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Electron transfer dissociation (ETD): The mass spectrometric
breakthrough essential for O-GIcNAc protein site assignments —
A study of the O-GIcNAcylated protein Host Cell Factor C1

Samuel A. Myersl, Salima Daou?, El Bachir Affar?, and AL Burlingame?
1Department of Pharmaceutical Chemistry, UCSF, San Francisco, CA 94158-2517

2Maisonneuve-Rosemont Hospital Research Center, Department of Medicine, University of
Montréal, Montréal PQ H1T 2M4, Canada

Abstract

The development of electron-based, unimolecular dissociation mass spectrometric methods, i.e.
electron capture and electron transfer dissociation (ECD and ETD, respectively), has greatly
increased the speed and reliability of labile post-translational modification (PTM) site assignment.
The field of intracellular O-GIcNAc (O-linked N-acetylglucosamine) signaling has especially
advanced with the advent of ETD mass spectrometry. Only within the last five years have
proteomic-scale experiments utilizing ETD allowed the assignment of hundreds of O-GIcNAc
sites within cells and subcellular structures. Our ability to identify and unambiguously assign the
site of O-GIcNAc modifications using ETD is rapidly increasing our understanding of this
regulatory glycosylation and its potential interaction with other PTMs. Here, we discuss the
advantages of using ETD, complimented with collisional-activation mass spectrometry (CID/
CAD), in a study of O-GIcNAc modified peptides of the extensively O-GIcNAcylated protein
Host Cell Factor C1 (HCF-1). HCF-1 is a transcriptional co-regulator, forms a stable complex
with O-GIcNAc transferase and is involved in control of cell cycle progression. ETD, along with
higher energy collisional dissociation (HCD) mass spectrometry, was employed to assign the
PTMs of the HCF-1 protein isolated from HEK293T cells. These include nineteen sites of O-
GIcNAcylation, two sites of phosphorylation and two sites bearing dimethylarginine, and
showcase the residue-specific, PTM complexity of this regulator of cell proliferation.

Keywords
Electron Transfer Dissociation; O-GIcNAc; Host Cell Factor C1; Post-translational modifications

Introduction

While the post-translational modification (PTM) of nuclear and cytosolic proteins by O-
linked N-acetylglucosamine of serine and threonine residues (O-GlcNAc) was discovered
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almost three decades ago, our knowledge of its biological functions has lagged far behind
that of serine and threonine phosphorylation [1-4]. Development of robust phosphopeptide
enrichment strategies and electrospray tandem mass spectrometry using collision-induced
dissociation (CID/CAD) have enabled the accelerated assignment of thousands of
phosphorylation sites [5]. In contrast, O-GIcNAc enrichment combined with conventional
mass spectrometric methods have not proven to be as effective for high throughput site
identification. While methods for O-GIcNAc peptide enrichment have improved, the major
hurdle to identifying residues modified by O-GIcNAc with mass spectrometry has been the
lability of the O-glycosidic bond upon collisional activation [6].

However, with the discovery of electron capture dissociation (ECD) by gas-phase
polyprotonated peptide species and recognition that this internal energy deposition process
was non-ergodic, it became clear that peptide backbone bond cleavage(s) occurred rapidly
without vibronic energy randomization to side chain residues or to any covalently linked
modifications. It was quickly shown by McLafferty and collegues that y-carboxyglutamic
acid could be observed intact, shifted appropriately in peptide sequence ion series [7].
Zubarev and colleagues then established that O-linked hexosamine modified peptides from
mucin derived synthetic glycopeptides were stable in the sequence ion series as well [8].
ECD was soon followed by the development of the electron transfer process using
energetically suitable anion-radical electron donor species [9, 10]. This new technology was
then implemented on the LTQ-Orbitrap platform by Coon and co-workers, setting the stage
for highly sensitive, rapid electron-transfer dissociation (ETD) analysis of complex mixtures
[11]. Studies from our laboratory then showed that 58 O-GlcNAc modified peptides could
be assigned by interpretation of ETD spectra recorded during in a single 60-minute capillary
UPLC analysis coupled with an LTQ Orbitrap XL [12].

With a reliable mass spectrometry strategy for high sensitivity O-GIcNAc peptide site
assignment in hand, there is the additional need for methodologies that will enable the
enrichment of cytosolic and nuclear components bearing this sub-stoichiometric PTM. Two
primary strategies are presently being developed and utilized to enrich for O-GIcNAc at the
peptide level: one based on enzymatic and chemical derivitization of O-GIcCNAc peptides,
where the most recent iteration utilizes a cleavable, biotinylated reagent [13, 14]. The other
enriches native O-GlcNAc modified peptides using lectin weak affinity chromatography
(LWAQC), specifically wheat germ agglutinin (Figure 1, [12, 15, 16]).

Overall, these recent studies have established that a wide variety of proteins, involved in
regulating most cellular processes, are modified by O-GIcNAc. Thus far the most extensive
studies have focused on assignment of O-GIcNAc sites in cerebrocortical brain tissue and
the murine synapse. Alfaro and co-workers reported the identification of sites on 195
proteins from cerebrocortical tissue using the chemical/enzymatic photocleavable O-
GIcNACc enrichment strategy [13]. This study also described evidence of O-GIcNAc on
extracellular domains of membrane proteins. Recent studies from our laboratory have
extended earlier work on the postsynaptic density pseudo-organelle [12] to synaptosomes
and have reported over 1700 O-GIcNAc sites together with 16,500 phosphorylation sites
from the same biological sample [17]. This study revealed 439 peptides containing multiple
sites of O-GIcNAcylation. Both O-GIcNAc and phosphorylation sites were found to cluster

Proteomics. Author manuscript; available in PMC 2014 April 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Myers et al.

Page 3

preferentially on unstructured or disordered regions, but were found not to co-cluster on the
same residues. Kinases were the class of proteins modified most extensively, suggesting
cross talk at the level of regulation of enzyme activity [18, 19].

In addition to the assignment of O-GIcNAC sites at the proteomic scale now possible with
ETD mass spectrometry, ETD has also greatly facilitated protein-specific studies of single
O-GIcNAcylation events. Housley et al. employed ETD to identify sites of O-
GIcNAcylation on the nutrient-responsive transcription factor FOXO1, and provided insight
to how the sole, mammalian O-GIcNAc transferase (OGT) targets its substrates [20]. More
recently, Rexach and colleagues were able to identify the O-GIcNAC sites on the
transcription factor CREB from analysis of a chymotryptic peptide and were able to show a
single O-GIcNAcylation site can influence neurite outgrowth and development of long-term
memory in mice [21]. These types of site-specific O-GIcNAc studies will continue to
contribute to our knowledge of the function(s) of protein O-GIcNAcylation.

One of the most remarkable and heavily O-GIcNAc modified proteins is Host Cell Factor
C1 (HCF-1). HCF-1 is a large, chromatin associated scaffolding protein that plays an
important role in cell proliferation [22—-24]. HCF-1 has been repeatedly described as O-
GlcNAcylated [12, 15, 16, 25, 26] and to form a stable complex with OGT [12, 15, 25-27,
28 ]. Interestingly, it was recently shown that OGT promotes the proteolytic maturation of
HCF-1, which is critical for normal HCF-1 function [29, 30]. However, the complex
relationship between OGT and HCF-1 is not well understood. O-GlcNAc modification is
necessary for HCF-1 maturation, but might also be involved in regulating HCF-1 function
after its proteolytic cleavage. Therefore, to understand the role of the O-GIcNAc
modification of HCF-1, one must be able to identify the precise sites of modification so that
biochemical and cell biological studies can take place. Here, we describe mass spectrometric
methods used to identify the sites of O-GIcNAcylation and other PTM’s on HCF-1 and
illustrate ways to increase confidence in both glycopeptide identification and site
assignment.

Materials and Methods

Purification and preparation of HCF-1

HEK293T (293T) cells were maintained in DMEM with 5 % FBS. The cells were plated at
70 % confluency (10 x 10 cm dishes) and transfected with 7 ug of pPGCN-HA-HCF-1 FL
using Polyethylenimine (2 mg/ml) in serum free media. Next day, the transfected cells were
plated into 15X15cm dishes. Three days post-transfection, cells were harvested for HCF-1
purification. Total cell extracts were prepared using the lysis buffer (50 mM Tris-HCI, pH
7.3; 5mM EDTA; 300 mM Nacl; 10 mM NAF; 1% NP-40; 1 mM phenylmethylsulfonyl
fluoride (PMSF); 1 mM dithiothreitol; protease inhibitors cocktail (Sigma), and 5 uM
PUGNAC (TRC)). Following centrifugation at 15000 rpm/30 min, the supernatant was
incubated overnight at 4 °C with 200 pl of anti-HA-agarose beads (Sigma) (100 pl packed
beads for 10 ml extract). The beads were washed several times with the lysis buffer and then
transferred into a 800 ul chromatography columns (Biorad) for elution. Bound proteins were
eluted with 200 pug/ml of HA peptide (sigma). The purified proteins were precipitated with
cold TCA (30%), washed with cold acetone and resuspended in SDS-PAGE sample buffer

Proteomics. Author manuscript; available in PMC 2014 April 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Myers et al.

Page 4

for western blotting and Coomassie staining. Anti-HCF-1 antibodies, a generous gift from
Winship Herr’s laboratory, and the anti-O-GIcNAc antibody RL-2 (Santa Cruz
Biotechnology) were used as previously described [29]. Following gel destaining, HCF-1
bands were cuts from the gel, reduced with 2 mM TCEP (Thermo) for 60 minutes at 56°C,
alkylated with iodoacetamide (Sigma) for 30 minutes at room temperature in the dark and
digested in-gel with 1:100 trypsin or GIuC (Roche). Peptides were extracted with 5% formic
acid and 50% acetonitrile, concentrated using C18 Ziptips (Millipore) and vacuum
centrifugation followed by LC-MS/MS analysis.

LC MS/MS analysis

Chromatography was performed on a Nanoacquity HPLC (Waters) at 600 nl/min with a
BEH130 C18 75 uM ID x150mm column (Waters). A 120-minute gradient from 2% solvent
A (0.1% formic acid) to 35% solvent B (0.1% formic acid in acetonitrile) was used. Mass
spectrometry was performed on an LTQ-Orbitrap Velos equipped with ETD (Thermo). Data
dependent analysis selected the three most highly abundant, multiply charged ions within a 3
Da isolation window for subsequent HCD and ETD. Precursor scans and HCD product ions
were measured in the Orbitrap at a resolution 30,000 and 7,500, respectively. For ions
measured in the Orbitrap, one microscan of 250 ms injection time was used. ETD product
ions were measured in the ion trap with one microscan, allowing 100 ms for ion injection
time. Normalized activation energy and activation time for HCD was set to 30 and 30 msec,
respectively. ETD activation time was charge state dependent, where doubly charged
precursors reacted for 100 ms, triply charged for 66.6 msec, and so on. Automatic gain
control for precursor ions was set at 1e6, 5e4 MS/MS scans and 1e6 for the ETD reagent,
fluoranthene. Supplemental activation was enabled for ETD. Dynamic exclusion was set for
45 seconds.

Data analysis

Raw data was converted to peaklists using in-house software called PAVA [31]. HCD and
ETD peaklists were searched separately using Protein Prospector v 5.10.0. against the
Swissprot database with a concatenated, decoy database (21 March, 2012) where 36,775
entries were searched. Only human and mouse genomes were searched. Precursor mass
tolerance was set to 10 ppm, where fragment ion error was allowed at 20 ppm and 0.6 Da for
HCD and ETD, respectively. Cysteine residues were assumed to be carbamidomethylated,
variable modifications considered were N-terminal acetylation, N-terminal pyroglutamine
conversion and methionine oxidation. Trypsin was allowed one missed cleavage, while
GluC was allowed up to two. Proteins identified from this analysis were searched again
allowing for HexNAc (neutral loss for HCD data) and phosphorylation of serine and
threonines, acetylation, methylation and carbamidomethylation of lysines though only the
former two for arginine residues. SLIP scoring was reported for all modification site
localization [32] unless the modification site was ambiguous (a false localization rate of less
than 5%), then manual interpretation was employed [33].
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HCF-1 purification yielded several polypeptides that were readily visible with silver stain
and Coomassie blue. Immunodetection of O-GIcNAc using the RL2 antibody confirmed that
HCF-1 is strongly O-GlcNAcylated (Figure 2a).

HCF-1 was then subjected to proteolytic digestion using both GIluC and trypsin. Both
peptide digests were analyzed using capillary UPLC coupled to an ESI LTQ Velos Orbitrap
mass spectrometer using both HCD and ETD. The results from this combined mass spectral
characterization of the trypsin and GIluC digests provided nearly complete coverage of the
HCF-1 protein sequence. GluC was important in providing peptides that covered the latter
C-terminal portion of the protein (Figure 2b and Supplemental figure 1).

The same doubly O-GIlcNAcylated tryptic peptide was analyzed using HCD and ETD
energy deposition (Figure 2c and 2d). Collisional activation of this O-linked glycopeptide
caused a prominent loss of GICNAc due to the lability of the O-glycosidic bond(s) (Figure
2c). The ETD spectrum provided both c- and z-ions series that permitted both sequence
determination of the peptide and the site assignments for both O-GIcNAc moieties through
appropriate mass shifts (203.08 Da) of product sequence ions (Figure 2d). Note that the
supplemental activation required to promote efficient product ion dissociation can cause
sugar losses [34]. This example illustrates how HCD, while not providing site assigment,
can be used to complement ETD in O-GIcNAc peptide analysis.

The efficiency of the electron transfer process for glycopeptides follows similar trends as
has been described for unmodified peptides, where the greater the charge density, i.e. lower
m/z, the more extensive the product ion series is obtained [35]. This phenomenon is
especially relevant for glycopeptides, since the GICNAc moiety itself adds a large,
uncharged mass that acts to reduce the overall peptide charge density. This point is
especially important since several commercially available bioinformatic, proteomic-
searching software strategies do not adjust scoring algorithms accordingly. Without
appropriate product ion scoring, some peptides remain unidentified leading to lower protein
coverage than is actually present in the dataset. Protein Prospector and pFind are examples
of software that adjust scoring based on charge state for ETD spectra [36-38]. The
difference in ETD efficiency and resulting spectrum quality from the same doubly and triply
charged ion is presented in Figure 3.

While the loss of the GICNAC prevents reliable site assignment, there is utility in
collisionally activating O-glycopeptides in beam-type collision instruments, especially HCD
[26]. The sugar loss is detected as a singly charged GIcNAc oxonium ion at 204.087 m/z and
often as GIcCNAc fragments at 138.056, 144.066, 168.066 and 186.077 m/z. When measured
with high mass accuracy, as done by the Orbitrap measuring HCD product ions, no amino
acid composition can be mistaken for an elemental composition of 204.087m/z. The
detection of GIcNAc diagnostic ions becomes useful when poor quality ETD spectra suggest
an O-GIcNAc modified peptide. Identifying the GICNAc ion and its fragments in HCD
spectra from the same precursor of a suspect ETD O-GIcNAc modified peptide assignment
provides certainty for the identification of an O-linked glycopeptide (Figure 4a). Though
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there is a possibility of co-eluting/co-fragmented O-glycopeptides that can contribute to the
HexNAc oxonium ion presence, an appropriate precursor isolation window can minimize
such “contaminating ions.” This, again, illustrates the utility of ETD product ions retaining
the HexNAc mass addition. While there are exceptions to every rule, the absence of a
GIcNAc oxonium ion in collisional activation suggests a false, algorithm based, O-linked
glycopeptide identification. Finally, another advantage of using HCD activation, that is, over
ion trap collisional activation, is beam-type collisions in the HCD cell allow for secondary
collisions, which can provide peptide sequence information (Figure 4b).

Nineteen sites of O-GIcNAcylation on HCF-1 were identified in this study, several of which
were located in the N-terminal region (Table 1). Four of these O-GIcNAC sites reside in the
proteolytic processing domain (PPD) of HCF-1, two of which were found in the conserved
cleavage sequence [29, 30]. Two S/T phosphorylation sites, as well as two dimethylarginine
sites (one of which was also identified at singly methylated) were identified in the PPD or
basic region of HCF-1 [29, 30].

Discussion

HCF-1 is one of the most highly O-GlcNAcylated proteins found in cells. In this study we
have identified 19 sites of O-GIcNAcylation on HCF-1 purified from HEK293T cells, six of
which are novel sites (Table 1). Nearly 30 additional HCF-1 O-GIcNACc sites have
previously been reported from different cell or tissue types in studies enriching for O-
GIcNAcylated peptides that were not detected in this study (Supplemental Table 1).
Combining the O-GIcNAc sites from this and other studies, including coverage of the C-
terminal portion of HCF-1 using GluC digestion described here, we show that nearly all of
the O-GIcNACc sites are located in the N-terminal half of the mature HCF-1 protein (Figure
2b). These O-GIcNACc region-specific assignments are consistent with previously published
literature showing that OGT forms a stable complex with the N-terminal portion of HCF-1,
including the PPD [28-30]. It has been proposed that O-GIcNAcylation of HCF-1 provides a
signal required for its proteolytic maturation. Of note, OGT remains associated with HCF-1
polypeptides suggesting that these complexes may have other functions distinct from
proteolytic maturation of HCF-1, such as modulation of epigenetic enzymes. HCF-1 is well
known to associate with transcription regulatory proteins such as the Sin3a-HDAC complex
(several components of which are O-GIcNAc modified) and Set/1Ash2 methyltransferase
complex [6, 15, 28, 39, 40]. Thus, OGT may be recruited to HCF-1 to promote maturation,
and allow the OGT-HCF-1 complex to modify transcriptional regulators.

Evidence that the OGT-HCF-1 complex recruits other transcriptional regulatory proteins is
further implied by the methylation and dimethylation of arginine residues on HCF-1 (Table
1). CARML1, also known as protein arginine methyltransferase 4 (PRMT4), is known to
mono- and asymmetrically dimethylate arginine residues on proteins involved in
transcriptional regulation and mRNA stability [41-43]. Moreover, CARML interacts with,
and is modified by, OGT [44]. While this study does not establish that CARM1 is
responsible to HCF-1 arginine methylation, is it not unreasonable to suggest CARM1 may
associate with the OGT-HCF-1 complex, and influence transcription.

Proteomics. Author manuscript; available in PMC 2014 April 15.
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The identification of phosphorylation within the heavily O-GIcNAcylated area of the basic
region of HCF-1 lends evidence to a possible interaction between O-GIcNAc and
phosphorylation. Both of the phosphorylated residues of HCF-1 are proline-directed, where
a proline residue directly follows a phosphorylated serine or threonine. In fact, one
phosphopeptide identified in this study contains the GSK3p phosphorylation motif, SXXXS,
where the latter serine is phosphorylated. Inhibition of GSK3p with LiCl causes a decrease
in O-GlcNAcylation of HCF-1 in COS7 cells [25]. Perhaps HCF-1 phosphorylation by
GSK3p promotes OGT recruitment and O-GIlcNAcylation, forming the mature OGT-HCF-1
complex as a mechanism to fine tune transcription through a wide reaching regulatory
complex. It remains to be determined how these O-GlcNAcylation states of HCF-1, as well
as the other post-translationally modified states, affect transcription and cell proliferation.

Conclusions

Electron-based unimolecular dissociation mass spectrometric methods, i.e. ECD and ETD,
have revolutionized O-GIcNAc analytical biochemistry. Glycopeptides previously
unidentifiable are now readily identifiable on a chromatographic time-scale from purified
proteins, or enriched peptides mixtures. ETD mass spectrometry provided this study the
means to characterize the extent of O-GIcNAc site occupancy of HCF-1, a heavily modified
protein involved in many aspects of transcriptional regulation and cell proliferation. This
emerging technology will continue to allow us to further our fledgling understanding of O-
GIcNACc biology and its interaction with other PTM systems, namely phosphorylation and
arginine methylation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of two widely used strategies for enrichment of O-GIcNAc modified peptides.

The unmodified (grey peptides) and O-GlcNAc modified peptides (blue) can be enriched
using single or multiple rounds of LWAC, fractionated by high pH reverse phase and
analyzed using LC MS/MS (upper arm of diagram). Alternatively, O-GlIcNAc modified
peptides can be labeled with an azide containing galactosamine, conjugated to a
photocleavable-biotin alkynyl linker (Reagent 1), enriched via biotin and cleaved off solid
support with UV light (lower arm of diagram). The aminotriazole-GalNAc-O-GIcNAc
peptides are then analyzed by LC MS/MS.
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Purification and characterization of HCF-1. a) HA tagged HCF-1 was purified form
HEK?293T cells. Eluates were silver stained or western blotted against HA and O-GIcNAc.
b) Functional domains of HCF-1 are labeled (below diagram) where the landmark residue
for the domains are numbered (above). Blue regions are trypsin-derived peptides, red are
GluC derived and purple was covered by both enzymes. Green “g” signifies an O-GIcNAc
site, while orange “p” phosphorylation and black, “Me,”, arginine dimethylation. c) HCD
and d) ETD MS/MS spectra for a doubly O-GIcNAc modified HCF-1 tryptic peptide. “b.p”

designates base peak intensity.
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ETD MS/MS spectra for the HCF-1 glycopeptide containing modification site T779
comparing ETD efficacies for the a) doubly charged and the b) triply charged precursors.
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a) GluC derived O-GIcNAcylated HCF-1 peptide lacking extensive z.-ions but containing c-
ions allowing assignment of the modified residue. The insert, a zoom of the HCD spectrum
from the same precursor, shows a prominent GIcNAc oxonium ion, providing further
evidence of an O-linked hexosamine modified peptide. b) HCD spectrum of a GluC-derived
glycopeptide. Sufficient b- and y-ions allow for peptide identification though no site-
occupancy data is available. Prominent GICNAc oxonium ion, and its fragments, provide
evidence of O-GIcNAc modification.
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