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Abstract

Protein glycosylation is essential for cell survival and regulates many cellular events. Reversible
glycosylation is also dynamic in biological systems. The functions of glycoproteins are regulated
by their dynamics to adapt the ever-changing inter- and intracellular environments. Glycans on
proteins not only mediate a variety of protein activities, but also creates a steric hindrance for
protecting the glycoproteins from degradation by proteases. In this work, a novel strategy
integrating isotopic labelling, chemical enrichment and multiplexed proteomics was developed to
simultaneously quantify the degradation and synthesis rates of many glycoproteins in human cells.
We quantified the synthesis rates of 847 N-glycoproteins and the degradation rates of 704
glycoproteins in biological triplicate experiments, including many important glycoproteins such as
CD molecules. Through comparing the synthesis and degradation rates, we found that most
proteins have higher synthesis rates since cells are still growing throughout the time course, while
a small group of proteins with lower synthesis rates mainly participate in adhesion, locomotion,
localization, and signaling. This method can be widely applied in biochemical and biomedical
research and provide insights into elucidating glycoprotein functions and the molecular
mechanism of many biological events.
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SUPPORTING INFORMATION

This material is available free of charge via the Internet at http://pubs.acs.org. Unique light glycopeptides identified in the three
experiments (Table S1); Unique heavy glycopeptides identified in the three experiments (Table S2); The synthesis rates of the
quantified N-glycoproteins in the three experiments (Table S3); The degradation rates of the quantified N-glycoproteins in the three
experiments (Table S4); Glycoproteins with both degradation and synthesis rates quantified (Table S5); The synthesis rates of the 83
quantified CD molecules (Table S6); An example of glycopeptide identification and quantification (Figure S1); Reproducibility
evaluation of the heavy glycopeptides/glycoproteins (Figure S2); The overlap of the glycoproteins with degradation and synthesis rates
quantified (Figure S3).
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INTRODUCTION

Protein glycosylation plays vital roles in a variety of cellular processes.1* The functions of
glycoproteins are intrinsically related to their dynamics, and the presence of glycans on
proteins create a steric hindrance that prevents proteases from approaching,® thus impacting
protein dynamics. Modern mass spectrometry (MS)-based proteomics has offered a unique
opportunity for global analysis of glycoproteins,6-15 but it is still challenging due to the low
abundance of glycoproteins and the heterogeneity of glycan structures.16-23 Studying
protein glycosylation and its dynamics not only advances our knowledge of the underlying
mechanisms of many cellular activities and diseases, but also enables us to identify
glycoproteins as disease biomarkers and drug targets.24-28

There have been many reports about the global analysis of glycoproteins, and considerable
progress has been made in recent years.%29-34 However, few of them focused on
glycoprotein dynamics on a large scale in spite of its importance.3® Stable isotope labelling
with amino acid in cell culture (SILAC) has been widely used for protein turnover
study.36:37 Using pulse-chase SILAC, the newly-synthesized proteins can be distinguished
from the existing background through incorporation of the heavy (or light) isotopic amino
acid residues. The labelling can allow us to generate valuable information about protein
degradation and synthesis through mass spectrometric analysis.

In this work, we combined pulse-chase SILAC, chemical enrichment of glycopeptides, and
multiplexed proteomics to globally quantify the degradation and synthesis rates of
glycoproteins simultaneously. Pulse-chase labelling allowed us to track the protein
abundance changes, and in combination with chemical enrichment of glycopeptides we were
able to quantify glycoprotein dynamics. After enrichment, we labelled the enriched
glycopeptides from multiple time points with the tandem mass tag (TMT) reagents38 for
quantitation with MS-based proteomics. The abundance changes of glycoproteins as a
function of time were used to calculate the degradation and synthesis rates.

EXPERIMENTAL SECTION

Cell Culture, Heavy Isotope Labeling, and Time Course-based Cell Collection

MCEF-7 cells (ATCC) were grown in a humidified incubator at 37 °C and 5.0% CO, in high
glucose Dulbecco’s modified eagle’s medium (DMEM) (Sigma-Aldrich) with 10% fetal
bovine serum (FBS) (Corning) for each of the triplicate experiments. Heavy isotope labeling
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of cells was performed with 13Cg, 15N, L-lysine (Lys®) and 13Cg L-arginine (Arg®)
(Cambridge Isotopes) in SILAC DMEM with 10% dialyzed FBS for about six generations.
Media was then switched to normal media with Lys® and Arg® to begin the time-course
experiment. Cells were collected separately at five time points (0, 6, 12, 24 and 48 hours).

Cell Lysis and Protein Digestion

Cells were washed twice with phosphate buffered saline (PBS) and pelleted by
centrifugation at 500 g for 3 minutes and washed twice with cold PBS. Cell pellets were
lysed through end-to-end rotation at 4 °C for 45 minutes in the lysis buffer (50 mM N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) pH=7.4, 150 mM NaCl, 0.5%
sodium deoxycholate (SDC), and 25 units/mL benzonase and 1 tablet/10 mL protease
inhibitor). Lysates were centrifuged, and the resulting supernatant was transferred into new
tubes. Proteins were subjected to disulfide reduction with 5 mM dithiothreitol (DTT) (56 °C,
25 minutes) and alkylation with 14 mM iodoacetamide (room temperature, 20 minutes in the
dark). Detergent was removed by the methanol-chloroform protein precipitation method.
The purified proteins were digested with 10 ng/uL Lys-C (Wako) in 50 mM HEPES pH 8.6,
1.6 M urea, 5% ACN at 31 °C for 16 hours, followed by further digestion with 8 ng/uL
Trypsin (Promega) at 37 °C for 4 hours.

Glycopeptide Enrichment, TMT Labeling, and Deglycosylation

Protein digestions were quenched by addition of trifluoroacetic acid (TFA) to a final
concentration of 0.1%, followed by centrifugation to remove the precipitate. The peptides
were desalted using a tC18 Sep-Pak cartridge (Waters) and lyophilized, subjected to boronic
acid-conjugated beads-based enrichment as described previously.3° The peptides were then
eluted twice by incubating the beads in a solution containing acetonitrile, water, and
trifluoroacetic acid at a respective ratio of 50:49:1 for 30 minutes at 37 °C. Eluates were
desalted using tC18 Sep-Pak cartridges and lyophilized. Purified glycopeptides from each
time point were labeled with each channel (126, 128, 129, 130, or 131) of the multiplexed
TMT reagents (Thermo) following the manufacturer’s protocol. Briefly, purified and
lyophilized peptides were dissolved in 100 puL of 100 mM triethylammonium bicarbonate
(TEAB) buffer, pH= 8.5. Each tube of TMT reagents was dissolved in 41 pL of anhydrous
ACN, and 7 pL was transferred into the peptide tube with another 34 pL of ACN. The
reaction was performed for 1 hour at room temperature, quenched by adding 8 uL of 5%
hydroxylamine and shaking for 15 min. Peptides from all tubes were then mixed, desalted
using a tC18 Sep-Pak cartridge, and lyophilized overnight. The dried peptides were
deglycosylated with three units of peptide-N-glycosidase F (PNGase F, Sigma-Aldrich)*C in
60 pL buffer containing 40 mM NH4HCO3 (pH=9) in heavy-oxygen water (H,180) for 3
hours at 37 °C. The reaction was quenched by adding formic acid (FA) to a final
concentration of 1%, and peptides were desalted again using tC18 Sep-Pak cartridges and
dried.

Glycopeptide Fractionation and LC-MS/MS Analysis

Purified and dried peptides were separated by high pH reversed-phase high-performance
liquid chromatography (HPLC) into 10 fractions with a 40-min gradient of 5-55% ACN in
10 mM ammonium acetate (pH=10), dried and purified using the stage-tip method, and
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dissolved in a 10 pL solution with 5% ACN and 4% FA. 4 uL were loaded onto a
microcapillary column packed with C18 beads (Magic C18AQ, 3 um, 200 A, 100 um x 16
cm, Michrom Bioresources) by a Dionex WPS-3000TPLRS autosampler (UltiMate 3000
thermostatted Rapid Separation Pulled Loop Wellplate Sampler). Peptides were separated by
reversed-phase chromatography using an UltiMate 3000 binary pump with a 128 min
gradient. Peptides were detected with a data-dependent Top15 method! in a hybrid dual-cell
quadrupole linear ion trap - Orbitrap mass spectrometer (LTQ Orbitrap Elite, Thermo
Scientific, with Xcalibur 3.0.63 software). For each cycle, one full MS scan (resolution:
60,000) in the Orbitrap at 108 automatic gain control (AGC) target was followed by up to 15
MS/MS in the Orbitrap again for the most intense ions. The selected ions were excluded
from further analysis for 90 seconds. lons with singly or unassigned charge were not
sequenced.

Database Search and Data Filtering

All MS? spectra were converted into a mzXML format and searched using the SEQUEST
algorithm (version 28).42 Spectra were matched against a database containing sequences of
all proteins in the Human (Homo sapiens) database downloaded from the UniProt. The
following parameters were used during the search: 10 ppm precursor mass tolerance; 0.1 Da
product ion mass tolerance; fully digested with trypsin; up to three missed cleavages; fixed
modification: carbamidomethylation of cysteine (+57.0214); variable modifications:
oxidation of methionine (+15.9949), O18 tag of asparagine (+2.9883). For heavy TMT-
labeled proteins, these following fixed modifications were also added to the search: TMT
plus heavy isotope for lysine (+237.1771), heavy arginine (+6.0201), N-terminal TMT
(229.1629). For light TMT-labeled proteins, TMT (+229.1629) was added to both lysine and
N-terminal as fixed modification. False discovery rates (FDR) of glycopeptide and
glycoprotein identifications were evaluated and controlled to less than 1% by the target-
decoy method*2 through linear discriminant analysis (LDA),** using parameters such as
XCorr, precursor mass error, and charge state, to control the glycopeptide identification
quality.*®> The consensus motif N#X[S/T/C] (# stands for the glycosylation site and X
represents any amino acid residues other than proline) was also required to guarantee the
reliability of the N-glycosylation analysis. Peptides fewer than seven amino acid residues in
length were deleted. The dataset was restricted to glycopeptides when determining FDRs for
glycopeptide identification.*6

Glycosylation Site Localization

We assigned and measured the confidence of glycosylation site localizations by calculating
their ModScores, which applies a probabilistic algorithm46 that considers all possible
glycosylation sites in a peptide and uses the presence of experimental fragment ions unique
to each site to assess the localization confidence. Sites with ModScore > 13 (P< 0.05) were
considered as confidently localized. If the same glycopeptide was quantified several times,
the median value was used as the glycopeptide abundance change.
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RESULTS AND DISCUSSION

Experimental Procedure for Simultaneous Measurement of Glycoprotein Degradation and
Synthesis Rates

The experimental procedure is shown in Fig. 1, and the detailed description is included in
the Experimental Section. Briefly, MCF-7 cells were cultured with SILAC Dulbecco’s
Modified Eagle’s Medium (DMEM) containing Lys® and Arg® for six generations for full
heavy isotope incorporation, and then were equally passaged for the time-course
experiments. When the cells were approaching nearly full confluency (to minimize the
dilution effect from cell growth), we switched the media to normal DMEM with Lys and
Arg® and began the time course. Upon the media switch (0 h), the numbers of cells across
different groups were kept as similar as possible. For each sample, there were also very
similar amount of heavy isotope-labelled proteins (heavy proteins) and nearly no light
isotope-labelled proteins (light proteins). We then harvested cells at each time point until the
completion of the 48 h time course. As time went by, heavy proteins were degraded and
newly-synthesized proteins were theoretically all light proteins. Therefore, the abundance
changes of heavy glycoproteins can be used to calculate the degradation rates while the
abundance changes of light glycoproteins as a function of time are glycoprotein synthesis
rates. We performed biological triplicate experiments to evaluate the reproducibility and
ensure the technical rigor.

Proteins were reduced, alkylated, and digested by Lys-C and trypsin. Purified peptides were
subjected to the chemical enrichment of glycopeptides through incubation with boronic acid-
conjugated magnetic beads, as reported previously.3%47 The beads were then washed to
remove nonglycopeptides, and elution was performed twice using a buffer containing water:
acetonitrile: trifluoroacetic acid= 49:50:1. Glycopeptides from each time point were purified
using C18 cartridges, labelled with the TMT reagents and mixed. Glycopeptides were
treated with PNGase F in heavy oxygen water (H,180) to create a common tag on the N-
glycosylation sites for MS analysis.*849 After purification, the deglycosylated peptides from
each experiment were separated into 10 fractions using high-pH reversed-phase high
performance liquid chromatography. Each fraction was further purified by the stage-tip
method, followed by LC-MS analysis.

Glycoprotein Identification

After glycopeptides were treated with PNGase F in heavy oxygen water (H,180), a common
and unique tag (+2.9883 D) on the N-glycosylation sites was created for MS analysis. The
deamidation of asparagine happens /n vivo and in vitro. The tag containing the heavy
oxygen can allow us to distinguish the real N-glycosylation sites from spontaneous
deamidation of asparagine. However, the spontaneous deamidation of asparagine could
occur during the PNGase F treatment in heavy water, resulting in the false positive
identification. In order to minimize this, we carried out the reaction for only three hours. As
tested previously, the spontaneous deamidation of asparagine is negligible for three hours
under the mild enzymatic reaction conditions.*8
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The glycopeptides were filtered to <1% false discovery rate. Additionally they are required
to have the consensus motif, i.e. N#X[S/T/C] (# stands for the glycosylation site and X
represents any amino acid residues other than proline). Among biological triplicate
experiments, we identified 1,373, 1,342, and 1,280 unique light glycopeptides (Table S1),
respectively. They overlapped very well, and 790 glycopeptides were found in all three
experiments (Fig. 2a). Totally, 1,875 unique light glycopeptides were identified (Table S1).
Slightly fewer number of heavy glycopeptides were identified, i.e. 866, 1,048 and 1,097 in
each of the three experiments (Table S2). Finally, 1,515 unique heavy glycopeptides (Table
S2) were identified with site-specific information, and the comparison is displayed in Fig.
2h.

Calculation of the Glycoprotein Degradation and Synthesis Rates

We calculated the degradation/synthesis rates based on the abundance changes of
glycopeptides as a function of time simulated by the following exponential decay/growth
equation (1) or (2), as performed previously:0:51

Based on the abundance changes of heavy glycopeptides, the degradation rates were
calculated:

Py (t) =Ppo * exp(—kat) (1)

According to the abundance changes of light glycopeptides, the synthesis rates were
obtained using the following equation:

Py (t) =Py = exp(kst) (2)

where Pppor Pypis the abundance of the heavy or light glycopeptide at the first time point
(represented by the intensity of the reporter ion), Px(t) or Py(t)is the abundance of the heavy
or light glycopeptide at each subsequent time point, ¢stands for time. kyis the degradation
rate constant while &;is the synthesis rate constant. The different time points at 0, 6, 12, 24,
and 48 h were also designed to provide convenience for the exponential simulation and to be
compatible with the measurement of relatively long half-lives of glycoproteins.48:49

An example of glycopeptide quantification is shown in Fig. S1. Glycopeptide
KWGHN#ITEFQQR is from protein ERO1A, an oxidoreductase involved in disulfide bond
formation and preventing the accumulation of reactive oxygen species in the endoplasmic
reticulum (ER). This glycopeptide was confidently identified with an XCorr of 3.8, and the
glycosylation site was localized on N280, which was also reported on the UniProt
(www.uniprot.org). We quantified its synthesis rate based on the reporter ion intensities.
Through using this method, we quantified the synthesis rates of 847 glycoproteins (Table
S3) and the degradation rates of 704 glycoproteins (Table S4) from the three experiments.
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Evaluation of the Experimental Reproducibility

The reproducibility was evaluated based on the biological triplicate experiments (Fig. 3 and
Fig. S2). The comparison of the synthesis rates from triplicate experiments is shown in Fig.
3. Atotal of 1,330 (71%) unique light glycopeptides were identified in at least two
experiments (Fig. 2a) displaying high reproducibility given that all experiments were
performed independently from cell culture to LC-MS/MS analysis. In addition, the
calculated synthesis rates of the light glycoproteins from the three experiments were in
reasonably good agreement (Fig 3a, b). The heavy glycopeptide identification and
quantification were also proved to be reproducible (Fig. 2b, S2a, S2b). Compared to the
protein synthesis rates, their degradation rates are generally lower, resulting in a more
condensed distribution pattern for the heavy glycoproteins, which is further discussed below.

We quantified both the synthesis (Table S3) and degradation rates (Table S4) for 639
glycoproteins (Fig. S3). We illustrated the dynamic abundance changes over the time course
for several light glycopeptides as examples in Figure 3c. Due to the fact that the raw
intensities for each peptide can vary within a range of several orders of magnitudes, we used
the normalized ratio of intensity at each time point, i.e. the intensity (l;) divided by the initial
intensity (lg). Therefore, the values of all glycopeptides are 1 at the first time point. The
glycopeptides are from proteins MRC2, PIEZO1, PSAP, and LRP1, representing
glycoproteins from a variety of subcellular locations and with various molecular functions.
Since the time course lasted for 48 h, the accumulation of light glycoproteins made their
abundance higher than heavy glycoproteins, rendering slightly fewer heavy glycoproteins
being identified. Although the current time course was relatively long, a small group of
proteins with a very slow degradation or synthesis rate (k<0.0034 h™1, t;,5>200 h) were still
not able to be accurately quantified, thus we annotated the rates for these proteins as “very
slow” in the Supplementary Tables. For glycoproteins quantified in multiple experiments,
we used their median synthesis and degradation rates for further data analysis in this work.

Clustering of Glycoproteins

We clustered the identified glycoproteins according to cellular compartment using the
Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 (Fig. 4a).52
Many categories, ranging from cell surface to organelle membranes, were highly enriched
with low Pvalues and high glycoprotein counts. We also clustered the glycoproteins with a
relatively high synthesis rate (k>0.03 h™1) according to molecular function. Interestingly,
the highly enriched categories are receptor binding and transportation. The most highly
enriched are those with glycosylation enzymatic activity, including transferase activity
(transferring hexosyl groups) and hydrolase activity (hydrolyzing O-glycosyl compounds)
(Fig. 4b)

Here we quantified the synthesis rates of 83 CD glycoproteins (Table S6), and twelve of
them also belong to the family of cell adhesion molecules (CAMSs), which are listed in Table
1. Many of them are integrins, which are typically a group of important transmembrane
receptors that participate in the interactions between cells and extracellular matrix. For
instance, ITGB1 was confidently quantified in the current experiments based on 11 unique
glycopeptides. It is known to be conjoining with integrin alpha subunits to form various cell-
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surface receptors, such as forming a laminin receptor with integrin alpha subunit 6 (ITGAB).
The latter is also quantified with a synthesis rate of 0.0380 h™L. The four integrins (ITGB1,
ITGB2, ITGAV, and ITGAB) quantified all have similar synthesis rates, ranging from 0.0377
h~1 to 0.0483 h71, correlating well with the fact that they adjoin one another to form the
receptor complex on the cell surface.

Comparison of the Difference between the Synthesis and Degradation Rates

We then analyzed the difference between the synthesis and degradation rates for
glycoproteins (Table S5), and the rate differences are plotted in Fig. 5. To ensure the analysis
confidence, we only analyzed the glycoproteins with their synthesis/degradation rates
accurately quantified (without “very slow” annotation) in at least two experiments, where
400 proteins fall into this category. Since cells were still growing throughout the time
course, we anticipated that the majority of the proteins would have a faster synthesis rate
than degradation rate. This was proved by the results (Fig. 5a) as 352 proteins (88%) had
higher synthesis rates.

Interestingly, 48 proteins had lower synthesis rates, and they mostly participated in the
biological processes of adhesion, locomation, localization, and signaling (Fig. 5b). We
reasoned that at the end of the time course, as the cells were approaching a static state due to
high confluence, these biological processes were not supposed to robustly continue, and thus
the related glycoproteins were down-regulated. Another possible explanation arises from the
current approach to calculate these two rates. The absolute glycoprotein degradation rate
was calculated based on the abundance changes of heavy glycoproteins, and the contribution
from heavy protein synthesis was negligible since heavy isotopic lysine and arginine were
not supplied during the 48 h time course. However, light glycoproteins were used to
calculate the synthesis rates while they were synthesized and degraded simultaneously. Since
the starting light protein abundance was extremely low, we neglected the contribution from
light protein degradation, but this contribution accumulated throughout the whole time
course. Therefore, the real protein synthesis rates are likely slightly higher than the rates
obtained in this work.

CONCLUSIONS

Evolution has endowed cells the ability to synthesize proteins in a conservative and low-risk
pattern.53 In this study, we integrated pulse-chase SILAC, chemical enrichment of
glycopeptides, and multiplex proteomics to simultaneously investigate the glycoprotein
synthesis and degradation rates in human cells on a large scale. Rigorous criteria were
applied for glycopeptide filtering, and 3,390 unique heavy and light glycopeptides with site-
specific information led to the simultaneous quantitation of the degradation and/or synthesis
rates of many glycoproteins. We quantified the synthesis rates of 847 N-glycoproteins and
the degradation rates of 704 N-glycoproteins, and demonstrated this method to be
reproducible based on the results from the biological triplicate experiments. The
glycoproteins related to binding, transportation, and enzyme activity were determined to
have higher synthesis rates in the cells under the current culture conditions. The majority of
the quantified glycoproteins were synthesized faster than degraded due to the cell growth. In
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combination with pulse-chase SILAC and glycopeptide enrichment, we can simultaneously
quantify the synthesis and degradation rates of glycoproteins. This method can be
extensively applied to investigate glycoprotein dynamics, which will aid in a better
understanding of glycoprotein functions and the molecular mechanisms of biological events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
The overlap of the unique glycopeptides identified in the biological triplicate experiments:

(a) light glycopeptides; (b) heavy glycopeptides.
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Figure 3.
(a) Comparison of the synthesis rates of the glycoproteins quantified in experiments 1 & 2.

(b) Comparison of the synthesis rates of the glycoproteins quantified in experiment 2 & 3.
(c) Examples of glycopeptide quantification: red- KPN#ATAEPTPPDR from protein MRC2,
green- RELYN#GTADITLR from protein RPIEZOL1, purple- TCDWLPKPN#MSASCK
from protein PSAP, and blue- QPMAPNPCEANGGQGPCSHLCLINYN#R from protein
LRP1.
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(a) The difference between the synthesis and degradation rates for 400 glycoproteins with

both rates quantified; (b) The biological processes in which 48 glycoproteins with a lower
synthesis rate are involved in.
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