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ABSTRACT

Human Factor IX is a highly post-translationally modified protein that is an important clotting factor in the blood
coagulation cascade. Functional deficiencies in Factor IX result in the bleeding disorder haemophilia B, which is
treated with plasma-derived or recombinant Factor IX concentrates. Here, we investigated the post-translational
modifications of human serum-derived Factor IX and report previously undescribed O-linked monosaccharide
compositions at serine 141 and a novel site of glycosylation. At serine 141 we observed two monosaccharide
compositions, HexNAc;Hex;NeuAc, and HexNAc;Hex ;NeuAc;. This O-linked site lies N-terminal to the first
cleavage site for the activation peptide, an important region of the protein that is removed to activate Factor IX.
The novel site is an N-linked site in the serine protease domain in a non-canonical consensus motif at asparagine
258, observed with one monosaccharide composition attached. This is the first reported instance of a site of
modification in the serine protease domain. The description of these glycosylation events provides a basis for
future functional studies and contributes to structural characterisation of native Factor IX for the production of

effective therapeutic biosimilars and biobetters.

KEY WORDS: Glycoproteomics, coagulation factors, beam-type collision-induced dissociation, electron-

transfer dissociation, O-linked glycosylation, N-linked glycosylation.

INTRODUCTION

Human Factor IX is a single chain zymogen that circulates in the plasma and plays an integral role in the
coagulation pathway that stems bleeding at sites of vascular injury [1]. During its synthesis, Factor IX is
extensively modified in the endoplasmic reticulum (ER) and Golgi apparatus including: removal of the pre-pro
leader sequence, y-carboxylation, f-hydroxylation, phosphorylation, sulfation and N- and O-linked glycosylation
[2,3]. After activation of the coagulation pathway, Factor IX is converted to the active serine protease Factor IXa,
which then activates Factor X to facilitate fibrin clot formation [1,4]. This activity requires Factor IX as well as
the presence of Factor VIIIa. Deficiencies of functional Factor IX result in haemophilia B, a serious haemorrhagic
disorder that affects approximately one in 30,000 males worldwide [5]. Current treatments for haemophilia B
include infusions of serum-derived or recombinant proteins, the latter of which is the preferred treatment in high-
income countries [6-9]. Disadvantages of these treatments include their high cost, the short half-life of Factor IX

molecules, the potential for thrombotic episodes, and with respect to serum-derived products, the risk of viral and
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prion transmission [9]. Therefore, more effective recombinant versions of Factor IX are needed that overcome the

drawbacks of current treatments.

A key challenge associated with producing recombinant Factor IX is the production of adequate quantities of the
protein that contain the types and levels of post-translational modifications (PTMs) found on the native protein.
The PTMs of Factor IX modulate the function, activity, and serum half-life of the protein [10,3]. Given the
importance of PTMs and the demand for effective Factor IX biosimilars, the PTM profiles of serum-derived (Fig.
la) and recombinant Factor IX have been extensively characterised [2,3]. Human Factor IX is synthesised as a
461 amino acid precursor molecule which is processed into a mature form through removal of the 28-residue
signal peptide (SP) and 18-residue propeptide (PP). Before the PP is proteolytic removed in the trans-Golgi, it
targets Factor IX to the vitamin K dependant enzyme y-glutamyl-carboxylase in the ER, which catalyses
carboxylation of 12 Glu residues to y-glutamic acid (Gla) in the N-terminal Gla domain of Factor IX [11,12]. The
dense cluster of Gla residues in this domain are essential for the activity of the secreted protein through
coordination of Ca*" ions. The protein-bound Ca®" ions induce conformational changes in the Gla domain,
promoting proper folding of the domain and anchoring of Factor IX to phospholipids on plasma membranes during
blood coagulation [13]. Removal of the PP before secretion is needed to obtain a functionally active molecule as
it enables the N-terminal Gla domain to fold into a biologically active conformation [14]. The Gla domain of
Factor IX is followed by two epidermal growth factor-like (EGF) domains. Several residues are modified within
the first EGF (EGF1) domain, including B-hydroxylation of Asp64 to B-hydroxyaspartate (Hya) [15,16],
phosphorylation of Ser68 [17], O-linked glucose (Glc) elongated by xylose (Xyl) at Ser53 [18], and O-linked
fucose (Fuc) at Ser61 [19,20]. During the coagulation process a 35-residue activation peptide (AP) C-terminal to
the second EGF (EGF2) domain is cleaved from the mature protein [1]. N-terminal to the AP is a O-linked
glycosylation site at Ser141 [21]. The AP is itself is heavily modified. It contains two sequons for N-linked
glycosylation (Asn-Xaa-Ser/Thr; Xaa not Pro) at Asnl57 and Asnl67 [22] and multiple sites of O-linked
glycosylation at Thr159 [23], Thr169 [23], and Thr172 [2]. It is noted in UniProt that Thr179 of human Factor IX
(P00740) is also O-glycosylated, however the publication studied porcine Factor IX [24] (confirmed through
personal communication with the corresponding author). Sulfation (Sulf) at Tyr155 and phosphorylation (Phos)
at Thr158 have also been reported [2]. Until now, PTMs of the C-terminal serine protease domain had not been

described.

With recent technical advances in mass spectrometry (MS) instrumentation, characterisation of protein PTMs
including complex modifications like glycosylation have become more achievable. During protein glycosylation,
oligosaccharide structures known as glycans are covalently linked to amino acid side chains [25]. Glycosylation
confers additional layers of complexity to the structural and functional properties of proteins and can have a
profound influence on both normal and pathological biological processes [26]. Glycans are naturally
heterogeneous due to non-template driven biosynthetic processing and branching of the glycosidic linkages [27].
Both native and recombinant glycoproteins can be observed as different glycoforms with varying structures and
degrees of site occupancy [28]. The two most common forms of protein glycosylation, N-linked and O-linked,
stem from the conjugation of glycans to the side-chain amide nitrogen of Asn or the side chain hydroxyl group of

Ser and Thr residues, respectively [27]. Unlike the N-linked glycosylation sequon, there is no amino acid
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consensus sequence that predicts likely sites for the O-glycosylation of Ser and Thr residues. The complex nature
of protein glycosylation and subsequent structural diversity of glycoproteins can present significant challenges
for characterisation of the glycosylation profile of glycoproteins [29]. Here, we used advanced MS and data
analysis strategies to investigate PTMs of human serum-derived Factor IX. We confirmed O-linked occupancy at
Ser141 and describe two new monosaccharide compositions. We also observed one novel N-glycosylation site,

which, to our knowledge, has not been previously described.

MATERIALS AND METHODS

Proteolytic and endoglycosidase digestions

Approximately 15 pg of human serum-derived Factor IX (Sigma Aldrich, MO, USA) was denatured and cysteines
reduced by incubation in 6 M guanidine-HCI, 50 mM TrisHCI buffer pH 8, and 10 mM dithiothreitol with shaking
for 30 min at 30 °C. The reduced proteins were alkylated by addition of acrylamide to a final concentration of 25
mM and incubation with shaking at 30 °C for 1 h. The reaction was quenched with 5 mM dithiothreitol followed
by precipitation overnight at -20 °C in four volumes of methanol/acetone (1:1 v/v). The precipitated proteins were
centrifuged for 10 min at 18,000 rcf and the protein pellet was resuspended in 60 puL of 50 mM NH4HCO; and
briefly vortexed. Each protein sample was split into three aliquots (5 pg) and digested with either sequencing
grade porcine trypsin (Sigma-Aldrich, MO, USA), bovine chymotrypsin, or endoproteinase Glu-C from
Staphylococcus aureus V8 (Roche Diagnostics GmbH, Mannheim, Germany). Enzyme to protein ratios were
1:20, 1:30, and 1:10, respectively, and the digests proceeded for 16 h at 37 °C. The proteolytic enzymes were
inactivated by heating for 5 min at 95 °C followed by cooling to room temperature and the addition of 1 mM
phenylmethylsulfonyl fluoride and incubation at room temperature for 10 min. The proteolytic digests were
aliquoted into equal volumes (containing ~2.5 pug of protein each) and peptides in one aliquot were deglycosylated
by further treatment with 125 U of Peptide-N-Glycosidase F (PNGase F) (New England BioLabs, MA, USA) for
16 h at 37 °C.

Sample clean-up and mass spectrometry

Peptides were desalted and concentrated with C18 ZipTips (10 uL pipette tip with a 0.6 pL resin bed; Millipore,
MA, USA). Samples were dried and reconstituted in 25 or 50 pL 0.1% formic acid depending on the specific
analysis, and ~200 ng of peptides were injected for each chromatographic run using a Dionex UltiMate 3000
uHPLC system (Thermo Fisher Scientific, Bremen, Germany). Solvent A was 1% CH;CN in 0.1% (v/v) aqueous
formic acid and solvent B was 80% (v/v) CH3CN containing 0.1% (v/v) formic acid. Samples were loaded onto a
C18 Acclaim™ PepMap™ trap column (100 A, 5 um x 0.3 mm x 5 mm, Thermo Fisher Scientific) and washed
for 3 min at 30 puL/min before peptides were eluted onto a C18 Acclaim™ PepMap™ column (100 A, 5 pm x
0.75 mm x 150 mm, Thermo Fisher Scientific) at flow rate of 0.3 uL/min. Tryptic peptides were separated with a
gradient of 10% to 60% solvent B over 90 min, and the remaining digests were separated with a gradient of 8%
to 40% solvent B over 36 min. The samples were analysed on an Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific). Survey scans of peptide precursors from an m/z of 300 to 1800 were acquired in the Orbitrap at a
resolution of 120K (full width at half-maximum, FWHM) at 400 m/z using an automatic gain control target of
1,000,000 and maximum injection time of 200 ms. The ten most intense precursors with charge states above two

were selected for fragmentation by beam-type collision-induced dissociation (CID) (also termed higher-energy
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C-trap dissociation or HCD) using a normalized collision energy of 35% with a precursor isolation window of 2
Da. Fragment ions were acquired in the Orbitrap at a resolution of 30K using an automatic gain control target of
100,000 and maximum injection time of 200 ms. If the fragmented precursor ions produced diagnostic glycan
oxonium ions of N-acetylhexosamine (HexNAc) (204.0867), HexNAc,;-H,O (186.0761), Hexose (Hex)
(163.0601) or HexNAc;Hex; (366.1395) within a £10 ppm window the precursor ions were then re-isolated and

subjected to electron-transfer dissociation (ETD) with supplemental CID activation (ETciD).

Data analysis

The Sequest HT node in Proteome Discoverer (v. 2.0.0.802 Thermo Fisher Scientific) was used to search HCD
spectra from the RAW files generated by MS analysis. The protein databases used were human (UniProt
UP000005640, downloaded 20 April 2018 with 20,303 reviewed proteins) with a custom contaminants database.
Cleavage specificity was set as C-terminal and included trypsin (Arg/Lys except when followed by Pro), Glu-C
(Asp/Glu) or chymotrypsin (Phe/Leu/Trp/Tyr). The enzyme specificity was set as semi-specific for the
chymotrypsin digest, which allows non-specific cleavage at either the N- or C-terminal end of a peptide. A
maximum of two missed cleavages were allowed. Mass tolerances of 10 ppm and 0.02 Da were applied to
precursor and fragment ions, respectively. Cys-S-beta-propionamide was set as a static modification, and dynamic
modifications were set to deamidation of Asn and mono-oxidised Met. A maximum of three dynamic
modifications were allowed per peptide. Confident peptide-to-spectrum matches (PSMs) were assigned using the
“Percolator” node and a maximum Delta Cn of 0.05 was applied. At least two unique peptides were required for
confident protein identification. Precursor peak areas were calculated using the Precursor Ions Area Detector
node, the results of which were used to calculate occupancy of the novel glycosylation sites from the trypsin
digested samples. Occupancy was calculated by the area under the curve of the total glycopeptides as a percentage

of the total glycopeptides and non-glycosylated peptides [30].

For Byonic searches (Protein Metrics, v. 2.13.17) HCD and ETD fragmentation was selected, and cleavage
specificity was set as per the Sequest HT searches. A maximum of two missed cleavages were allowed and mass
tolerances of 10 ppm and 15 ppm were applied to precursor and fragment ions, respectively. Cys-S-beta-
propionamide was set as a fixed modification and variable modifications were set according to the predicted
number and types of modifications on a single peptide. The setting “Common 1, which allowed each modification
to be present once on a peptide, included mono-oxidised Met and Asp (Hya), phosphorylation of Ser or Thr, and
sulfation of Ser, Thr, and Tyr. The setting “Common 2”, which allowed each modification to be present twice on
a peptide, included deamidation of Asn and carboxy Glu. The setting “Rare 17, which allowed each modification
to be present once on a peptide, included the monosaccharide composition HexNAc,;HexsNeuAc, (where NeuAc
is N-acetylneuraminic acid) at any Asn residue; the Byonic glycan database of 57 N-glycans from human plasma
at the consensus sequence N-X-S/T; four additional N-linked structures HexNAcsHex;NeuAc,,
HexNAcgHex;NeuAc,Fuc,, HexNAcsHexgNeuAc; and HexNAcsHexgNeuAcsFuc; that were not in the Byonic N-
glycan database and the O-linked monosaccharide compositions HexNAc;Hex;, HexNAc;Hex;Fuc,NeuAcy,
HexNAc;Hex;NeuAc,, Hex,Pent; or Hex,Pent,, (where Pent is pentose) at any Ser or Thr residues. The setting
“Rare 27, which allowed each modification to be present twice on a peptide included HexNAc;Hex;NeuAc; at

any Ser or Thr residues. A maximum of three common modifications and two rare modifications were allowed
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per peptide. The protein database contained Factor IX isoform 1 (UniProt ID P00742), isoform 2 (UniProt ID
P00740-2) which has the EGF1 domain missing, Factor IX isoform 1 with the SP and PP removed, and Factor IX
isoform 1 with the amino acid change 194T>A [31]. All assigned peptides with PTMs of interest were manually

inspected and the best unique matches were included in the results.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE

[32] partner repository with the dataset identifier PXD012711.

Manual de novo sequencing and validation of Byonic results were conducted using Xcalibur Qual Browser (v.
3.0.63 Thermo Scientific). For de novo sequencing of glycopeptides an extracted ion chromatograph for the
theoretical m/z value of [HexNAc+H]" (204.0867) was used and the theoretical masses of peptide and peptide
fragment ions were calculated using the MS-Digest and MS-Product modules of Protein Prospector, respectively

(http://prospector.ucsf.edu).

A multiple sequence alignment was used to assess the conservation of the novel N-linked site from Factor IX in
highly structurally homologous vitamin K-dependant proteins Factor VII, Factor X, protein Z and protein C and
in Factor IX from other species (Bos taurus, Pan troglodytes, Mus musculus, Canis lupus familiaris, Sus scrofa
and Rattus norvegicus). The sequences were retrieved from UniProt and protein sequences were aligned using
Clustal Omega [33] available at www.uniprot.org applying the default parameters (Gonnet transition matrix, gap

opening penalty of six bits and gap extension of one bit) [34].

RESULTS AND DISCUSSION

High sequence coverage obtained of Factor IX using proteomic searches

We used the Sequest HT node in Proteome Discoverer to assess the purity of the sample and sequence coverage
of Factor IX after digestion with trypsin, Glu-C, or chymotrypsin with and without additional PNGase F N-glycan
release. PNGase F cleaves between the innermost N-acetylglucosamine (GlcNAc) and Asn residues of high
mannose, hybrid, and complex N-linked glycans, converting the previously glycosylated Asn to Asp. This
cleavage event results in a mass shift of +0.984 (Asn>Asp) compared to unmodified Asn. Accordingly, Asn
residues within N-linked consensus sites can be assigned as unmodified or modified after peptides are detected
by MS. The two isoforms of Factor IX (P00740 and P00740-2) in the UniProt reference human proteome were
the highest scoring proteins in all searches (Table S-1). Prothrombin (UniProt ID P00734) was also identified in
each of the searches, although the number of PSMs identified was considerably lower than those observed for
Factor IX. For example, 148 PSMs were identified for prothrombin, compared to 2,359 PSMs for Factor IX in the
trypsin digested sample (Table S-1a). Sequence coverage of Factor IX ranged between 57-67% after trypsin and
Glu-C digests and 36-44% after chymotrypsin digestion (Fig. S-1). The combination of the results of the Sequest
HT searches from all six digests gave 85% coverage of the mature form of the protein. The SP and PP are
physiologically cleaved prior to secretion of the mature protein, and indeed PSMs from this region were not
observed in any of the digests (Fig. 1b). It has been reported that there is complete modification of every Glu
residue to Gla in the Gla domain of serum-derived Factor IX [2]. However, we observed one tryptic peptide from

the Gla domain, T3 TEFWKy3, which included unmodified Glu40 (Table S-1b). Within the EGF1 domain, Ser53
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and Ser61 are highly modified with O-linked glycans [18-20] and Asp64 undergoes partial B-hydroxylation (26-
33%) [16,19]. Consistent with this, PSMs containing the two O-linked sites were not observed while the tryptic
peptide DgsDINSYECWPFGFEGKg, containing Asp64 was observed in an unmodified form. The AP contains
eight reported sites of modifications, two near completely occupied [2] sites of N-linked glycosylation at Asn157
and Asnl67, partial occupancy of O-linked sites Thr159 [23], Thr169 [23], Thr179 [24] and Thr172 [2] and a
high degree of sulfation and/or phosphorylation [28] predicted to be at Tyr155 and Thr158 [2]. Here, we only
identified PSMs from the AP after PNGase F digestion with the exception of a small unmodified region,
A14ETVFPD;35,, at the N-terminus of the AP. Three peptide groups were observed that included various sequences
from the region A5 ETILDN 71T 66QST;72QSFNDFT;7RVVGGEg5. Twelve PSMs from this region contained
Asnl67 and all annotated spectra for these PSMs included MS/MS fragment ions that confirmed deamidation at
this site. This indicated that Asn167 was previously occupied with an N-linked glycan. This region of the AP also
contains three predicted O-linked glycosylation sites at Thr69, Thr172 and Thr179. Observation of PSMs
containing these sites in an unmodified form confirmed the partial occupancy described in the literature. One
region from the AP was not detected, V;s3DYs5VN;s7S;ssTEAE s, which contains four reported sites of
modification, sulfation at Tyr155 [2], N-linked glycosylation at Asn157 [2], phosphorylation at Ser158 [2] and O-
linked glycosylation at Thr159 [23]. Almost complete sequence coverage was obtained for the serine protease

domain which is not predicted or reported to contain any PTMs (Fig. 1b).
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Fig. 1 Domains, modifications, and sequence coverage of human serum-derived Factor IX. (a) Schematic
representation of the mature form of Factor IX. The primary structure includes the N-terminal y-carboxyglutamic
acid domain (GLA), epidermal growth factor-like domains (EGF), activation peptide (AP), and serine protease
domain (PEP). A disulfide bond connecting the two polypeptide chains formed after cleavage of AP is shown by
a solid line. Locations of post-translational modifications are denoted with the numbering of the amino acids at
the sites of attachment. Sulf, Sulfation. Phos, Phosphorylation. Glycans are represented following the Symbol
Nomenclature for Glycans [35]. *, Modified residues that were observed in this work. (b) Amino acid sequence
of Factor IX (UniProt ID P00740). The first amino acid residue of the mature form of the protein is designated
residue number 1. The amino acid residues in each domain are described in [4] and are represented as follows:
signal peptide (blue), propeptide (magenta), GLA domain (red) EGF1 (pink) and EGF2 (purple) domains, AP
(green) and PEP domain (orange). Modified residues are highlighted in boxes. Amino acid sequence coverage of
Factor IX derived from Sequest HT searches in Proteome Discoverer is shown in bold and underlined. Additional

sequence coverage obtained from Byonic searches is shown in italics.
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Novel glycosylation events identified on Factor IX

Using a combination of manual de novo sequencing and Byonic software analysis we identified previously
undescribed O-glycan monosaccharaide compositions at Serl41 and a novel N-glycosylation site on Factor IX
(Annotated spectra in Fig. S-2 and PSMs in Table S-2). To investigate the novel glycosylation events we used
multiple proteolytic enzymes to increase coverage of the sites and two fragmentation techniques, HCD and ETciD,

to confirm the monosaccharide composition of the glycans and the sites of attachment.

O-glycan monosaccharide compositions and occupancy at Ser141

Occupancy at Ser141 with the monosaccharide HexNAc;Hex, has been described in a high-throughput study of
human plasma after de-sialylation and lectin enrichment of glycopeptides [21]. In this work we confirmed
occupancy at Serl41 in the peptides V35SVSQTS 4 KLTR 45 (after tryptic digest) and G;33RVSVSQTS 4 KL 43
(after chymotryptic digest) and observed two alternative monosaccharide compositions attached,
HexNAc;HexNeuAc, and HexNAc;Hex;NeuAc, (Fig. 2). The site of attachment was confidently assigned to
S141 through peptide sequence ions cg and c¢; after ETciD fragmentation of the tryptic glycopeptide (Fig. 2a) and
the predicted monosaccharide composition of the attached glycan was supported through the observation of
oxonium ions HexNAc and NeuAc (Fig. 2b). Site specificity was further confirmed through peptide sequence ions

7, 73, Cg, and ¢y after ETciD fragmentation of the chymotryptic glycopeptide (Fig. 2¢).

The occupancy of the O-linked site was approximately 84.6%. The position of the O-linked site at S141is
intriguing as it neighbours the N-terminal region of the AP (S,4 KLTR 4sAE, where the first two residues of the
AP are in bold). Proteolytic activation of Factor IX occurs through the removal of the 35 residue AP C-terminal
to Argl45 and Argl80, producing the active serine protease designated Factor IXa [1]. The role of the O-
glycosylation site, if any, is yet to be determined. However, it is of interest that cleavage of Factor IX by human
neutrophil elastase results in a form of the protein that is not functionally active [36]. Two sites of human
neutrophil elastase cleavage in Factor IX are adjacent to Ser141, at Thr140 and Thr144. O-linked glycosylation
sites in peptides from protease-activated receptor 2 and tissue factor pathway inhibitor 1 have been shown to
partially inhibit neutrophil elastase cleavage [21]. The O-glycosylation site in Factor IX may therefore play a role

in protecting Factor IX from cleavage events that produce non-active forms of the protein.
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Fig. 2 ETciD and HCD fragmentation of glycopeptides containing a the O-linked glycosylation site at S141
from human serum-derived Factor IX. Each panel contains a schematic of the fragmentation pattern of the
glycopeptides; not all ions have been labelled in the spectra for ease of interpretation. Fragmentation of the same
peptide with HexNAc;Hex NeuAc, attached at m/z 718.3408 (3+) with a 1.43 ppm precursor mass error using (a)
ETciD and (b) HCD fragmentation. The addition of “’” or “*” in the labelled ETciD spectra represents even-
electron z-ions or radical c-ions [37], respectively. (c) ETciD fragmentation of a glycopeptide from the
chymotrypsin digest followed by PNGase F treatment with HexNAc,Hex,NeuAc, attached. The precursor m/z

value is 606.6332 ( 3+) with a -0.58 ppm precursor mass error.

Novel N-glycosylation event identified on Factor IX

The novel N-linked site was observed with the monosaccharide composition HexNAcsHexsNeuAc, attached (Fig.
3). The site of attachment was assigned to Asn258 on the tryptic glycopeptide I,53IPHHN,5sYNAAINK 5. This
peptide does not contain a N-linked sequon (N-X-S/T) which would easily enable site-specificity to be assumed.
Nevertheless, HCD spectral evidence through peptide sequence ions bs+HexNAc and ys+tHexNAc revealed the
likely site of attachment was Asn258 (Fig. 3a). The production of oxonium ions for HexNAc, Hex, and NeuAc
was also consistent with the proposed monosaccharide composition of the glycan (Fig. 3a). The site of attachment
was more confidently assigned by ETciD where peptide sequence ions cs and ¢; and zs.g confirmed that the mass
of HexNAc,HexsNeuAc, was localised to Asn258 (Fig. 3b). The occupancy of the N-linked site was
approximately 1.4%. The attachment of N-glycans in non-consensus motifs, although rare, has been previously
documented [38], including in the heavy chain and serine protease domain of Factor XI and protein C, respectively
[39,40].
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Fig. 3 HCD and ETciD fragmentation of a glycopeptide containing a novel N-linked glycosylation site at
Asn258 from human serum-derived Factor IX. Each panel contains a schematic of the fragmentation pattern
of the glycopeptides; not all ions have been labelled in the spectra for ease of interpretation. (a) HCD
fragmentation of a glycopeptide derived from the trypsin digest with HexNA HexsNeuAc; attached. The precursor
m/z value is 1237.1998 (3+) with a 2.80 ppm precursor mass error. (b) ETciD fragmentation of the same
glycopeptide in a different charge state (4+) with a m/z value of 928.1516 and a 2.75 ppm precursor mass error .

The addition of “"” in the annotated ETciD spectra represents even-electron z-ions [37].

A multiple sequence alignment was conducted to assess conservation of the novel N-linked site we identified in
Factor IX in other human proteins that share the same domain architecture (SP-PP-Gla-EGF 1-EGF2-AP-protease
domain) [14] and in Factor IX from other species (Fig. S-3). We observed a conserved Asn residue at position
290 in protein C which is located within an N-linked consensus sequon (Fig. 4a). In addition, highly conserved
N-linked sequons were also observed in Factor IX from other species two residues C-terminal to the novel site in

human Factor IX (Fig. 4a). The Asn in protein C (position 248 in the mature form) is reported to be occupied [41]
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and mutation studies predict partial glycosylation [42]. Mutation of this Asn to remove the glycosylation site
(N248Q) in protein C did not affect secretion of the protein but did alter the conformation of the fully processed
mature protein, in particular the conformation of the active site [42]. Interestingly, the N248Q mutation in protein
C also decreased intracellular cleavage of a dipeptide directly N-terminal to the AP, suggesting the N-linked site
may alter the conformation of the unprocessed form of the protein as well. The conservation of N-linked consensus
sites in Factor IX from other species and the observation of the partially glycosylated Asn residue in human Factor
IX indicated that this region of the protein has a propensity to be N-glycosylated and tolerates the modification.
Inspection of the crystal structure of porcine Factor IX showed that the conserved N-linked site sits adjacent to
the active site in the serine protease domain (Fig. 4b). In Factor IX the novel N-linked and conserved N-linked
sites are positioned within a surface loop (coloured magenta in Fig. 4b) that is thought to block the active site and
restrict Factor IX activity in the absence of its cofactor FVIIla [43,44]. Three-dimensional modelling of the crystal
structure of porcine Factor IX [45] complexed with its activator, Factor VIla, and tissue factor [46], predicts that
the catalytic site faces away from the complex interface during Factor IX activation. Thus, amino acid side chains
or N-glycans in the surface loop may serve to restrict the activity of Factor IX during activation of the molecule.
Given that glycoengineering sites into proteins can increase their half-life [47] and that the conserved N-linked
sequon in this region of Factor IX is not deleterious in other species, it may be beneficial to introduce a similar

N-linked sequon into recombinant forms of human Factor IX for therapeutic use.
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a

P00740 Factor IX Human 298 RIIPHHNYNAAINKYNHD 315
P04070 Protein C Human 284 EVFVHPNYS--KSTTDND 299
P00742 Factor X Human 307 VVIKHNRFT--KETYDED 322

P08709 Factor VII Human 287 QVIIPSTYV--PGTTNHD 302
P22891 Protein Z Human 247 HVHVHMRYD--ADAGEND 302
P00741 Factor IX Bovine 299 RATIPYHSYNASINKYSHD 316
Q95ND7 Factor IX Chimpanzee 298 RIIPHHNYNAAINKYNHD 315

P16294 Factor IX Mouse 308 RTIPHHQYNATINKYSHD 325
P19540 Factor IX Dog 289 RTILHHSYNATINKYNHD 306
P16296 Factor IX Rat 299 RTIPHHOYNATINKYSHD 316
P16293 Factor IX Pig 254 RAIPHHSYNATVNKYSHD 271
:_ . *
b . Active site
Novel N-linked

site

Serine
protease

o O-linked
N site Ser141
EGF1 | 1
GLA

Fig. 4 Conservation of the novel N-linked glycosylation site at Asn258 in human serum-derived Factor IX.
(a) Multiple sequence alignment of human Factor IX homologs protein C, Factor X, Factor VII, and protein Z, as
well as Factor IX from Bos taurus (bovine), Pan troglodytes (chimpanzee), Mus musculus (mouse), Canis lupus
familiaris (dog), Rattus norvegicus (rat), and Sus scrofa (pig). UniProt accession numbers are listed for each
protein and amino acid numbering is based on the full protein sequences. The novel N-linked site in human Factor
IX and N-linked consensus sequons in the remaining proteins are in bold and underlined. (b) Crystal structure of
porcine Factor IX. Surface representation of Factor IX with cartoon representation of the protein backbone (RCSB
PDB identifier 1PFX [45]). The colouring of the domains follows that of Fig. 1. The GLA domain (red) anchors
onto phospholipid membranes and the EGF1 (pink) and EGF2 (purple) domains form a stalk. The activation
peptide is not present in this structure. The region N-terminal to the activation peptide contains a residue in the
same position (grey spheres) as the O-linked Ser141 we observed in human serum-derived Factor IX. The serine
protease domain (orange) contains the active site (yellow spheres) and a surface loop (magenta) within the

protease domain includes an Asn residue (magenta spheres) within a highly conserved N-glycosylation sequon.
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Identification of reported PTMs of Factor IX

We next used Byonic software to investigate the previously reported PTMs of Factor IX: y-carboxylation of the
first 12 Glu residues [11,12]; B-hydroxylation of Asp64 [15,16]; phosphorylation of S68 [17], N-linked
glycosylation at Asn157 and Asnl167; O-linked glycosylation at Ser53 [18], Ser61 [19,20], Thr159 [23], Thr169
[23], Thr179 [24], and Thr172 [2]; sulfation at Tyr155; and phosphorylation at Thr158 [2]. To accommodate the
increase in search space due the numerous PTMs, we used a small protein database including only Factor IX
isoforms. We judged use of this small database to be appropriate based on our confirmation of the purity of the
sample by proteomic searches (Table S-1). Due the complex PTM profile of Factor IX, the parameters for the
Byonic searches included eight dynamic modifications with databases of 61 N-linked glycans and six O-linked
glycans. Up to five modifications were allowed per peptide and limitations were placed for specific modifications
with a maximum of two of the same modification allowed per peptide. The types of variable modifications and
the number of modifications allowed per peptide for the Byonic searches were selected based on the PTM profile
published for Factor IX and the novel glycosylation events that we identified. All assignments were manually

validated and annotated spectra are shown in Fig. S-4 and PSMs in Table S-2.

The first domain of mature serum-derived Factor IX is densely modified with Gla residues [2]. We did not
characterise this Gla domain thoroughly here, even after inclusion of y-carboxylation in the Byonic searches. It
has been established that peptides containing Gla residues have decreased ionisation efficiency compared to those
containing unmodified Glu residues during positive mode ESI-MS [48]. This is likely due to the negative charge
imparted by the Gla residues, which has also been shown to hinder proteolytic cleavage [48], again decreasing
the likelihood of detecting peptides from this region. The only modified Glu residue we identified in the Gla
domain was Glu40 positioned in the tryptic peptide TTE4,FWK (Fig. S-4A). The tryptic peptide observed is the
only theoretical peptide from the Gla region to contain a single Glu residue, and thus the least likely to suffer from
the effects of decreased ionisation efficiency due to the Gla modification. Predicted tryptic peptides from the Gla
domain contain up to three possible Gla residues. To ensure our failure to identify the modified version of these
peptides was not due to an artefact of search parameters, we also performed Byonic searches where up to three
Gla residues were allowed per peptide. However, this also failed to identify Gla-modified peptides from this

region.

The EGF1 domain of serum-derived Factor IX contains three well documented sites of modification. Two O-
linked sites at Ser53 and Ser61 are occupied with the glycans Xyl;Glc, [18] and NeuAc;Gal;GlcNAc,Fuc;[19,20]
(where Gal is galactose), respectively, and Asp64 undergoes partial B-hydroxylation [16,19]. Using Byonic, we
observed B-hydroxylation of Asp in the tryptic peptide DauDINSYECWPFGFEGKj, (Fig. S-4B). However, we
were unable to unambiguously assign site-specificity between Asp64 and Asp65. The peptide
Ss3NPCLNGGS4 CKDgyDINSYE;, derived from the Glu-C digest was observed with and without [-
hydroxylation of Asp (Fig. S-4C). Both observed versions of this peptide, which contain O-linked sites Ser53 and
Ser61 along with the site of B-hydroxylation at Asp64, were additionally modified with predicted monosaccharide
compositions Pent;Hex; and NeuAc;Hex;HexNAc,;Fuc;. The HCD spectrum in Fig. 5 identified the -
hydroxylated version of the glycopeptide, where the precursor mass indicated the following modifications were

present: Pent;Hex, (294.095 Da), NeuAc;Hex;HexNAcFuc; (802.286 Da), B-hydroxyaspartate (15.995 Da), and
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deamidation of Asn (0.984 Da). Glycan oxonium ions confirmed the presence of HexNAc, Hex, and NeuAc, but
not Pent or Fuc. The site of deamidation could be assigned to Asn58 and B-hydroxylation to either Asp64 or
Asp65. The sites of O-linked modifications could not be determined from the fragmentation pattern. The precursor
m/z value for this glycopeptide exceeded 850 and was doubly protonated, characteristics that have been shown to
of ETD [49].
Gs59GS4;CKDDINSY g9 was also observed using HCD with NeuAc;Hex;HexNAc,Fuc, attached (Fig. S-4D). This

limit the effectiveness A chymotryptic glycopeptide with the peptide sequence
supported previous reports [19,20] that Ser61 is the site of attachment for the glycan NeuAc;Gal;GlcNAc,Fuc,,
although we could not rule out modification at Ser68. Through a process of elimination, we also confirmed that

Ser53 was the site of attachment for the predicted structure Xyl,Glc;.

10031 HexNAc,-C,H,0,
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Fig. S HCD fragmentation of a glycopeptide from human serum-derived Factor IX containing O-linked
sites Ser53 and Ser61 and the site of B-hydroxylation at Asp64. The panel contains a schematic of the
fragmentation pattern of the glycopeptide. c, cys-S-beta-propionamide. n, deamidation of Asn. Not all ions have
been labelled in the spectra for ease of interpretation. The precursor m/z value is 1586.11772 (2+) with a 4.35 ppm

precursor mass €rror.

Phosphorylation of Ser68 in the EGF1 domain has also been reported [17]. The Byonic searches we conducted
identified sulfation at Tyr69 in the EGF1 domain on the peptide DgyDINS45Y o ECWPFGFEGKg, (Fig. S-4F).
However, the distinction between phosphorylation or sulfation could not be made by precursor mass alone due to
the isobaric masses of the modifications. Furthermore, as the modified peptide was fragmented by HCD site-

specificity could not be determined between Ser68 and Tyr69.

The AP is a heavily modified polypeptide. A previous compositional analysis of the amino acid and carbohydrate
content revealed approximately half the mass of the AP is attributed to Hex, HexNAc, and NeuAc [1]. The major
contribution of monosaccharides is likely from N-linked glycans attached at both Asn157 and Asnl167. Released
N-glycans of human Factor IX have been structurally and quantitatively profiled, revealing the most abundant

forms to be large sialylated tetranntenary and trianntenary glycans [28,50]. The AP also contains several sites of
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O-linked glycosylation. The O-glycan structure NeuAc;Gal;GalNAc, can be attached at Thr159 and Thr169 [23]
with an additional structure, Gal;GalNAc;, attached at Thr159. There are also reports that Thr179 is modified
with the O-glycan monosaccharide compositions HexNAc;Hex;NeuAc, and HexNAc;Hex;NeuAc, in porcine
Factor IX [24]. To our knowledge, this is yet to be confirmed in human Factor IX. O-linked glycosylation at
Thr172, sulfation at Tyr155, and phosphorylation at Thr158 have also been described [2]. Using MALDI-TOF
MS, an estimated 70% of total deglycosylated AP from human Factor IX was found to be modified by two
Phosphorylation/Sulfation events [28]. A further 30% was estimated to be modified by a single
Phosphorylation/Sulfation event. We allowed dual Phosphorylation/Sulfation modifications along with
deamidated Asn and O-linked glycosylation on a single peptide in our Byonic searches. However, none of the
aforementioned modifications of the AP were identified. The lack of identified PTMs from the AP may be due to
the structural complexity of the region and the different methods we used when compared to other published
targeted analyses such as the intact protein analytical approach for sulfation and phosphorylation of the AP [28]
and amino acid and monosaccharide compositional analyses combined with Fast Atom Bombardment MS for the

characterisation of O-linked glycosylation at Thr159 and Thr169 [23].

CONCLUSIONS

Our results emphasize the complexity of post-translational modifications of Factor IX. The identification of novel
O-linked monosaccharide compositions at Ser141 and the description of a novel N-linked site will provide the
basis for further research on the role glycosylation plays in the biological functions and regulation of Factor IX

activity, and will enable comparisons between human serum-derived Factor IX and therapeutic biosimilars.
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GlcNAc, N-acetylglucosamine; HCD, higher-energy C-trap dissociation or beam-type collision-induced
dissociation; Hex, hexose; HexNAc, N-acetyl-hexosamine; Hya, p-hydroxyaspartate; NeuAc, N-
acetylneuraminic acid; Pent, pentose; Phos, phosphorylation; PNGase F, Peptide-N-Glycosidase F; PP,
propeptide; PTMs, post-translantional modifications; PSMs, peptide-to-spectrum matches; SP, signal peptide;

Sulf, sulfation; Xyl, xylose.
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