2-deoxy-2-fluoro-L-fucose (CARBOsynth, cat. no. 

MD06089) was added to the medium at a final concentration of 200 µM. Six days post-

transfection, the conditioned media containing the recombinant IgG1 Fc and 5J8 antibodies 

were harvested and centrifuged at 6000 × g for 30 min to pellet the cells, before filtering 

with a 0.22 µm filter to remove residual cells. The supernatants were run over a 5 mL HiTrap 

Protein A column (GE Healthcare), and proteins were eluted with 0.1 M Glycine pH 2.7, 

and equilibrated to pH 6.6–7.0 with 1 M Tris-HCl pH 9.0, and further purified by size-

exclusion chromatography (Superdex 200, GE Healthcare) in phosphate buffered saline 

(PBS; pH 7.4). Purified proteins were analyzed for purity by SDS-PAGE employing 

Coomassie staining for visualization.

 Differential Scanning Calorimetry

The thermal stabilities of the wild-type (WT) and variant Fc fragments as well as the 5J8 

antibody variants were assessed by differential scanning calorimetry (DSC) using a Microcal 

VP-DSC or a VP-capillary DSC system (Malvern Instruments). Purified Fc fragment and 

5J8 antibody variants were analyzed at a concentration of 1 mg mL−1 in PBS at scan rates of 

1.0 °C (Fc fragments) or 1.5 °C (5J8 antibodies) per min in triplicate. The data were 

analyzed using DSC Data Analysis in Origin®, by subtraction of the reference data, 

normalization to the protein concentration and DSC cell volume, and interpolation of a 

progression baseline. The peaks were deconvoluted using a non-2-state model to fit the data.

(64, 65)

 ESI-MS characterization

Electrospray ionization mass spectrometry (ESI-MS) analysis was performed using an 

Agilent 1100 LC coupled to an Agilent 1100 single quad ESI mass spectrometer. Liquid 

chromatography was performed with a Zorbax 300SB-C8 column (Agilent).

 Crystallization and Data Collection

Purified human Fc fragment containing the EAS (FA variant) was purified by size-exclusion 

chromatography in 50 mM NaCl, 20 mM Tris-HCl pH 7.2 and concentrated to 8–12 mg 

mL−1 before being screened manually for crystallization. The Fc fragment protein formed 

crystals at 20 °C in a crystallization buffer consisting of 30% (w/v) PEG 1000, and 100 mM 

HEPES, pH 7.5. The crystals were cryoprotected by brief immersion in mother liquor 

supplemented with 10% ethylene glycol prior to flash-cooling in liquid nitrogen. Data were 

collected at beamline 11-1 at the Stanford Synchrotron Radiation Lightsource (SSRL), and 

processed with HKL-2000.(66) The crystal diffracted to 3.0 Å, and the diffraction data were 

indexed in space group C2. Data processing statistics are summarized in Table S2.
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 Structure Determination and Refinement

The structure of the human Fc fragment containing the EAS was determined by molecular 

replacement using Phaser(67) using a previously published structure of WT human Fc 

(PDBID: 3AVE) as the search model. Model building was carried out using Coot-0.7(68) 

and refinement was implemented with the Phenix program.(69) The final Rcryst and Rfree 

values are 29.8% and 32.6%, respectively. These high R values reflect the high B values and 

the partial disorder in some of the Fc structure. See Table S1 for final refinement statistics. 

Glycan structure and geometry were monitored throughout the refinement with the PDB 

CArbohydrate REsidue check (PDBCARE) online tool (www.glycosciences.de) as 

described previously.(70) All structures in the figures were rendered by using Pymol. The 

Protein Data Bank reference for the structure of the FA variant of the Fc fragment is 4QGT.

 Thermal Stress-induced Aggregation of 5J8 Antibodies

Solutions of 5J8 antibodies were prepared at a concentration of 0.5 mg/mL in PBS in a 1.5 

mL microcentrifuge tube (Axygen) and centrifuged at 20,000 × g for 30 min to remove any 

soluble aggregates. Monomeric 5J8 antibody solutions were incubated at 70 °C for 20 min 

or 40 min. The heated samples were briefly cooled on ice before centrifuging at 20000 × g 

for 30 min to remove aggregates and collecting the supernatant. Soluble protein 

concentration was determined by comparing the UV absorbance at 280 nm before and after 

heat treatment.

 Low pH Stress-induced Aggregation of 5J8 Antibodies and Dynamic Light Scattering 
Analysis

5J8 antibodies were concentrated to 10 mg mL−1 in PBS. Protein samples were prepared at 

0.5 mg mL−1 by diluting the 10 mg mL−1 stock solution into PBS or 10 mM sodium acetate 

buffer, pH 3.5, for determination of effective hydrodynamic radius (Rh). Dynamic light 

scattering (DLS) measurements were performed using a DynaPro NanoStar instrument 

(Wyatt Technology Corporation) at 25 °C. Data were analyzed by using the DYNAMICS 

software package (Wyatt Technology Corporation) following the manufacturer’s 

instructions.

 Kd determination with Fc receptors

Dissociation constant (Kd) values were determined by biolayer interferometry using an Octet 

RED instrument (ForteBio, Inc.) as previously described.(45, 71) Briefly, 5J8 antibody 

variants at 50 µg mL−1 in kinetics buffer (PBS or 50 mM sodium phosphate, 100 mM NaCl 

buffer, pH 6.0, 0.01% bovine serum albumin, and 0.002% Tween 20) were immobilized onto 

anti-human Fab-CH1 biosensors and incubated with three concentrations of Fc receptors. 

Recombinant Fc gamma receptors were from R&D Systems (Cat. No. 1257FC050, 

1330CD050CF, 4325FC050, 1597FC050CF). Recombinant FcRn was from Novoprotein 

(Cat. No. 50828338). All binding data were collected at 25°C. The experiments comprised 5 

steps: 1. Baseline acquisition (60 s); 2. Antibody loading onto biosensor (180 s); 3. Second 

baseline acquisition (120 s); 4. Association of Fc receptors for the measurement of kon (60–

180 s); 5. Dissociation of Fc receptors for the measurement of koff (60–180s). The kon and 
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koff values of each Fc receptor were measured in real time to determine the Kd values for 

each 5J8 antibody variant tested.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain organization and glycosylation site of IgG antibodies
(a) IgG is composed of the Fab region, the hinge region and the Fc region. The Fab 

comprises the light chain (grey) and VH and CH1 domains (white) of the heavy chain. The 

Fc region comprises the CH2 (light green and light cyan) and CH3 (green and cyan) domains 

of the heavy chain. Each CH2 domain is N-glycosylated at Asn297. The heavy chains are 

disulfide linked (orange) in the hinge region. (b) Details of the glycan-protein interactions in 

the CH2 domain (grey ribbon). The N-glycan is presented with GlcNAc colored in blue, 

mannose colored in green and the core fucose colored in yellow. The N-glycan interacts with 

the hydrophobic residues (side chains highlighted in orange) on the inner surface of each 

CH2 domain. The C’E loop (backbone and side chains) is colored in magenta.
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Figure 2. Sequences, isoforms and thermal stabilities of Fc variants
(a) Protein primary sequences of the IgG1 Fc variants around the C’E loop (Gln295-

Thr299). Asn297 is shown in bold and underlined and Thr299 is shown in bold. Mutations 

are shown in red. (b) ESI-MS analysis of the purified Fc variant glycoforms. Relative 

abundance of glycoforms for each variant is normalized to the most abundant glycoform 

observed, and only those glycoforms that have relative abundance above 0.15 are shown. G# 

refers to the number of Gal on the two arms and F to fucosylation of the initial GlcNAc 

residue. (c–f) DSC analysis of the stability of Fc variants WT, FY, QA and FA. The baseline-

adjusted DSC trace (black line) showed a two-peak feature for each variant which could be 

deconvoluted (grey lines) to the melting of CH2 (lower temperature, Tm1) and CH3 (higher 

temperature, Tm2) domains. The protein primary sequence of the C’E loop and Tm1 for each 

variant are shown above the DSC curves.
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Figure 3. Crystal structure of the Fc variant FA
(a) Overview (left) of the crystal structure of Fc variant FA (PDBID:4QGT) and a close-up 

view of the N-glycan and the engineered region of chain B of the CH2 domain (right). The 

protein part of Fc is shown in ribbon format (chain A colored in white and chain B colored 

in light purple) and N-glycans are depicted in stick format. In the close-up view, the GlcNAc 

of the N-glycan is colored in blue, the mannose in green and the core fucose in yellow. The 

GlcNAc1 and the core fucose are interacting with the engineered Phe (red) in the Fc. The 

2Fo-Fc map contoured at 1 sigma for the N-glycan and Phe is shown. (b) The engineered 

Phe residue packs with the aliphatic portion of the side chains of Asp293 and Arg301 and 

with GlcNAc1 and the core fucose of the N-glycan. Distances are shown in Å. (c) Alignment 

of the CH2 domains of the wild type (3AVE, green) and EAS-stabilized (grey) FA variant Fc 

chain B structures. The N-glycan and the side chain of Gln295 in the wild-type and the 

Phe295 in the EAS-stabilized Fc structures are shown in stick format. The N-glycans of the 
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wild type Fc and the EAS-stabilized Fc align very well, with the largest difference being the 

orientation of the core fucose. In the EAS-stabilized Fc, this fucose is shifted closer to the 

engineered Phe295 residue by about 2 Å (see inset).
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Figure 4. Stabilities of 5J8 variants
(a) Baseline-adjusted DSC curves of 5J8 antibody variants WT (blue), QA (red) and FA 

(green). The apparent shoulder on the WT curve, reflecting the melting of the CH2 domain 

(Figure S9), is not present in the curves of QA and FA variants, indicating the stabilization 

of the CH2 domain in these two variants. (b) DLS signal of 5J8 antibody variants WT (blue), 

QA (red) and FA (green) upon dilution in pH 3.5 buffer. WT and QA exhibit high signal at 

the region of Rh = 100–300 nm for the aggregates while the signal for the monomeric FA 

antibody (Rh = 7 nm) is almost completed suppressed. The FA variant exhibits much less 

signal for the aggregates while maintaining a strong signal for the monomeric antibody. (c) 

Soluble protein percentage of 5J8 antibody variants WT (blue), QA (red) and FA (green) 

after 0, 20 and 40, min of thermal stress at 70 °C.
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Table 1

Summary of binding parameters kon (1/M s), koff (1/s) and Kd (M). The Kd reported is the ratio koff / kon.

Fc receptor variant kon koff Kd

FcRn WT 4.4 × 104 2.2 × 10−3 5.1 × 10−8

QA 3.8 × 104 3.5 × 10−3 9.3 × 10−8

FA 4.6 × 104 2.2 × 10−3 4.7 × 10−8

FcγRI WT 5.0 × 105 2.2 × 10−4 4.4 × 10−10

QA 3.1 × 105 7.3 × 10−4 2.0 × 10−9

FA 4.9 × 105 3.3 × 10−4 6.9 × 10−10

FcγRIIa WT 1.1 × 106 2.9 × 10−1 2.7 × 10−7

QA 7.7 × 105 3.0 × 10−1 3.9 × 10−7

FA - - -

FcγRIIIa WT 4.6 × 105 5.0 × 10−2 1.1 × 10−7

QA 2.8 × 105 2.0 × 10−1 6.1 × 10−7

FA 4.1 × 105 4.3 × 10−1 1.0 × 10−6

FcγRIIIb WT 4.3 × 105 7.1 × 10−1 1.6 × 10−6

QA 6.3 × 104 5.2 × 10−1 8.3 × 10−6

FA - - -
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