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Abstract

Immunoglobulin G (IgG) consists of four subclasses in humans: IgG1, IgG2, IgG3 and IgG4, 

which are highly conserved but have unique differences that result in subclass-specific effector 

functions. Though IgG1 is the most extensively studied IgG subclass, study of other subclasses is 

important to understand overall immune function and for development of new therapeutics. When 

compared to IgG1, IgG3 exhibits a similar binding profile to Fcγ receptors and stronger activation 

of complement. All IgG subclasses are glycosylated at N297, which is required for Fcγ receptor 

and C1q complement binding as well as maintaining optimal Fc conformation. We have 

determined the crystal structure of homogenously glycosylated human IgG3 Fc with a 

GlcNAc2Man5 (Man5) high mannose glycoform at 1.8 Å resolution and compared its structural 

features with published structures from the other IgG subclasses. Although the overall structure of 

IgG3 Fc is similar to that of other subclasses, some structural perturbations based on sequence 

differences were revealed. For instance, the presence of R435 in IgG3 (and H435 in the other IgG 

subclasses) has been implicated to result in IgG3-specific properties related to binding to protein 

A, protein G and the neonatal Fc receptor (FcRn). The IgG3 Fc structure helps to explain some of 

these differences. Additionally, protein-glycan contacts observed in the crystal structure appear to 

correlate with IgG3 affinity for Fcγ receptors as shown by binding studies with IgG3 Fc 

glycoforms. Finally, this IgG3 Fc structure provides a template for further studies aimed at 

engineering the Fc for specific gain of function.
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1. Introduction

Antibodies serve as a vital link between humoral and cell-mediated immunity against 

invading pathogens. Immunoglobulin G (IgG) class antibodies are heterotetrameric proteins 

containing two light chains and two heavy chains. IgGs can be split into two functional 

fragments, the Fragment antigen binding (Fab), made up of the light chain and the N-

terminal half of the heavy chain and the Fragment crystallizable (Fc), made up of a dimer of 

the C-terminal portion of the heavy chains. The Fab and Fc regions are linked together by a 

flexible hinge region containing interstrand disulfide bonds (Kuby, 1997). The Fab 

recognizes specific antigens resulting in formation of an immune complex that can be 

removed or destroyed by multiple immune effector functions (Kuby, 1997). For antigens 

bound in an immune complex, outward facing Fc regions direct effector functions such as 

Antibody Dependent Cellular Cytotoxicity (ADCC), Antibody Dependent Cellular 

Phagocytosis (ADCP) and Complement Dependent Cytotoxicity (CDC) through interactions 

with cell-membrane receptors and serum proteins. The Fc contains binding sites for Fcγ 
receptors present on immune cells and C1q complement protein, whose engagement triggers 

ADCC/ADCP and CDC respectively (Kuby, 1997). The human IgG class of antibodies 

consists of four subclasses: IgG1, IgG2, IgG3 and IgG4, which are over 90% homologous in 

the Fc region, but have unique differences that allow them to elicit subclass-specific effector 

functions (Vidarsson et al., 2014). Such specificity among the IgG subclasses is driven by 

their different pattern of Fcγ receptor interactions and their ability to activate complement. 

For example, the IgG1 and IgG3 subclasses show a relative high affinity towards each 

human Fcγ receptor (FcγRI, FcγRIIA/B/C, FcγRIIIA/B). In contrast, the IgG2 subclass has 

only a moderate affinity for FcγRIIAH131, and the IgG4 subclass only has high affinity for 

FcγRI (Bruhns et al., 2009). In addition, the complement activation capacity of the IgG 

subclasses differ and is ranked as IgG3 > IgG1 > IgG2 > IgG4 (Vidarsson et al., 2014).

IgG3 is the third most abundant human IgG subclass comprising 5–8% of serum IgG, and is 

a unique subclass for variety of reasons (Vidarsson et al., 2014). It contains a long hinge 

region consisting of 11 disulfide bonds compared to the 2 to 4 disulfide bonds found in the 

other IgG subclasses. The long hinge is thought to provide additional flexibility for antigen 
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binding, which is potentially important at low antigen concentration (Giuntini et al., 2016; 

Roux et al., 1997). IgG3 also shows extensive polymorphism with the largest number of 

known allotypes, 13, compared to 4, 1, and 0 allotypes for the IgG1, IgG2, and IgG4 

subclasses respectively (Jefferis and Lefranc, 2009). The half-life of IgG3 is remarkably 

shorter (~7 days) than the other IgG subclasses (~21 days) (Morell et al., 1970). This 

difference has been attributed to a single amino acid change in the IgG3 Fc region (R435 in 

IgG3 versus H435 in the other IgG subclasses) (Stapleton et al., 2011). Another difference is 

that protein A, an Fc binding protein from S. aureus commonly used for IgG purification, 

doesn't bind to IgG3, while it binds tightly to the other IgG subclasses (Loghem et al., 1982). 

Recently, IgG3 has also gained attention in the field of HIV vaccines. In the only successful 

HIV vaccine trial (RV144) IgG3 was found as an immune correlate in vaccine protection. 

Subsequent analysis suggested a possible role of Fc-mediated effector functions of IgG3 in 

anti-viral activity (Chung et al., 2014).

Among the IgG subclasses, multiple IgG1 Fc structures alone or in complex with Fc-binding 

proteins have been published, and IgG2 Fc and IgG4 Fc structures have also recently been 

reported (see partial list in Table 2). All IgG Fc structures exhibit common structural 

features having immunoglobulin folds for the CH2 and CH3 domains. The CH2 domains of 

the Fc homodimer make no direct contact with each other, while the CH3 domains of the 

dimer strongly interact, thereby holding the dimeric structure together in conjunction with 

the hinge disulfide bonds. All of the IgG subclasses have a consensus N-glycosylation site at 

N297 in the CH2 domain, and IgG Fc crystal structures show the N297 glycans occupying 

the space between the CH2 domains. Glycans are thought to be important for maintaining 

the optimal ‘open’ conformation of the Fc (Krapp et al., 2003), and removal of glycans 

results in a ‘closed’ conformation owing to collapse of CH2 domains (Borrok et al., 2012). 

The ‘open’ conformation of the Fc is believed to be critical for recognition of the Fc by Fcγ 
receptors and C1q complement, since aglycosylated Fc loses its binding ability (Tao and 

Morrison, 1989; Walker et al., 1989).

In this work, we report a high-resolution (1.8 Å) crystal structure of human IgG3 Fc 

containing a homogeneous high mannose, Man5GlcNAc2 (Man5) N-linked glycan at N297. 

The Man5 glycoform is an early intermediate in N-linked glycoprotein biosynthesis which is 

found in small amounts in naturally occurring human serum IgG and in significantly larger 

amounts in many therapeutic mAbs where it can alter effector functions and clearance 

{Flynn, 2010 #420}{Alessandri, 2012 #421}{Yu, 2012 #417}. To our knowledge, this is the 

first human IgG3 Fc crystal structure reported and also the first Fc structure from any IgG 

subclass containing the Man5 glycoform. We have examined structural features of IgG3 Fc 

and compared it with other IgG subclasses. A comparison of key amino acid difference 

between IgG3 and the other subclasses provides insight into some of the unusual properties 

of IgG3, especially those related to differential binding to protein A and protein G, and the 

FcRn receptor. Additionally, we have studied the binding of IgG3 Fc with Fcγ receptor IIIA 

(FcγRIIIA) and characterized the effect of high mannose glycan truncation on binding 

affinity. The Man5-IgG3 Fc structure helps to explain the results of the binding studies since 

removal of sugar residues involved in protein-glycan interactions observed in the Man5-

IgG3 Fc structure result in reduced binding affinity to FcγRIIIA.
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2. Material and methods

2.1. Protein expression and purification

The cDNA of the Fc region of hIgG3 (ATCC: MGC-45809, accession: BC033178) was used 

for PCR amplification. The Fc sequence belongs to IGHG3*11 allele (accession number 

AJ390247) found in the IMGT database (Bosc, 2003; Vidarsson et al., 2014). The 

expression construct encodes from T225 to K447 (EU numbering) (Béranger et al., 2001) 

and consists of only two disulfide bonds in the hinge region from hinge exon1: 

ELKTPLGDTTHT225CPRCP instead of the naturally occurring eleven hinge disulfide 

bonds (from additional exons 2, 3 and 4) (Michaelsen et al., 1977).The generally accepted 

sequence of IgG3 contains N392, however some IGHG3 alleles contain K392 (Vidarsson et 

al., 2014). The present construct was modified with mutation N392K to delete a potential 

glycosylation site N392TT. The protein was expressed as previously described in 

glycosylation-deficient Pichia pastoris (SMD1168) yeast with the OCH1 and PNO1 gene 

deletions (Okbazghi et al., 2016). The strain was further modified by deleting the BMT1 and 

BMT2 genes to reduce β-mannosylation (Hopkins et al., 2011). Additionally, the STT3D 

gene from Leishmania major was added to the strain to improve the glycosylation site-

occupancy (Choi et al., 2012). The secreted protein was first purified by Protein G affinity 

chromatography and then with phenyl sepharose chromatography (supplementary 

information). The IgG3 Fc was digested with B.t. α-1,2 mannosidase (Bt3990) (Cuskin et 

al., 2015) and endomannosidase (supplementary information) to convert high mannose 

glycosylation on the expressed protein to the homogenous GlcNAc2Man5 (Man5) 

glycoform. Man5-IgG3 Fc was characterized by SDS-PAGE and intact protein mass 

spectrometry, as per previously described method (Okbazghi et al., 2016).

2.2. Crystallization and Data Collection

Man5-IgG3 Fc was concentrated to 10.8 mg/mL in 150 mM NaCl, 10 mM MES, pH 6.6 for 

crystallization screening. All crystallization experiments were conducted Compact Jr. 

(Rigaku Reagents) sitting drop vapor diffusion plates at 20 °C using equal volumes of 

protein and crystallization solution (0.7 uL) equilibrated against 75 uL of the latter. Crystals 

that displayed a prismatic morphology were obtained approximately 1 week from the 

Wizard 3–4 screen (Rigaku Reagents) condition B5 (20% (w/v) PEG 4000, 100 mM sodium 

citrate/citric acid pH 5.5, 10% (v/v) 2-propanol). The crystals tended to form contact twins 

but could be readily separated to obtain single crystals for data collection. Samples were 

transferred to a fresh drop composed of 80% crystallization solution and 20% ethylene 

glycol and stored in liquid nitrogen. X-ray diffraction data were collected at the Advanced 

Photon Source IMCA-CAT beamline 17-ID using a Dectris Pilatus 6M pixel array detector.

2.3. Structure Solution and Refinement

Intensities were integrated using XDS (Kabsch, 1988; Kabsch, 2010) via Autoproc 

(Vonrhein et al., 2011) and the Laue class analysis and data scaling were performed with 

Aimless (Evans, 2011) which indicated that the highest probability was 2/m (P2 or P21). 

Structure solution was conducted by molecular replacement with Phaser (McCoy et al., 

2007) using a single subunit form previously determined structure of IgG1 Fc (PDB: 4DZ8) 

(Strop et al., 2012) as the search model (Weerawarna et al., 2016). The top solution was 
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obtained in the space group P21 that contained one homodimer in the asymmetric unit. The 

model was further improved by automated model building with ARP/wARP (Langer et al., 

2008). Structure refinement and manual model building were conducted with Phenix 

(Adams et al., 2010) and Coot (Emsley et al., 2010) respectively. Disordered side chains 

were truncated to the point for which electron density could be observed. Structure 

validation was conducted with Molprobity (Chen et al., 2010) and figures were prepared 

using the CCP4MG package (Potterton et al., 2004). Full data processing and refinement 

statistics are provided in Table 1. Coordinates and structure factors have been deposited to 

the Worldwide Protein Databank with the accession code 5W38.

2.4. Binding analysis of IgG3 Fc glycoforms with FcγRIIIA

The high affinity polymorph (V158) of FcγRIIIA was cloned and expressed in yeast P. 
pastoris and purified using Ni2+-NTA affinity and phenyl sepharose chromatographies, as 

previously described (Okbazghi et al., 2016; Xiao et al., 2009). Different IgG3 Fc 

glycoforms were assessed for FcγRIIIA binding with BioLayer Interferometry (BLI) using 

BLItz. The glycoforms tested were Man8-Man12, Man5, Fc-GlcNAc (prepared with EndoH 

enzyme treatment) and deglycosylated Fc. The protein G biosensor tip was hydrated with 

PBS buffer (50 mM sodium phosphate pH 7.4, 150 mM NaCl) with 1 mg/ml casein as a 

blocking agent for 15 min. The tip was then dipped in PBS buffer for 15 min. The binding 

experiment was conducted as follows: an initial baseline was established by dipping tip in 

PBS buffer for 30 sec. Next, the tip was loaded with IgG3 Fc glycovariants at a 

concentration of 0.88μM for 120 sec to a response level of 2 nm. A new baseline was 

established for 30 sec in PBS, then an association and dissociation phase for 180 and 360 

sec, respectively was measured by dipping the tip in various concentrations of FcγRIIIA and 

PBS, respectively. The FcγRIIIA concentrations used were from 800 nM to 50 nM in two-

fold serial dilution (except 1600 nM to 100 nM for Fc-GlcNAc). Between each run, tip was 

regenerated using two cycles of 10 mM HCl for 30 sec with one 60 sec cycle of PBS in 

between. Binding curves were globally fitted to 1:1 binding model and analyzed using BLItz 

Pro software (ForteBio).

3. Results and Discussion

3.1. Production and characterization of Man5-IgG3 Fc

Human IgG3 Fc consisting of amino acids T225 to K447 (EU numbering) was expressed in 

a glycoengineered strain of the yeast Pichia pastoris. The expressed protein was secreted into 

the culture media and was purified first using protein G affinity chromatography and then 

phenyl sepharose chromatography to remove glycosylation macro-heterogeneity and 

residual host cell proteins (Fig. S1A, supplementary information). Intact protein mass 

spectrometry (MS) analysis of the purified protein showed a heterogeneous glycosylation 

pattern bearing high mannose (HM) glycoforms, mostly consisting of the Man8GlcNAc2 

(Man8) glycoform and glycoforms with additional hexose residues added to the initial Man8 

structure (Fig. S2A, supplementary information). The HM-IgG3 Fc was converted into the 

Man5GlcNAc2 (Man5) glycoform by enzymatic digestion with B.t. α-1,2-mannosidase, 

which specifically cleaves α-1,2-mannose residues (Fig. S1B, supplementary information). 

Endomannosidase was also added to the digestion reaction to convert any residual 
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glucosylated HM glycans (a biosynthetic precursor to HM glycan and a non-substrate for 

B.t. α-1,2-mannosidase) into HM glycan (Fig. S3, supplementary information). The 

resulting Man5-IgG3 Fc was characterized by SDS-PAGE and intact protein MS, which 

showed a single peak corresponding to Man5 glycoform on IgG3 Fc (Fig.’s S1A, S2B, 

supplementary information). The abundance of Man5 was estimated to be 96% based on MS 

peak heights. IgG3 Fc was expressed without loss of the C-terminal lysine (K447). Man5-

IgG3 Fc produced and processed by this method was sufficiently pure and homogenously 

glycosylated, and hence suitable for crystallization trials.

3.2. Overall IgG3 Fc structure

IgG3 Fc crystallized in the space group P21, with one homodimer in the asymmetric unit. 

Ordered electron density was visible for residues L235-L443 and G237-P445 in chain A and 

B respectively. No interpretable electron density was observed for hinge disulfide bonds and 

for residues A231-L234 following the hinge. Both the CH2 and CH3 domains display an 

immunoglobulin fold, which is stabilized by intra-chain disulfide bonds (C261-C321 in the 

CH2 and C367-C425 in the CH3). The glycans occupy the space between the CH2 domains, 

while extensive non-covalent contact exists between the two CH3 domains (Fig. 1). There is 

a high degree of sequence homology (over 90%) in the Fc region of the IgG subclasses (Fig. 

2). Most of the amino acid differences occur on the surface of the Fc, as illustrated for IgG1 

and IgG3 (Fig. 1). The following sections describe the influence of key amino acid 

differences and glycosylation on the structural features of IgG3 Fc as well as on some of the 

unusual properties of IgG3, especially its interaction with protein A, protein G and the FcRn 

receptor.

3.3. CH2 domain conformation

The CH2 domain conformation in IgG3 Fc was compared with representative IgG1, IgG2 

and IgG4 structures. The overall CH2 domain conformation can be assessed by measuring 

the distances between Cα atoms of the P238, F241, R301, and P329 residues on both of the 

Fc chains (Teplyakov et al., 2013). The distances between pairs of P238, F241, R301 and 

P329 residues in the Man5-IgG3 Fc structure are 23.5 Å, 26.3 Å, 35.5 Å and 29.9 Å 

respectively. These distances are about 3–4 Å greater than the range (18.6–20.2 Å for P238, 

21.5–23.9 Å for F241, 31.9–35.2 Å for R301, and 22.6–26.9 Å for P329) of distances 

reported in multiple IgG1 Fc structures that bear complex-type glycans (Table 2). The 

differences in CH2-CH2 domain distances in published IgG Fc structures can be due to 

subclass differences, crystal packing or the type of glycosylation (Bowden et al., 2012; 

Teplyakov et al., 2013). IgG3 Fc was crystallized in the P21 space group, whereas a majority 

of the published IgG1 Fc structures belong to the P212121 space group (Table 2). Generally, 

a pronounced correlation between the CH2 separation and type of glycosylation is observed. 

For example, the CH2 domains are more spread apart in Man9-IgG1 Fc than for IgG1 Fc 

with a complex-type glycan (Crispin et al., 2009). The Man5 glycoform in IgG3 Fc is a 

truncated form of a Man9 glycan having similar branch points but lacking the additional 

α-1,2 mannose residues (Fig. 4A). The CH2 distances in the Man5-IgG3 Fc structure were 

between those found in the Man9-IgG1 Fc structure and the IgG1 Fc with a complex glycan 

structure (Fig 3, Table 2). Due to the unavailability of a Man5-IgG1 Fc structure (and hence 

lack of direct comparision), it is not possible to tell whether the CH2 separation in IgG3 Fc 
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was due to amino acid differences in IgG3 and IgG1 and/or the Man5 glycoform on IgG3 

Fc.

The IgG3 subclass exhibits the strongest complement dependent cytotoxicity (CDC), a 

process initiated by binding of C1q complement to IgG Fc. The core of the C1q complement 

binding site on IgG1 has been mapped to four spatially close residues in the CH2 domain, 

Asp270, Lys322, Pro329, and Pro331 (Idusogie et al., 2000). Although these four residues 

are conserved in IgG3, there are other polymorphic differences between IgG1 and IgG3 

around the C1q binding site. These differences are believed to result in subclass-dependent 

variations in complement activation at the level of C1q binding or the antibody-dependent 

steps of complement cascade. Mutation of one such polymorphic residue, Lys276 in IgG3 to 

IgG1-like Asn276 was shown to reduce complement activation (Tao et al., 1993). Lys 276 in 

our Man5-IgG3 Fc structure appears to lie close to Lys322 (Fig. S5, supplementary 

information), which has been previously determined to be important for IgG3 driven 

complement activation (Thommesen et al., 2000).

3.4. N-glycosylation

Endogenous IgG3, like the other IgG subclasses bears complex-type glycosylation (Wuhrer 

et al., 2007). The Man5 glycoform reported in this structure is an intermediate in the 

biosynthesis of N-linked glycoproteins that is formed just prior to the conversion of high 

mannose type glycoforms into hybrid and complex glycoforms (Brooks, 2010). Although, 

the level of the Man5 glycoform found in the normal serum IgG is less than 1% (Flynn et al., 

2010), it is present at significantly higher levels (up to 20%) in recombinant mAbs produced 

in CHO cells (Alessandri et al., 2012). Man5-IgG1 is reported to have higher binding 

affinity to FcγRIIIA and higher Antibody Dependent Cellular Cytotoxicity (ADCC) when 

compared to IgG1 bearing complex-type glycoforms (Yu et al., 2012). Additionally, Man5-

IgG1 exhibits more rapid clearance than other glycoforms due to uptake by mannose 

receptors and mannose binding proteins (Goetze et al., 2011). Because of these properties, 

the level of high mannose glycoforms in mAb therapeutics is considered as a critical quality 

attribute (CQA) and demonstrating its effect on Fc conformation is important from a Fc 

glycoengineering perspective (Reusch and Tejada, 2015).

The conserved N297 glycan in IgG1 Fc structures maintains extensive contacts with protein 

(Nagae and Yamaguchi, 2012). In both IgG3 Fc chains, ordered electron density for only the 

first three reducing terminal monosaccharide residues was detected, corresponding to 

Manβ1–4 GlcNAcβ1–4GlcNAc linked to N297 (Fig. 4A,C). No interpretable electron 

density for the terminal mannose residues was detected, presumably due to its higher 

dynamic nature or disordered state. The protein-carbohydrate contacts for the three visible 

sugars on both the chains of IgG3 Fc were identical to those previously reported in IgG1 Fc 

structures (Deisenhofer, 1981; Nagae and Yamaguchi, 2012). The contacts found within 

hydrogen-bonding distance are between: the carbonyl oxygen of the D265 side chain and 

amide nitrogen of the N-acetyl group on GlcNAc1, and the Nε atom of the R301 side chain 

and the amide oxygen of the N-acetyl group on GlcNAc2. Also, π-CH type interactions are 

possible between phenyl ring of F241 and CH moieties from GlcNAc2 and Man3. (Fig. 4B).
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We examined the effect of removal of these interactions on binding of IgG3 Fc to FcγRIIIA, 

a key receptor involved in ADCC activity using a series of sequentially truncated IgG3 Fc 

glycoforms. These glycoforms included high mannose (Man8-Man12 glycoforms, 

potentially having additional protein contacts when compared to Man5), Man5, a single 

GlcNAc monosaccharide residue (disrupting contacts with Man3 and GlcNAc2) and D297 

(deglycosylated by PNGase F treatment, also disrupting contacts with GlcNAc1). 

Representative binding curves for biolayer interferometry (BLI) based Fc-FcγRIIIA binding 

assay are shown in Fig. S6, supplementary infomation and the results for these binding 

experiments are given in Table 3. The binding assay showed similar affinity for the high 

mannose (Man8-Man12) and Man5 glycoforms. However, a 10-fold reduction in affinity 

was observed for GlcNAc-IgG3 Fc glycoform and no detectable binding was recorded for 

the deglycosylated IgG3 Fc using highest receptor concentration of 15 μM. The weaker 

affinity of the GlcNAc-IgG3 Fc was driven by a faster dissociation rate, with the association 

rate remaining largely unaffected. A similar trend in FcγRIIIA binding was also seen in 

IgG1 Fc, as previously reported by our group (Okbazghi et al., 2016) and others (Subedi et 

al., 2014). These results indicate that protein-glycan interactions of the core pentasaccharide 

(GlcNAc2Man3) were necessary in maintaining high affinity FcγRIIIA binding, and that the 

IgG3 Fc interactions with GlcNAc1 are essential for FcγRIIIA binding.

3.5. CH2-CH3 domain interface

The CH2-CH3 interface in IgG class antibodies maintains the orientation of the CH2 domain 

relative to the CH3 domain. Moreover, the outer face of the CH2-CH3 domain interface is a 

binding site for multiple Fc binding proteins like FcRn, protein A, protein G, HSV-1 (herpes 

simplex virus 1) Fc receptor, rheumatoid factor and TRIM21 (tripartitie motif 21) (Vidarsson 

et al., 2014). Any structural change at the interface can potentially alter the conformation of 

the binding site or the CH2 domain orientation. The amino acids at the interface are highly 

conserved among IgG subclasses with a few exceptions. In IgG1, IgG2 and IgG4 Fc 

structures, the core of the interface is formed by four stabilizing interactions: two salt 

bridges between K248-E380 and K338-E430 through side chains and two hydrogen bonds 

between L251-H435 and K340-Y373 through main chains of L251, K340 and side chains of 

H435, Y373. All these residues are conserved across IgG subclasses except at position 435, 

where an arginine is present (R435) in IgG3 rather than histidine (H435) as in the other 

subclasses (Fig. 2). It must be noted here that only two IgG3 allotypes (G3m (s,t)/

G3m15,16) from the thirteen allotypes contain H435 and these are commonly found in 

Mongoloid population but rare in Caucasoids (Lefranc and Lefranc, 2012).

Both the IgG3 Fc chains showed similar contacts as seen in IgG1 Fc (3AVE), IgG2 Fc 

(4HAF) and IgG4 Fc (4C54) except for the K248-E380 salt bridge (Fig. 5A). The side chain 

of E380 on both IgG3 Fc chains adopted a different rotameric conformation that was away 

from side chain of K248 (Fig. 5B). Interestingly, despite having arginine at position 435, 

both the IgG3 Fc chains still maintained a H-bond between residues 251 and 435 (through 

the main chain carbonyl oxygen of L251 and Nε of R435 side chain in place of Nε1 from 

H435 side chain) (Fig. 5A). The longer arginine 435 side chain in IgG3 Fc is close to the 

isoleucine 253 side chain (less than 4 Å distance), whereas histidine 435 is located away 

from isoleucine 253 in the IgG1 Fc structures (Fig. S7A, supplementary information). 
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Isoleucine 253 is a critical residue in the region of IgG Fc where protein A, protein G and 

FcRn bind (Deisenhofer, 1981; Oganesyan et al., 2014). Arginine (pKa~12.5), unlike 

histidine (pKa~6.0) remains positively charged at physiological pH and thereby can 

potentially alter the side chain conformation of I253 or its local conformation. T339 is 

another residue at the interface that differs across the IgG subclasses. IgG2 and IgG3 contain 

threonine, while IgG1 and IgG4 have alanine at position 339. In the IgG2 Fc structure, T339 

has been shown to maintain contact with D376 either directly or through water mediated H 

bonds (Teplyakov et al., 2013). In the IgG3 Fc structure, the side chains of T339 and D376 

on chain A exists in two conformations, while both residues on chain B adopt a single 

conformation with no contacts between them in either of the chains (Fig. 5C). Teplyakov et 

al. have suggested a ball-and-socket joint in the IgG2 Fc structure between a CH2 residue 

(L251) forming the ball and CH3 residues (M428, H429, E430 and H435) forming the 

socket that mediate the pivot of the CH2 domain relative to the CH3 domain. (Teplyakov et 

al., 2013). These residues are conserved in all IgG subclasses except IgG3 where arginine is 

present at position 435 (Fig. 2). In the IgG3 Fc structure, R453 does not seem to disrupt the 

socket and L251 in IgG3 Fc was still able to form a similar type of ball-and-socket joint. The 

longer side chain of R435 can be speculated to extend the socket closer to the CH2 domain 

owing to the proximity of the R435 and I253 residues and thereby may influence the CH2 

domain pivot (Fig. S7B, supplementary information).

A functional significance of the CH2-CH3 interface with respect to Fc receptor binding was 

demonstrated in an IgG1 mutagenesis study (Shields et al., 2001). In the study, IgG1 with a 

H435A mutation showed 25% lower binding to FcγRIIA, FcγRIIB and FcγRIIIA, while the 

mutation increased binding to FcγRI by same amount. An A339T mutation increased 

FcγRIIIA binding by 34%. Given the distal location of the H435 and A339 from the FcγR 

binding site, an indirect role of the CH2-CH3 interface in FcγR binding through maintenance 

of CH2 conformation can be postulated. In the same study, an E380A mutation resulted in an 

119% increase in FcRn affinity. E380 doesn't interact directly with FcRn but is a 

neighboring residue at the binding interface. In summary, the CH2-CH3 interface of IgG3 Fc 

exhibited minor differences compared to that of IgG1 Fc, which may be responsible for 

subtle differences in its Fc receptor interaction pattern (Bruhns et al., 2009).

3.6. IgG3-protein A and protein G interactions

IgG3 is the only IgG subclass that does not bind to protein A, whereas all IgG subclasses 

bind to protein G. All the residues involved in protein A and/or protein G binding are 

conserved across the IgG subclasses except for IgG3-R435 (Sauer-Eriksson et al., 1995). 

When the H435R mutation of IgG1 Fc was modeled on the IgG1 Fc structure in the first 

published protein A-IgG1 Fc complex (1FC2), R435 was unable to be accommodated in the 

complex (Deisenhofer, 1981). Although an IgG3 Fc structure alone does not provide direct 

information on the lack of an IgG3-protein A binding interaction, IgG3 can be reasonably 

compared with IgG1 in complex with protein A, given the highly conserved nature of the 

binding interface. We used the 1FC2 complex and a more recently reported Rituximab Fc-

protein A (1L6X) complex to compare IgG3's structure to IgG1's structure in the complex. 

In both the complexes, the R435 side chain appears to sterically clash with the phenylalanine 

(F132/F14 in 1FC2/1L6X) and glutamine (Q129/Q11 in 1FC2/1L6X) residues of protein A 
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and appears to be more conformationally restricted than H435 (Fig. 6A–B). Our analysis is 

backed by the work of Stapleton et al., who showed that protein A binding ability of IgG3 is 

restored when Arg is mutated to His (Stapleton et al., 2011). In contrast to protein A, H435 

was shown to not make any contact with protein G in the protein G-IgG1 Fc complex 

(Sauer-Eriksson et al., 1995). When we compare IgG3 Fc to IgG1 Fc in the complex with 

protein G, the R435 in IgG3 does not appear to sterically clash with protein G and appears to 

be accommodated at the binding interface (Fig. 6C). Additionally, R435 in IgG3 can be 

predicted to interact with E27 in protein G through a salt bridge, as the distance between the 

Nη2 atom of R435 and Oε2 atom of E27 is 3.5 Å. A study investigating binding affinity 

differences between the IgG subclasses for binding to protein G showed a 3-fold higher 

affinity for IgG3 compared to IgG1 (Akerström and Björck, 1986). Based on this 

information, it could be suggested that the longer R435 side chain in IgG3 can potentially 

form extra contacts with protein G and thereby result in tighter binding. Our IgG3 Fc 

structure provides some insight on the likely role of the arginine residue at the 435 position 

in the differential protein A and protein G binding properties of IgG3.

3.7. IgG3-FcRn interactions

The neonatal Fc receptor (FcRn) is responsible for the long half-life of IgG class antibodies 

by rescuing IgG from endosomal degradation. It binds to IgG at acidic pH in the endosomes 

of vascular endothelial cells and recycles it back to circulation by dissociating at pH 7.4 

(Roopenian and Akilesh, 2007). This pH dependency is mediated by salt bridges involving 

H310 and H435 of the Fc with the corresponding E115 and D130 residues of human FcRn 

(Huang et al., 2013; Martin et al., 2001; Oganesyan et al., 2014). The lower half-life of IgG3 

(~7 days) has been suggested to be due to an intracellular competition between IgG1 (half-

life of ~21 days) and IgG3 during the FcRn recycling process. IgG3 showed a slightly 2-fold 

weaker affinity at pH 6.0 when compared to IgG1 and an increased binding at pH 7.4 

relative to IgG1. These differences were also suggested to play a role in less efficient IgG3 

recycling (Stapleton et al., 2011). Also, in the same study, the longer side chain of Arg 435 

was shown to be sterically hindered at the binding site by modelling H435R on a rat FcRn-

IgG structure. We modeled the probable IgG3-FcRn binding interface by superposing the 

IgG3 Fc structure on the available IgG1 Fc (YTE)-human FcRn complex (Oganesyan et al., 

2014), and analyzed various scenarios in which R435 can influence FcRn binding. The R435 

residue appears to be accommodated at the binding interface with some rearrangement (Fig. 

7). Moreover, R435 in IgG3 can be predicted to interact with E133 in FcRn through a salt 

bridge, as the distance between the Nη2 atom of R435 and Oε2 atom of E133 is 3.0 Å. The 

arginine side chain (free amino acid pKa~12.5) remains positively charged at pH 7.4 and can 

still maintain ionic interactions with FcRn, unlike the histidine side chain (free amino acid 

pKa~6.0) which is likely to be less than 10% protonated at pH 7.4. This can contribute to 

increased binding of IgG3 at physiological pH relative to the other IgG subclasses. 

Although, the IgG3 Fc structure alone does not provide conclusive evidence pertaining to the 

IgG3-FcRn interaction, it helps to shed light on the possible role of arginine at position 435 

at the binding site.
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4. Conclusions

The present study is the first report of an IgG3 Fc crystal structure in the literature and now 

completes the panel of available Fc structures from all the four human IgG subclasses. The 

1.8 Å IgG3 Fc structure is homogenously glycosylated with a high mannose GlcNAc2Man5 

(Man5) glycoform and is the first Fc structure from any IgG subclass containing Man5 

glycoform. The functional significance of the observed protein-glycan contacts in the 

structure is demonstrated by reduced binding affinity to FcγRIIIA upon glycan truncation. 

The subtle differences between IgG3 Fc and the published IgG1 Fc structures with respect to 

the inter-chain CH2 domain separation and the intra-chain CH2-CH3 domain interface may 

form the basis for small differences in the Fcγ receptor binding profile of the two IgG 

subclasses. The conformation of the Arg435 side chain in IgG3 Fc structure provides a 

probable explanation for the differential protein A and FcRn binding property of IgG3 

relative to the other IgG subclasses.
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Highlights

• The first high-resolution crystal structure of human IgG3 Fc has been solved

• Effect of GlcNAc2Man5 (Man5) high mannose type glycosylation on IgG Fc 

structure was analyzed

• Interactions of the N297 glycan with the Fc are demonstrated to be important 

for binding to FcγRIIIA

• IgG3 Fc structure provides basis for IgG3-Arg435 effects on protein A and 

FcRn binding

• IgG3 Fc crystal structure helps to explain some of the unique properties of 

this IgG subclass
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Fig. 1. 
The IgG3 Fc structure. Side chains of IgG3 Fc (magenta) that are different in IgG1 Fc (using 

PDB 3AVE as reference) are shown in stick representation. The N297 and N-glycans (green) 

are shown in stick representation.
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Fig. 2. 
Sequence alignment of IgG1 (3AVE), IgG2 (4HAF), IgG3, and IgG4 (4C54) for the hinge 

and the Fc region. The IgG3 sequence shown here and used for this study is based on 

IGHG3*11, *12 allele. The amino acid differences between IgG1 and the other IgG 

subclasses are shown in red. Amino acid differences unique to IgG3 are highlighted in blue.
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Fig. 3. 
The orientation of the CH2 domain relative to the CH3 domain shown by superposition of Fc 

structures aligned using only one Fc chain. The compared Fc structures are Man5-IgG3 Fc 

(magenta), complex glycan-IgG1 Fc (3AVE) (light blue) and Man9-IgG1 Fc (2WAH) 

(green). The orientation of the Fc is shown in (A) side view and (B) side view rotated by 90° 

about x-axis.
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Fig. 4. 
N-glycans in IgG3 Fc structure (A) schematic representation of Man5GlcNAc2 (Man5), 

Man9GlcNAc2 (Man9) and hybrid glycoform based on the Essentials system of glycan 

nomenclature (B) close-up view of N297 attached glycans and protein contacts. H-bonds 

between protein and carbohydrate are shown as black dotted lines. (C) ordered glycans from 

chain A in stick representation, shown with Fo-Fc electron density difference map contoured 

at 3σ.
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Fig. 5. 
CH2-CH3 interface of IgG3 Fc. (A) H-bonds and salt-bridge present between CH2 (gold) and 

CH3 (coral) in chain A (B) comparison of CH2-CH3 interface across IgG subclasses. The 

representative Fc structure include IgG1 Fc (3AVE) (blue), IgG2 Fc (4HAF) (purple), IgG3 

Fc (red) and IgG4 Fc (4C54) (cyan). Protein backbone is represented by Cα trace and side 

chains are shown in stick representation. (C) Conformation of T339 and D376 residues in 

chains A and B of IgG3 Fc.
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Fig. 6. 
IgG3 Fc at the Fc-protein A/G binding interface. IgG3 Fc is superposed on IgG1 Fc in the 

IgG1 Fc-protein A complexes from (A) 1FC2 and (B) 1L6X. (C) IgG3 Fc is superposed on 

IgG1 Fc in the IgG1 Fc-protein G complex (1FCC). Side chains of Fc and protein A/G are 

represented by ball-and-stick and stick respectively. The transparent surfaces of protein A 

and G are shown in light purple and dark cyan respectively.

Shah et al. Page 21

Mol Immunol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
IgG3 Fc at the Fc-FcRn binding interface. IgG3 is superposed on IgG1 Fc (YTE) in the Fc 

(YTE)-FcRn complex (4N0U). Fc and FcRn residues are shown in ball-and-stick and stick 

representation respectively. Transparent surface of FcRn is shown in blue.
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Table 1

Crystallographic data and refinement statistics for IgG3 Fc

Data Collection

 Unit-cell parameters (Å, °) a=64.43, b=60.44, c=71.40, β=109.2

 Space group P21

 Resolution (Å)1 45.00–1.80 (1.84–1.80)

 Wavelength (Å) 1.0000

 Temperature (K) 100

 Observed reflections 156,654

 Unique reflections 47,374

 <I/σ(I)>1 12.7 (2.1)

 Completeness (%)1 98.4 (97.7)

 Multiplicity1 3.3 (3.2)

 Rmerge (%)1,2 5.5 (57.5)

 Rmeas (%)1,4 6.6 (69.0)

 Rpim (%)1,4 3.6 (37.8)

 CC1/2
1,5 0.998 (0.734)

Refinement

 Resolution (Å)1 34.73–1.80

 Reflections (working/test)1 44,926/2,427

 Rfactor/Rfree (%)1,3 18.4/22.3

 No. of atoms (Protein/Water) 3,378/351

Model Quality

R.m.s deviations

 Bond lengths (Å) 0.009

 Bond angles (°) 1.020

Average B-factor (Å2)

 All Atoms 28.1

 Protein 27.6

  Water 33.4

  Coordinate error(maximum likelihood) (Å) 0.23

Ramachandran Plot

  Most favored (%) 98.6

  Additionally allowed (%) 1.4

1)
Values in parenthesis are for the highest resolution shell.

2)
Rmerge = ƩhklƩi |Ii(hkl) - <I(hkl)>|/ƩhklƩi Ii(hkl), where Ii(hkl) is the intensity measured for the ith reflection and <I(hkl)> is the average 

intensity of all reflections with indices hkl.

3)
Rfactor = Ʃhkl ||Fobs (hkl) | - |Fcalc (hkl)||/Ʃhkl |Fobs (hkl)|; Rfree is calculated in an identical manner using 5% of randomly selected 

reflections that were not included in the refinement.
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4)
Rmeas = redundancy-independent (multiplicity-weighted) Rmerge(Evans, 2006; Evans, 2011). Rpim = precision-indicating (multiplicity-

weighted) Rmerge(Diederichs and Karplus, 1997; Weiss, 2001).

5)
CC1/2 is the correlation coefficient of the mean intensities between two random half-sets of data (Evans, 2012; Karplus and Diederichs, 2012).
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Table 3

Kinetic parameters obtained for binding of FcγRIIIA with the IgG3 Fc glycovariants

IgG3 Fc
glycoform

Average kon
*105

(1/M.sec)
Average koff

*10−3

(1/sec)

Average KD
(nM)

Man8-Man12 1.6 ± 0.1 6.5 ± 0.2 41.4 ± 2.7

Man5 1.5 ± 0.1 6.8 ± 0.2 46.5 ± 2.4

Fc-GlcNAc 1.7 ± 0.4 85.8 ± 7.7 506 ± 113

D297 nd* nd* nd*

*
not detected at highest receptor concentration of 15 μ
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