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Abstract

Sialylated forms of the Fc fragment of immunoglobulin G, produced by the human a2-6
sialyltransferase ST6Gal-I, were identified as potent anti-inflammatory mediators in a mouse model
of rheumatoid arthritis and are potentially the active components in IVIG therapies. The activities
and specificities of hST6Gal-1 are, however, poorly characterized. Here MS and NMR methodology
demonstrates glycan modification occurs in a branch-specific manner with the a1-3Man branch of
the complex, biantennary Fc glycan preferentially sialylated. Interestingly, this substrate preference
is preserved when using a released glycan, suggesting that the apparent occlusion of glycan termini
in Fc crystal structures does not dominate specificity.

The existence of specific glycans on glycoproteins is known to play an important role in the
regulation of their activities in vivo (1). The synthesis of these glycans occurs through a
complex process involving a host of glycosidases and glycosyltransferases; the activity and
specificity of which leads to specific glycan structures. Understanding their specificity can be
an important step toward understanding glycoprotein function and the design of enzymes that
can produce altered enzymes for therapeutic purposes. Recently an interesting link between a
specific glycan modification of the Fc fragment of immunoglobulin G (IgG) and rheumatoid
arthritis (RA) has been uncovered (2). Using a mouse RA model, the glycoform of the Fc
fragment, with a2—-6 linked N-acetylneuraminic acid N-glycan termini (sialylated IgG-Fc), was
shown to be an active component of intravenous IgG anti-inflammatory therapy (IVIG) (3).
IVIG is an effective treatment for various autoimmune disorders in which massive quantities
of 19G (1-2 g/kg) are administered at a high cost with potentially dangerous complications
(4). The sialylated form is a minor component produced by the action of the sialyltransferase,
hST6Gal-1. Preparation of this specific form for therapeutic application may well reduce risks
in IVIG therapy. Here we investigate the specificity of hST6Gal-I in sialylating the IgG-Fc
fragment.

IgG is a primary effector of the secondary phase of the adaptive immune system as a blood-

borne scavenger of foreign particles. The ~55kDa Fc domain is a stable dimer and separable

from the Fab domains of the 1gG molecule following proteolysis. Each Fc monomer contains
one N-linked glycan at Asn297, which in healthy human patients is characterized by a mixture
of mostly complex-type, biantennary structures (Figure 1A) with 4-11% sialylation (5) on the
al-3Man branch of the glycan (6). In a crystal structure of an IgG molecule a large portion of
the glycans were observed sandwiched between the two polypeptide monomers (7), suggesting
that unlike many N-glycans (8-11) the Fc glycan is conformationally restricted. This suggests
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that any inherent enzyme specificity for branch sialylation may be strongly influenced by
accessibility in the protein structure.

The glycans of the Fc fragment, as purified from human serum, are heterogeneous with a
majority of the termini lacking both sialic acid and galactose residues (as shown in Figure 1A).
However, they may be remodeled to near homogeneity by fully galactosylating the N-glycan
(3, 12). This step will greatly assist in providing substrates for testing enzyme specificity. The
substrates can also be sialylated with isotopically labeled sugars to aid the eventual
interpretation of structural and dynamic measurements performed on the glycoprotein and
glycoprotein — receptor complexes using solution NMR spectroscopy. Sialylation is achieved
in vitro using the human CMP-N-acetylneuraminic acid:galactose(1-4)-N-
acetylglucosamine-R (a2—6)sialyltransferase, ST6Gal-1. This enzyme is ubiquitously
expressed in human tissues and is primarily responsible for generating 0.2—6 linked sialic acid
at N-glycan termini in situ (13, 14). Complete galactosylation of native 1gG-Fc was readily
achieved with UDP-galactose and a bovine galactosyltransferase (see Experimental
Procedures, Supporting Information); however sialylation with CMP-13C-[1,2,3]-N-
acetylneuraminic acid and ST6Gal-I occurred on a much slower timescale and resulted in
primarily monosialylated glycan (Figure 1B), even after four days with daily replenishment of
the sugar nucleotide donor and ST6Gal-1. The amount of disialylated material increased, albeit
slightly, upon repeating the sialylation procedure using monosialylated Fc fragment, and the
disialylated material displayed a molecular weight consistent with the incorporation of

two 13C-labeled N-acetylneuraminic acids that could be used for NMR investigations (data not
shown).

To determine whether ST6Gal-1 placed N-acetylneuraminic acid specifically on one branch or
randomly on both branches of the monosialylated, glycan was characterized using mass
spectrometry and NMR. Following enzymatic liberation and purification, the glycan was
incubated with obligate exoglycosidases to sequentially remove terminal f1-4-linked
galactose, p1-2-linked N-acetylglucosamine and a.1-3-linked mannose residues. Mass spectra
of the glycan mixture following these digestions, shown in Figure 1C—F, demonstrated that
galactose and N-acetylglucosamine residues were removed from the branch of the glycan not
affected by an o 1-2,3 mannosidase; suggesting these residues were on the a1-6Man branch
and the N-acetylneuraminic acid residue is on the a1-3Man branch of the complex biantennary
glycan. A dramatically less intense group of peaks corresponding to a sialylated glycan that
had lost a mannose residue was observed (Figure 1F), suggesting the majority (>95%) of the
N-acetylneuraminic acid was on the a1-3Man branch (see Figure 1A for branch definition).
This starting glycan mixture contained a small amount of monogalactosylated material, which
following galactosidase and N-acetylglucosaminidase treatment was digested by the a1-2,3
mannosidase, verifying the enzyme is capable of fully digesting a branched substrate.

High-resolution NMR spectroscopy was performed to confirm the configuration of the
monosialylated glycan. Residue types were assigned based on COSY and TOCSY spectra, and
the branch-specific assignment was achieved using a NOESY spectrum (Figure S1A) that
showed interresidue connectivities traced from the branched mannose to the N-
acetylglucosamine residues. A branch-specific assignment of the galactose residues was made
through an NOE between the anomeric proton of one of the two identified galactose residues
to the H4 of the N-acetylglucosamine residue on the a1-3Man branch of the glycan (Figure
S1A). This galactosyl residue has H1 and H5 shifts of 4.442 and 3.829 ppm, respectively,
whereas the galactosyl residue on the a1-6Man branch of the glycan has H1 and H5 shifts of
4.470 and 3.728 ppm, respectively. Values for H1 and H5 proton shifts of the galactosy| residue
in an N-acetylneuraminate-a(2—6)-galactose-p(1-4) N-acetylglucosamine-p(1-2)-R moiety of
a complex-type biantennary glycan were previously determined to be 4.440 and 3.818 ppm,
respectively, and 4.470 and 3.732, respectively, for a terminal galactosyl residue in a galactose-
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B(1-4)-N-acetylglucosamine-p(1-2)-R moiety (15, 16). Based on this chemical shift analysis,
the galactosyl residue on the a1-3Man likely harbors the a2—6-linked N-acetylneuraminic acid
modification as shown in Figure 2. These results are consistent with the mass spectrometry-
based configuration analysis presented above.

In crystal structures the glycans on the Fc fragment reside in the cavity between dimer subunits,
and it is easy to imagine that preferential occlusion contributes to specificity. Therefore, the
branch specificity of human ST6Gal-I towards a released biantennary glycan was tested by
following the time course of sialylation using the released digalactosyl, biantennary glycans
from IgG-Fc. This shows the rapid conversion to a monosialylated form, followed by the slow
conversion to a disialylated form (Figure S1B). At 16h a primarily monosialylated form was
observed (Figure S2A, S3). This material was further analyzed using the enzymatic analysis
coupled with mass spectrometric analysis demonstrated above and determined that like the Fc
glycan, the single N-acetylneuraminic acid on the released glycan was attached to the a1-3Man
branch (Figure S2). The polypeptide component of the Fc fragment does, however, appear to
inhibit the sialylation reaction, in that the rate of released glycan sialylation is at least 5-fold
greater than Fc-conjugated glycan sialylation (Figure S3). This effect may well be due to
restricted access to the glycan.in the Fc dimer. However, this inhibitory effect on the sialylation
reaction does not alter branch specificity. The terminal galactosyl residue on the a1-3Man
branch of the complex-type, biantennary, Fc-conjugated glycan is sialylated more efficiently
than the galactosyl residue on the a1-6Man branch even in the absence of attachment to the
protein.

An inherent branch specificity of sialyltransferases is not without support from previous
studies. Preference of the ST6Gal-I from bovine colustrum towards the terminal a1-3Man-
linked galactose had been observed in vitro using isolated glycans as substrates (17-19).
Additional studies by Conradt and coworkers also demonstrated that other glycoproteins
coexpressed with human ST6Gal-1 contained a higher percentage of a2—6-linked N-
acetylneuraminic acid on the a1-3Man branch, suggesting some independence of protein
substrate (20).

The preservation of branch specificity towards either an Fc-conjugated or released glycan
suggests a large portion of the glycan is recognized by ST6Gal-I in one of two manners. The
enzyme either recognizes one entire terminal galactose-N-acetlylglucosamine-mannose-
mannose tetrasaccharide moiety and prefers a substrate with the a1-3Man linkage over an a1
6Man linkage; or the enzyme simultaneously recognizes both branch termini and selectively
sialylates the a1-3Man-linked galactosyl residue, discriminating glycan termini based on
spatial or conformational arrangement. In either scenario the scope of acceptor substrate
recognition is likely substantial, and suggests a large portion of the Fc glycan is accessible to
the enzyme in conformations unlike those seen in the available crystal structures.
Measurements of glycan dynamics and conformation in solution will be helpful in
characterizing the more extended structures. Investigations of glycans in complex with
hST6Gal-1 may uncover the origin of branch specificity and allow engineering of
sialyltransferases with less specificity.

The anti-inflammatory properties of sialyl-Fc have been attributed to a disialylated form, and
despite the data presented here showing monosialylated Fc-conjugated glycan (Figure 1B),
however, a more indepth comparison of anti-inflammatory activity of monosialylated Fc with
disiaylated Fc preparation may be illuminating. It should be possible to obtain a homogenous
disialylated preparation using either a greater concentration of enzyme or a more active
preparation of ST6Gal-I than used here. However, production would certainly be more efficient
with a hST6Gal-I engineered to have di-siaylating activity or a transferase from another source
that inherently has this activity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mass spectrometry based determination of glycan structures. (Panel A) N-glycans isolated
from the immunoglobulin G Fc fragment with the G2F glycoform illustrating the al-3Man
and a1-6Man branches of the glycan. (Panel B) Galactosylation followed by sialylation of the
Fc fragment results in primarily digalactosylated, monosialylated glycan. (Panels C-F)
Enzymatic determination of the branch containing an N-acetylneuraminic acid residue: (Panel
C) monosialylated glycan treated with B-galactosidase (Panel D) and N-acetylglucosaminidase
(Panel E) resulted in the removal of those residues on the non-reducing end not protected by
aterminal sialic acid. (Panel F) The sialylated, B-galactosidase- and N-acetylglucosaminidase-
treated glycan was not affected by an a1-2,3 mannosidase, suggesting the terminal mannose
residue is a1-6 linked. Residues are denoted by symbols: N-acetylneuraminic acid (purple
diamond), galactose (yellow circle), N-acetylgalactosamine (yellow square), N-
acetylglucosamine (blue square), mannose (green circle) and fucose (red triangle).
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Figure 2.

The proposed structure of the monosialylated glycan as determined by enzymatic digests and
NMR spectroscopy is shown with the linkages indicated. The residue symbols are the same as
those in Figure 1.
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