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25
26  Abstract

27 The Chinese hamster ovary (CHO) cell line is a major expression system for the
28  production of therapeutic proteins, the majority of which are glycoproteins, such as
29  antibodies and erythropoietin (EPO). The characterization of the glycosylation profiles
30 iscritical to understand the important role of glycosylation on therapeutic glycoproteins
31 from CHO cells. In this study, a large scale glycoproteomic workflow was established
32 and applied to CHO-K1 cells expressing EPO. The workflow includes enrichment of
33 intact glycopeptides from CHO-K1 cell lysate and medium using hydrophilic
34  enrichment, fractionation of the obtained intact glycopeptides (IGPs) by basic reversed
35  phase liquid chromatography (bRPLC), analyzing the glycopeptides using LC-MS/MS,
36 and annotating the results by GPQuest 2.0. A total of 10,338 N-linked glycosite-
37 containing IGPs were identified, representing 1,162 unique glycosites in 530
38 glycoproteins, including 71 unique atypical N-linked IGPs on 18 atypical N-
39  glycosylation sequons with an overrepresentation of the N-X-C motifs. Moreover, we
40  compared the glycoproteins from CHO cell lysate with those from medium using the
41 in-depth N-linked glycoproteome data. The obtained large scale glycoproteomic data
42 from intact N-linked glycopeptides in this study is complementary to the genomic,
43 proteomic, and N-linked glycomic data previously reported for CHO cells. Our method
44  has the potential to accelerate the production of recombinant therapeutic glycoproteins.

45
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47  Introduction

48 The Chinese hamster ovary (CHO) cell line is the major expression system used for
49  the efficient production of recombinant proteins, the majority of which are therapeutic
50 glycoproteins, including erythropoietin (EPO), coagulation factors, and antibodies
51 (Walsh 2014). A major focus of current glycosylation engineering efforts is to produce
52  therapeutic glycoproteins with optimal yield and human-like post-translational
53  modifications (PTMs). Glyco-engineered CHO cells have been comprehensively
54  investigated by different biological, analytical, and molecular engineering approaches,
55 including genomics (Birzele et al. 2010; Jones et al. 2010; Xu et al. 2011; Lewis et al.
56  2013; Chung et al. 2015), proteomics (Baycin-Hizal et al. 2012), glycoproteomics
57 (Yang et al. 2014), and glycomics (North et al. 2010; Yang et al. 2015c), to understand
58 the final characteristics of the recombinant therapeutic glycoproteins. These studies aim
59  to optimize therapeutic glycoprotein drug production, thereby improving therapeutic
60 efficacy and ultimately reducing side effects, toxicity, and cost in the pharmaceutical
61 industry.

62 As one of the most prevalent protein modifications, N-linked glycosylation plays a
63  vital role in many biological process, especially in protein folding, cell adhesion, cell-
64  matrix interactions, cellular signaling, intracellular/extracellular targeting to organelles
65  and pathogenesis of different diseases (Cummings and Pierce 2014; Xu and Ng 2015).
66  The complexity of protein glycosylation, including multiple glycosites within a
67  glycoprotein (macro-heterogeneity), site occupancy and different glycan structures at
68 each glycosite (micro-heterogeneity), poses great challenges for a comprehensive
69  analysis of glycoproteins expressed in a cell or organism to investigate the structural
70  and functional role of glycans within glycoproteins. A number of methods have been
71 used to characterize glycoproteins, including (i) glycosite identification using
72 approaches such as Solid-Phase Extraction of Glycosite-containing peptides (SPEG)
73 (Zhang et al. 2003), lectin enrichment (Kaji et al. 2003; Zielinska et al. 2010) and
74 hydrophilic enrichment (Wada et al. 2004); (ii) glycome profiling, such as total native
75  glycans (Fujitani et al. 2013), sialic acid derivatization (Shah et al. 2013; de Haan et al.
76 2015; Kammeijer et al. 2017; Yang et al. 2017a), reducing end labeling through stable
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77  isotopic labeling (Bigge et al. 1995; Ruhaak et al. 2010; Yang et al. 2015a; Yang et al.
78  2015b), and permethylation (Ciucanu and Costello 2003; Kang et al. 2005; Shubhakar
79 et al. 2016); (iii) site-specific intact glycopeptides (IGPs) analysis (Scott et al. 2011;
80  Parker et al. 2013; Khatri et al. 2016) using methods such as N-linked Glycan And
81  Glycosite (NGAG) (Sun et al. 2016) analysis, Tool for Rapid Analysis of glycopeptide
82 by Permethylation (TRAP) (Shajahan et al. 2017), Electron-Transfer/Higher-Energy
83  Collision Dissociation (EThcD) mass spectrometry (Yu et al. 2017), and Hydrophilic
84 Interaction Liquid Chromatography (HILIC) enrichment (Takegawa et al. 2006; Zhang
85 et al. 2013). Site-specific IGP analysis is widely considered to be the most promising
86  strategy to comprehensively characterize glycoproteins, but the IGP analysis workflow
87 including enrichment method, mass spectrometric analysis and annotated software still
88  needs to be developed to increase the glycoproteome coverage and precision. Recently,
89  highly-comprehensive methods for IGP enrichment using HILIC-based methods were
90 compared in our lab, and mixed anion exchange (MAX) extraction cartridges were
91  selected as the optimal enrichment method for intact N-linked glycopeptides (Yang et
92 al.2017b). Inaddition, 2D fractionation methods, including bRPLC, gel electrophoresis
93  (SDS-PAGE), or strong cation exchange (SCX-HPLC) are very helpful to further
94  improve the coverage of peptides or glycopeptides (Dowell et al. 2008; Wang et al.
95  2011; Jia et al. 2016).

96 Glycosylation of therapeutic glycoproteins cannot be directly predicted by the
97 genomic data. The expression of glycoproteins, glycoprotein biosynthesis and
98  constituents are dictated by the availability of nucleotide sugar synthesis, nucleotide
99  sugar transporters, enzyme activities, and other cellular status, which lead to broad
100  structural diversity. Structural and functional analyses showed that protein
101 glycosylation, especially for bisecting N-acetylglucosamine, fucosylation and
102  sialylation, substantially impacts the functional activities and circulatory half-life of
103 therapeutic glycoproteins (Walsh and Jefferis 2006; Hossler et al. 2009). Precise and
104  comprehensive analysis of site-specific IGPs is critical to understand and control the
105  glycosylation of glycoproteins produced in CHO cell expression systems.

106 In this study, we established a workflow for the large-scale characterization of
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107  intact N-linked glycopeptides using (1) MAX enrichment, (2) bRPLC fractionation, (3)
108  mass spectrometry analysis using Q-Exactive instrumentation, and (4) data analysis and
109  annotation in GPQuest 2.0 (Toghi Eshghi et al. 2015; Hu et al. 2018). Using this method,
110  we identified a total of 10,338 unique N-linked glycosite-containing IGPs, representing
111 1,162 unique glycosites from 530 glycoproteins in human erythropoietin (EPO)-
112 expressing CHO-K1 cell lysate and medium. From this study, 71 unique N-linked
113  atypical IGPs were also identified, representing 18 unique glycosites with

114  overrepresentation of the atypical sequon, N-X-C.
115
116  Results and Discussion

117  ldentification of N-linked glycosite-containing peptides

118 The majority of therapeutic glycoproteins secreted from CHO cells were found to
119  be heavily modified by N-linked glycosylation (Xu et al. 2011). Assessment of protein
120  glycosylation in CHO cells is very important for understanding the quality of CHO-
121 derived glycoproteins. Using multiple separation and analytical methodologies is
122 helpful to expand the number of enriched glycopeptides and identified glycoproteins.
123 In this study, we first identified the N-linked glycosylation sites and glycoproteins by
124  PNGase F digestion. The tryptic peptides were fractionated by basic RPLC, then
125  glycopeptides in each fraction were enriched by hydrophilic MAX extraction. After de-
126  glycosylation by PNGase F, the glycosite-containing peptides were analyzed by LC-
127 MS/MS and identified by MS-GF+ (Granholm et al. 2014; Kim and Pevzner 2014)
128  (Figure 1a). The assigned N-glycosite-containing peptides were filtered with 0.1% FDR
129  at the glyco-Peptide Spectrum Match (PSM) level, 0.3% FDR at the peptide level, and
130  1.1% at the protein level with a 2 PSM requirement for each peptide. A total of 68,148
131 PSMs were identified from CHO-K1 cells, representing 4,549 unique N-linked
132 glycosite-containing peptides from 2,276 proteins (Supplemental_Table S1).
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133
134  Figure 1. Workflows of intact glycopeptide analysis strategies for lysate and medium

135 from human EPO-expressing CHO-K1 cells. (a) The workflow of large scale de-

136  glycosylated peptide analysis enriched by MAX extraction cartridges. The proteins
137 were digested, fractionated and MAX enriched. The glycopeptides were then de-

138  glycosylated and analyzed by LC-MS/MS. (b) Different glycopeptide analysis

139  strategies using MAX cartridge enrichment followed by fractionation or fractionation
140  of global peptides followed by enrichment of intact glycopeptides using MAX

141  cartridges for large-scale intact glycopeptides analysis.

142

143 Intact N-linked glycopeptide analysis using different analytical workflows

144 To characterize the IGPs of the human EPO-expressing CHO-K1 cell line, different
145  workflows were used in this study: (i) single LC-MS/MS analysis of enriched intact
146  glycopeptides; (ii) direct analysis of global peptides using single LC-MS/MS or
147  fractionation of global peptides by bRPLC followed by LC-MS/MS analysis; (iii)
148  fractionation of global peptides using bRPLC followed by hydrophilic enrichment of
149  intact glycopeptides from each fraction for LC-MS/MS analysis; and (iv) hydrophilic
150  enrichment of intact glycopeptides followed by fractionation of enriched glycopeptides
151  using bRPLC for LC-MS/MS analysis (Figure 1b). The prepared peptides were
152  analyzed by a Q-Exactive mass spectrometer and annotated by GPQuest 2.0 using the
153  glycosite-containing peptides described in the preceding section (Supplemental _Table
154  S1) as the database. The intact N-linked glycopeptides were filtered using a 1% false
155  discovery rate (FDR).

156 For single LC-MS/MS analysis of non-enriched and enriched intact glycopeptides,

157  intact glycopeptides enriched from 1 pg or 100 pug of CHO cell global peptides by
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158  hydrophilic MAX columns were analyzed by LC-MS/MS and glycopeptides were
159 identified by GPQuest 2.0. Five and 950 PSMs of intact glycopeptides were identified
160  from 1 pg and 100 ug of CHO cell global peptides, respectively (Supplemental_Figure
161  S1). More than a 190-fold increase of PSM identification was achieved when the initial
162  peptide amount was increased from 1 pg to 100 ug for intact glycopeptide enrichment.
163 We then compared the direct analysis of global peptides with or without fractionation
164  using bRPLC followed by LC-MS/MS analysis. One microgram of global peptides
165  were analyzed by single LC-MS/MS analysis or 100 pg global peptides were
166  fractionated to 25 fractions and each fraction was analyzed by LC-MS/MS analysis. A
167  total of 120 (from 1 pg) and 1,442 (from 100 pug) PSMs of intact glycopeptides were
168 identified, respectively (Supplemental_Figure S1). The inclusion of the bRPLC
169  separation resulted in a greatly (> 12-fold) increased number of identified PSMs. For
170  large-scale identification of intact glycopeptides, (i) fractionation of peptides using
171 bRPLC followed by MAX enrichment of intact glycopeptides from each fraction and
172 (if) MAX enrichment of intact glycopeptides followed by fractionation of enriched
173 glycopeptides using bRPLC were established. Using a method entailing MAX
174  enrichment followed by bRPLC (25 fractions), we were able to identify a total of 43,193
175 PSMs from 3.5 mg of global peptides, while 27,998 PSMs from an equal starting
176  peptide amount were identified when the workflow started from the bRPLC
177  fractionation step followed by MAX enrichment. There was a > 1.5-fold increase in
178  PSM in the analysis of MAX-enriched intact glycopeptides followed by bRPLC
179  strategy compared to the reverse method (Supplemental _Figure S1).

180

181  Analysis of the N-linked IGPs in the human erythropoietin (EPO)-expressing
182  CHO-K1 cell lysate and medium.

183 Using CHO-K1 cell lysate, 8,391 unique N-linked glycosite-containing IGPs were
184  identified, which matched with 1,090 glycosites, 507 glycoproteins, and 187 glycan
185  compositions. In addition, the established large-scale 1GPs analysis workflow was
186  applied to the characterization of intact glycopeptides from secreted proteins in CHO-

187 K1 cell culture. A total of 7,966 unique N-linked IGPs were identified in the medium
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188  of the CHO-K1 cells, which matched with 1,041 glycosites, 485 glycoproteins, and 171
189  glycan structures. In total, 10,338 unique N-linked glycosite-containing IGPs were
190 identified from EPO-expressing CHO-K1 cell lysate and culture medium, matching to
191 1,162 glycosites, 530 glycoproteins, and 209 glycan compositions
192 (Supplemental_Table S2 and Supplemental_Figure S2).

193 It is well known that most glycoproteins are extracellular proteins (transmembrane
194  orsecreted proteins) (Tian et al. 2010). Therefore, we predicted the subcellular location
195  of identified glycoproteins using SignalP 4.1 (Nielsen 2017) and TMHMM 2.0 (Krogh
196  etal. 2001) programs. Cell surface, secreted and transmembrane proteins were deemed
197 as glycoproteins. The annotated signal peptides, protein glycosylation and Gene
198  Ontology (GO) were evaluated in Uniprot. From the results, we found that 511 out of
199 530 (96.4%) identified proteins were highly likely to be glycoproteins, each of which
200 contained either signal peptides, transmembrane helices, or reported glycosites
201 (Supplemental_Table S3). These findings indicated the high specificity of our intact
202 glycopeptide analysis workflow and the data analysis strategy towards comprehensive
203  glycoproteomics characterization. The GO analysis also indicated that most of the
204  glycoproteins were located at the cell surface or secreted to the extracellular space
205  (Supplemental_Table S3). In addition, the molecular function of the identified
206  glycoproteins was either binding or catalytic activity (Supplemental_Table S3).

207 To investigate the N-linked glycans from CHO cell lysate and medium, we
208  characterized the IGPs by N-linked glycan classification. The identified 10,338 IGPs
209  from both cell lysate and medium consisted of 4,452 high-mannose type glycan-
210  containing glycopeptides and 5,886 complex and/or hybrid type glycan-containing
211 glycopeptides. In these complex/hybrid glycan-containing glycopeptides, 3,941 and
212 1,471 were fucosylated and sialylated, respectively. High-mannose IGPs were the
213 dominant type of glycopeptides (43.1%) and fucosylated IGPs were also very prevalent
214  (38.1%), while sialylated glycopeptides were under represented (14.2%) among
215 complex/hybrid IGPs in CHO cells (Figure 2a). The distribution of identified intact
216 glycopeptides, glycoproteins and glycosites indicated that approximately 58.2% of the

217  intact glycopeptides, 87.2% of the glycoproteins, and 83.5% of the glycosites were
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218  identified in both the cell lysate and the medium (Figure 2a and 2b). These findings
219  suggest that most of the glycoproteins are common in cells and medium. However, the
220  detailed structure of N-linked glycans on the glycoprotein differs between CHO cell
221 lysate and medium. As an important component of glycoproteins, N-glycans and their
222 site-specificity have not been thoroughly investigated in previously reported studies
223  (Hart and Copeland 2010). In this study, glycans were assigned at their specific
224  glycosylation sites through IGPs identification. Overall, 209 glycan structures were
225 identified from human EPO-expressing CHO-K1 cell lysate and medium. Seven N-
226  linked high-mannose glycans were identified in both cell and medium. For complex or
227  hybrid glycans, different glycans were identified in the cell and the medium. The results
228 showed that 78.7% complex/hybrid N-glycans were modified with fucose.
229  Approximately 38.4% of the fucosylated N-linked glycans contained a core Fuc
230 fragmention (peptide+HexNAcFuc) that was present in the MS/MS spectra, indicating
231  the core-fucosylated glycans (Figure 2¢). In these N-linked fucosylated glycans, mono-
232 fucosylated structures (46.8%) were the main type, while bi-fucosylated (13.7%), tri-
233 fucosylated (15.1%) and multi-fucosylated (24.5%) were also widely identified (Figure
234 2c¢). In comparison, the majority of the N-linked sialylated glycans were mono-
235 sialylated (54.2%) or bi-sialylated (28.9%) glycans. Only 16.9% of them were

236 identified as multi-sialylated glycans (Figure 2c).
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Figure 2. Depth of the identified intact glycopeptides in cell lysate and medium from

human EPO-expressing CHO-K1 cells. (a) Identification and distribution of total and

sub-type intact glycopeptides identified from cells and medium. (b) Distribution of

identified glycosites and glycoproteins in cell lysate and medium, showing that most

glycoproteins are present in CHO-K1 cell lysate and medium. (c) Identification and

distribution of glycans and the composition and distribution of fucosylated and

sialylated N-linked glycans in cell lysate and medium.

Glycoprotein heterogeneity in CHO cells.

Glycosylation heterogeneity is a common feature of glycoproteins. Each protein

can potentially be glycosylated at multiple glycosylation sites and each glycosylation

site can be modified by different glycans. Using our large-scale N-linked

glycoproteomic data, we are able to reveal the macro-heterogeneity and micro-

heterogeneity of glycoproteins in CHO cell lysate and medium. In the 530 N-linked

glycoproteins identified from the intact glycoproteomic analysis, approximately 51.9%
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253  of the glycoproteins were identified with one N-linked glycosite, 24.2% of them were
254  detected with two N-linked glycosites, and 10.4% with three N-linked glycosites. We
255 identified a total of 55 (8.7%) glycoproteins that contained at least five glycosites
256  (Figure 3a). The average number of N-linked glycosites was 2.2 per glycoprotein. To
257  evaluate the relationship between the abundance of the glycoproteins and the index of
258  protein glycosylation, we analyzed average protein abundance with the glycosite
259  number on the same protein. We found that there is a positive relationship between the
260  glycoprotein abundance and the index of its glycosylation with a P-value of 1.28E7,
261 indicating that the number of glycosites per protein is directly correlated with protein
262  abundance, and additional glycosylation sites could be present in the low abundance
263 glycoproteins and identified if an increased amount of protein was used for
264  glycopeptide analysis (Supplemental Figure S3a). The 5 most heavily glycosylated
265  glycoproteins were prolow-density lipoprotein receptor-related protein 1 (30 unique N-
266  linked glycosites), laminin subunit alpha-5 (19 unique N-linked glycosites), cation-
267  independent mannose-6-phosphate receptor (18 unique N-linked glycosites), nicastrin

268 (12 unique N-linked glycosites) and integrin alpha-3 (8 unique N-linked glycosites).

" =" = omoEomow
VO o s N

VPFIFNINPSTTN#*FTGSCHPQTAQLR —

0 6.6

log2PsM

269
270  Figure 3. Heterogeneity of detected glycoproteins in CHO cell lysate and medium. (a)
271 Distribution of glycosites per protein. (b) Distribution of glycans per glycosite. ()

272 Heat map of the differences in abundance of the sub-types of N-linked glycans
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273 between CHO cell lysate and medium on glycopeptide

274 VPFIFNINPSTTN*FTGSCHPQTAQLR. * indicates an N-linked glycosite.

275

276 From the total of 1,162 N-linked glycosites, only 2.9% peptides carried a single
277  glycan structure; approximately 10.2% and 9.8% glycosite-containing peptides were
278  detected with two and three N-linked glycan structures at one glycosite, respectively.
279  Notably, a group of 769 (66.9%) glycopeptides carried at least 5 N-linked glycan
280  structures and 315 (27.4%) had at least 10 N-linked glycan structures at one glycosite
281  (Figure 3b). The average number of N-linked glycan structures at one glycosite was 9.0.
282 We also analyzed the variance of glycan structures on differentially abundant
283 glycopeptides, finding a P-value of 2.06E2° (Supplemental_Figure S3b), suggesting
284  that the number of glycans identified from each glycosite is directly related to the
285  abundance of the glycosylated peptides, indicating additional glycans could be present
286 in the low abundance glycosites and could be identified if an increased amount of
287 protein  was used for  glycopeptide  analysis. In glycopeptide
288  VPFIFNINPSTTN*FTGSCHPQTAQLR from Lysosome-associated membrane
289  glycoprotein, we identified 74 N-linked glycan compositions. The most common
290  glycan modification at this glycosite was found to be fucosylation (Figure 3c).

291

292 Consensus motif preferences of N-linked glycosylation at canonical and atypical
293 N-linked glycosites.

294 The canonical N-linked glycopeptide sequon is known to be N-X-T/S (which X can
295  be any amino acid except proline). In addition, some atypical N-glycosylation sequons
296  have been discovered in recent years, such as N-X-C, N-X-V, and N-G-X (Zielinska et
297  al. 2010; Sun and Zhang 2015). In the GPQuest 2.0 search engine, IGP identifications
298  are determined based on the requirement of MS/MS spectra to contain oxonium ions
299  and match to peptide or peptide+glycan fragment ions. Among the 10,338 identified
300 MS/MS spectra, a total of 705 PSMs and 71 unique atypical N-linked IGPs were
301 identified, which matched to 18 unique glycosites from 14 glycoproteins. Based on the

302  spectra of atypical N-linked IGPs, two glycopeptides,
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303  TYNIVLGSGQVVLGMDMGLR+N2H6F0S0GO from glycoprotein peptidyl-prolyl
304 cis-trans isomerase FKBP9 and LCN*ECSEGSFHLSK+N2H6F0S0GO0 from basement

305 membrane-specific heparin sulfate proteoglycan core protein (Figure 4a), were
306 identified. The observed oxonium ions, peptides and peptide+glycan-related fragment

307 ions from both peptides matched well.
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308

309  Figure 4. Identification of atypical N-linked glycopeptides and preference of N-

310  glycosylation peptide consensus sequence. (a) Representative MS/MS spectra of the
311 atypical N-glycopeptides of TYN*IVLGSGQVVLGMDMGLR+N2H6F0S0GO from
312 peptidyl-prolyl cis-trans isomerase FKBP9 and

313  LCN*ECSEGSFHLSK+N2H6F0S0GO from basement membrane-specific heparin
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314  sulfate proteoglycan core protein. # indicates an N-linked glycosite. (b) Distribution

315  and preference of typical and atypical glycosite consensus sequence derived using

316  pLogo.
317
318 To determine the preference of amino acids surrounding the canonical N-linked

319  glycosylation sequons and discover other novel consensus sequons with our
320 comprehensive data from this study, we compared the position-specific amino acid
321 frequencies of the sequences (six amino acids from N-linked glycosylation sites at both
322 termini) surrounding aspartic acid in both the canonical and the atypical N-linked
323 glycopeptides using pLogo (O'Shea et al. 2013). Atotal of 1,162 unique glycosites were
324  identified, of which 673 contained an N-X-T motif, 471 contained an N-X-S motif and
325  18atypical glycosite motifs, and the consensus sequons of the identified glycosites were
326  analyzed. As we examined the canonical sequons in the dataset, threonine was found to
327  be more commonly present within the motif than serine at the +2 position (57.9% vs
328  40.5%). As expected, we found that proline was significantly underrepresented in all
329 the scenarios at position +1 and +3. Of the three atypical N-glycosylation sequons
330 identified (N-X-C, N-G-X, and N-X-V), only N-X-C was significantly overrepresented
331  at 38.9% with a log-odds of binomial probabilities of +7.1 (Figure 4b).

332

333  Relative abundance of N-linked IGPs between human EPO-expressing CHO-K1
334  cell lysate and medium.

335 To investigate the abundance of N-linked IGPs differentially expressed between the
336 CHO cell lysate and the medium, we performed a comparative analysis of IGPs using
337 label-free quantification methods based on spectral counting. Overall, 43,742 and
338 62,665 PSMs were identified from the cell lysate and medium, respectively. A total of
339 6,763 and 7,966 unique IGPs were identified from cell lysate and medium, respectively.
340  The relative abundance profiling and linear correlation analysis indicated that the N-
341  glycosylation of proteins in cell lysate and medium was strongly correlated, as indicated

342 by a Pearson correlation of 0.931, indicating that the overall glycosylation profiles of
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343 glycans in the glycosites between cell lysate and medium showed a statistical
344  association (Figure 5a). However, we also found that the relative abundance of some
345  IGPs were significantly altered between the cell lysate and the medium, such as
346  EASQN?ITYVCR-N2H6F0S0GO with a log.PSM ratio of cell lysate/medium of 3.8,
347 LQQEFHCCGSN*NSQDWR-N4H5F0S1G0 with a log:PSM ratio of cell/medium of
348 3.6; N"ETHSFCTACDESCK-N2H5F0S0GO with a log2.PSM ratio of cell/medium of
349 0.2, and LSPIHIALN*FSLDPK-N2H6F0S0GO with a log.PSM ratio of cell/medium of

350 0.2. Interestingly, these variabilities in N-glycosylation indicated that, while there was
351 no significant difference in the global protein glycosylation, the stoichiometry could
352  change dramatically at some of the N-glycosites, suggesting unique functions of these

353  glycosylation events at different cellular locations.
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Figure 5. Relative abundance analysis of N-linked intact glycopeptides (IGPs). (a)
Relative abundance profiling of IGPs between CHO cell lysate and medium, showing
a strong correlation between the IGP abundance in cell lysate and medium. (b) The N-
glycosylation of prolow-density lipoprotein receptor-related protein 1 in cell lysate
and medium, including the structure and relative abundance (PSM) of glycans on each
glycosite. The inner circle shows the relative abundance in CHO cell lysate and the

outer circle shows the relative abundance in medium.

Most importantly, through the use of in-depth glycoproteomic profiling we are able

to present a map of the protein N-glycosylation patterns in CHO cell lysate and medium.
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365 As mentioned, prolow-density lipoprotein receptor-related protein 1 was the most
366  heavily glycosylated protein with 29 N-glycosites. The N-glycan map of prolow-
367  density lipoprotein receptor-related protein 1 with different glycosylation sites based
368 on our findings is shown in Figure 5b indicating the high degree of N-glycan micro-
369  heterogeneity. This map not only presents the structure of the glycans but also the
370 relative abundance of glycans on the glycosites. It is readily observed from the map that
371 N-linked high-mannose glycans were identified on nearly every glycosite, especially
372 for Man5 and Man6. Some of the N-linked glycosylation sites were present only either
373 the CHO-K1 cell lysate or medium. Glycosylation at N***°NT and N?%DT were
374  identified only in the cell lysate, while N"2%IS and N*?°ST were only identified in the
375  cell medium. We also noticed two trends for the glycosylation of neighbor glycosites:
376 (i) the glycosylation is similar between neighboring glycosites compared to distal
377  glycosites. For example, N®*2GT and N***RT were both abundant with high mannose
378  and biantennary complex glycans. This could occur because the glycotransferases or
379  glycosidases recognize and are able to access part of the protein regions and modify
380 these glycosites. (ii) The micro-heterogeneity was decreased when the glycosites were
381  close to each other (i.e. glycosites N*"23IS, N*"®3HT and N8%|S) (Supplemental_Figure
382  S4). This phenomenon could occur because the glycan structure and site hindrance
383  render the glycotransferase or glycosidase less accessible to the neighboring glycosites.
384  Our results reveal that high-mannose glycan structures were typical in low degree
385  micro-heterogeneity glycosites, while fucosylated glycan structures were common in
386  high degree micro-heterogeneity glycosites.

387

388 N-linked glycosylation of EPO

389 EPO is a model pharmaceutical protein in the development of CHO-based
390 bioprocesses and the metabolic engineering of CHO cells for improved protein
391  production (Ley et al. 2015). EPO glycosylation is important for its pharmacological
392  properties. There have been many efforts to characterize the glycosylation of EPO in
393 CHO cells, but most of the work focused on glycomics profiling or glycosite

394 identification (Stlbiger et al. 2005). With our large-scale IGPs identification method,
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395 the N-linked glycans of EPO at specific glycosylation sites were extensively
396 characterized. Owing to the limitation that the first and second glycosites cannot be

397  cleavage by trypsin, only two glycosite-containing peptides from EPO were identified

398  with one peptide containing 2 glycosites (EAEN*ITTGCAEHCSLNEN*ITVPDTK and
399  GQALLVNSSQPWEPLQLHVDK (Table 1). For the glycosite-containing peptide
400  with two glycosites, glycans conjugated to each glycosite could not be assigned due to
401  the limied number of fragment ions presented for each glycosite. For the third glycosite,
402  we found that 62 glycans were assigned, and complex or hybrid glycans were more
403  common than other forms in the third glycosite from EPO. Almost all the glycans
404  presented on EPO were also detected on other glycoproteins in the CHO cells. Glycan
405  structure, relative abundance, and distribution of the identified glycopeptide,
406 GQALLVN*SSQPWEPLQLHVDK, are summarized in Supplemental_Figure S5, of
407  which 12 glycans (inside the red frame) have been previously identified in EPO
408  glycomics studies (Jensen et al. 2012; Yin et al. 2015).

409

410 Table 1. The N-linked glycosylation of Erythropoietin (EPO) in CHO cell lysate and

411 medium

EAEN#ITTGCAEHCSLNEN#ITVPDTK GQALLVN#SSQPWEPLQLHVDK
CHO cell lysate CHO medium Overlap CHO cell lysate  CHO medium  Overlap
(Unique (Unique (Unique (Unique (Unique (Unique
IGPs/PSMs) IGPs/PSMs)  IGPs/PSMs)|  IGPs/PSMs) IGPs/PSMs)  IGPs/PSMs)

High-mannose intact
glycopeptides 5/25 4/11 4/NA 8/116 9/183 8/NA
Complex/Hybrid
intact glycopeptides 11/35 4/13 4/NA 41/149 47/226 33/NA
Fucosylated intact
glycopeptides 9/16 2/3 2INA 26/99 34/142 23/NA
Sialylated intact
glycopeptides 3/4 0/0 0/NA 14/40 21/63 12/NA
Intact glycopeptides 16/60 8/24 8/NA 49/265 54/409 41/NA

412
413  Conclusions

414 In this study, we presented a large-scale analysis of intact N-linked glycopeptides
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415  identified from CHO cells using established glycoproteomic workflows involving the
416  enrichment of intact glycopeptides by MAX extraction cartridges followed bRPLC with
417  high-resolution mass spectrometry. These results demonstrate the feasibility of the
418  comprehensive exploration of the N-linked glycosylation of CHO cell lysate and
419  medium. We also note that the coverage of CHO cell glycosylation characterization
420  could be extensively improved in the near future by employing methodologies such as
421 multiple proteases or top-down mass spectrometry.

422

423 Methods

424  Human EPO-expressing CHO-K1 cell culture

425 Human EPO-expressing CHO-K1 cells and medium were prepared by the National
426 Institutes of Health (NIH). Briefly, the codon-optimized human EPO gene was
427  overexpressed in CHO-K1 cells. After clone selection, a stable EPO-expressing CHO-
428 K1 cell line was generated and adapted to suspension cells in CD-CHO media with
429  5mM Glutamine. Cells were seeded at 0.4 million/ml and incubated for 3 days with
430  shaking. After shaking the culture, both supernatants and cell pellets were collected.
431 Cell pellets were washed twice with phosphate buffered saline (PBS, pH 7.4) buffer.
432  Cells were then lysed directly with 8 M urea/l M NH4sHCO3 solution and briefly
433  sonicated until the solutions were clear. Protein concentrations were determined by
434  BCA protein assay reagent (Thermo Scientific, Fair Lawn, NJ).

435  Protein digestion

436 Proteins from Human EPO-expressing CHO-K1 cells and medium denatured in 8
437 M urea/l M NH4HCO3 buffer were reduced by 10 mM TCEP at 37 °C for 1 h and
438  alkylated by 15 mM iodoacetamide at room temperature for 30 min in the dark. The
439  solutions were diluted eight-fold with ddH2O. Then sequencing grade trypsin (protein:
440  enzyme, 40:1, w/w; Promega, Madison, WI) was added to the samples and incubated
441  at 37 °C overnight. The solutions were acidified by acetic acid with pH<3. Samples
442  were centrifuged at 13, 000g for 10 min and the supernatant was cleaned by C18 solid-
443  phase extraction. Peptides were eluted from the C18 column in 60% ACN/0.1% TFA,

444 and the peptide concentrations were measured by BCA reagent.


https://doi.org/10.1101/318865
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/318865; this version posted May 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

445  Enrichment of N-linked glycopeptides using MAX Extraction Cartridges

446 For enrichment of N-linked glycopeptides, peptides after C18 desalting were
447  adjusted to 95% ACN (v/v) 1% TFA (v/v) prior to loading onto Oasis MAX extraction
448  cartridges (Waters). Cartridges were sequentially conditioned in ACN three times, 100
449  mM triethylammonium acetate three times, water five times and finally 95% ACN (v/v)
450 1% TFA (v/v) five times. Samples were loaded twice. The non-glycopeptides were
451  washed by 95% ACN (v/v) 1% TFA (v/v) three times. Finally, glycopeptides were
452  eluted in 50% ACN (v/v) 0.1% TFA (v/v), dried in a speed-vac and desalted by C18
453  solid-phase extraction.

454  Peptide fractionation by basic reversed-phase liquid chromatography (bRPLC)
455 Basic reversed phase liquid chromatography was used with extensive fractionation
456  to reduce sample complexity and thus reduce the likelihood of glycopeptides being co-
457  isolated and co-fragmented(Bekker-Jensen et al. 2017). IGPs (~100 pg) extracted by
458  MAX extraction cartridges and global peptides (~4 mg) from Human EPO-expressing
459 CHO-K1 cells and medium were injected by a 1220 Series HPLC (Agilent
460  Technologies, Inc., CA) into a Zorbax Extend-C18 analytical column containing 1.8
461  um particles at a flow rate of 0.2 ml/min for IGPs or 3.5 pm particles at a flow rate of
462 1 ml/min for global peptides. The mobile-phase A consisted of 10 mM ammonium
463  formate (pH 10) and B consisted of 10 mM ammonium formate and 90% ACN (pH 10).
464  Sample separation was accomplished using the following linear gradient: 0-2% B, 10
465  min; 2-8% B, 5 min; 8-35% B, 85 min; 35-95% B, 5 min; 95-95% B, 15 min. Peptides
466  were detected at 215 nm and 96 fractions were collected along with the LC separation
467  in atime-based mode from 16 to 112 min. The 96 fractions of tryptic peptide samples
468  were concatenated into 24 fractions by combining fractions 1, 25, 49, 73; 2, 26, 50, 74;
469  etc. The samples were then dried in a speed-vac and stored at —80 °C until LC-MS/MS
470  analysis.

471 Glycopeptide enrichment and deglycosylation

472 For analysis of deglycosylated peptides, the tryptic digested peptides were
473  fractionated by offline bRPLC. The glycopeptides of 24 fractions were enriched by
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474  MAX Extraction Cartridges. The captured glycopeptides were then deglycosylated by
475  PNGase F (New England BioLabs). The de-glycosylated peptides were de-salted using
476 Nuctip C18 tips (Waters). The peptides were dried and stored at —80 °C until LC-
477  MS/MS analysis.

478  NanoLC—-MS/MS Analysis

479 The IGPs and de-glycosylated peptides were subjected two LC-MS/MS run per
480  sample (or fraction) on a Q-Exactive mass spectrometer (Thermo Fisher Scientific,
481  Bremen, Germany). The sample were re-suspended with 3% ACN and 0.1% FA. The
482  samples were first separated on a Dionex Ultimate 3000 RSLC nano system (Thermo
483  Scientific) with a PepMap RSLC C18 column (75 pm x 50 cm, 2um, Thermo Scientific)
484  protected by an Acclaim PepMap C18 column (100 pm x 2 cm, 5um, Thermo
485  Scientific). For the IGPs, the mobile phase consisted of 0.1% FA and 3% ACN in water
486  (A)and 0.1% FA, 90% ACN (B) using a gradient elution of 0-2% B, 1 min; 2-8% B, 9
487  min; 8-31% B, 80 min, 31-38% B, 20 min; 38-95% B, 5 min; 95% B, 10 min; 95-2%
488 B, 4 min. The flow rate was kept at 0.300 pL/min. Data-dependent higher-energy
489  collisional dissociation (HCD) fragmentation was performed on the 12 most abundant
490 ions. The spray voltage was set to 1.5 kV. Spectra (AGC target 3 x 108 and maximum
491  injection time 60 ms) were collected from 4002000 m/z at a resolution of 70, 000
492  followed by data-dependent HCD MS/MS (at a resolution of 35, 000, NCE 32%,
493 intensity threshold of 4.2 x 10*, AGC target 2 x 10°> and maximum injection time
494 120 ms) of the ions using an isolation window of 1.4 m/z. Charge state screening was
495  enabled to reject singly charged ions and ions with more than eight charges. A dynamic
496  exclusion time of 30 sec was used to discriminate against previously selected ions. The
497  de-glycosylated peptides were separated with gradient elution of 0-2% B, 1 min; 2-7%
498 B, 9 min; 7-27% B, 80 min, 27-35% B, 22 min; 35-95% B, 3 min; 95% B, 10 min;
499  95-2% B, 6 min. Orbitrap MS1 spectra (AGC 3 x 10°) were collected from 400-1,800
500 m/z at a resolution of 70, 000 followed by data-dependent HCD MS/MS (resolution 3,
501 500, NCE 29%, intensity threshold of 3.3 x 10%, AGC target 2 x 10° and maximum

502 injection time 120 ms) of the 12 most abundant ions using an isolation width of 1.4 Da.
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503  Charge state screening was enabled to reject singly charged ions and ions with more
504 than eight charges. A dynamic exclusion time of 30 s was used to discriminate against
505  previously selected ions. For tryptic peptides, 110 m/z was set as the fixed first mass in

506 MS/MS fragmentation to include all oxonium ions of glycopeptides.
507 Data Analysis

508 For de-glycosylated peptides, acquired MS/MS spectra were searched using MS-
509  GF+ against the RefSeq Cricetulus griseus protein database downloaded from the NCBI
510  website with last update June 01, 2016, which contained 46,402 proteins. Database
511  search parameters were set as follows: a maximum of two missed cleavage sites
512  permitted for trypsin digestion, 10 ppm precursor mass tolerance, 0.06 Da fragment
513  mass tolerance, carbamidomethylation (C, +57.0215 Da) as a fixed modification, and
514  oxidization (M, +15.9949 Da) and deamidation (N, +0.98 Da) as dynamic
515  modifications. The results were filtered with 1% FDR for PSM and 2 PSMs were
516  required for a peptide. Spectral counting was used to quantify the peptides identified

517  from LC-MS/MS data.

518 For IGPs identification, the data were searched using an in-house developed
519  glycopeptide analysis software GPQuest 2.0, based on GPQuest(Toghi Eshghi et al.
520 2015). The database of glycosites were the glycosite-containing peptide data from de-
521 glycopeptide methods. The human erythropoietin fasta protein sequence was also added
522  to the protein database. The Cricetulus griseus glycan database was from the previous
523  CHO cell glycomics profiling studys(North et al. 2010). The databases contains 57,653
524  predicted glycosites and 343 glycan structure entries. The parameters for mass tolerance
525 of MS1 and MS2 were 10 ppm and 20 ppm, respectively. The spectra containing an
526 oxonium ion m/z 204.09 were chosen for further searching. Results were filtered based
527  on the following criteria: (1) false discovery rate (FDR) less than 1%, (2) >3 PSMs for
528  each peptide were required, (3) all the PSMs should be annotated by at least one N-
529 linked glycans, and (4) for the atypical glycoprotein, at least one typical N-linked

530 glycosite-containing peptide was required.

531
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532 Data access

533  The raw data of mass spectrometry from this study will be submitted. All the annotated

534 intact glycopeptides and deglycopeptides are listed in Supplemental tables S1-S3.
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Figure legends

Figure 1. Workflows of intact glycopeptide analysis strategies for lysate and medium
from human EPO-expressing CHO-K1 cells. (a) The workflow of large scale de-
glycosylated peptide analysis enriched by MAX extraction cartridges. The proteins
were digested, fractionated and MAX enriched. The glycopeptides were then de-
glycosylated and analyzed by LC-MS/MS. (b) Different glycopeptide analysis
strategies using MAX cartridge enrichment followed by fractionation or fractionation
of global peptides followed by enrichment of intact glycopeptides using MAX

cartridges for large-scale intact glycopeptides analysis.

Figure 2. Depth of the identified intact glycopeptides in cell lysate and medium from
human EPO-expressing CHO-K1 cells. (a) Identification and distribution of total and
sub-type intact glycopeptides identified from cells and medium. (b) Distribution of
identified glycosites and glycoproteins in cell lysate and medium, showing that most
glycoproteins are present in CHO-K1 cell lysate and medium. (c) Identification and
distribution of glycans and the composition and distribution of fucosylated and

sialylated N-linked glycans in cell lysate and medium.

Figure 3. Heterogeneity of detected glycoproteins in CHO cell lysate and medium. (a)
Distribution of glycosites per protein. (b) Distribution of glycans per glycosite. (c)
Heat map of the differences in abundance of the sub-types of N-linked glycans
between CHO cell lysate and medium on glycopeptide

VPFIFNINPSTTN*FTGSCHPQTAQLR. # indicates an N-linked glycosite.

Figure 4. ldentification of atypical N-linked glycopeptides and preference of N-
glycosylation peptide consensus sequence. (a) Representative MS/MS spectra of the
atypical N-glycopeptides of TYN*IVLGSGQVVLGMDMGLR+N2H6F0S0GO from
peptidyl-prolyl cis-trans isomerase FKBP9 and
LCN*ECSEGSFHLSK+N2H6F0S0GO from basement membrane-specific heparin

sulfate proteoglycan core protein. * indicates an N-linked glycosite. (b) Distribution
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and preference of typical and atypical glycosite consensus sequence derived using

pLogo.

Figure 5. Relative abundance analysis of N-linked intact glycopeptides (IGPs). (a)
Relative abundance profiling of IGPs between CHO cell lysate and medium, showing
a strong correlation between the IGP abundance in cell lysate and medium. (b) The N-
glycosylation of prolow-density lipoprotein receptor-related protein 1 in cell lysate
and medium, including the structure and relative abundance (PSM) of glycans on each
glycosite. The inner circle shows the relative abundance in CHO cell lysate and the

outer circle shows the relative abundance in medium.
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Supplemental Figures and Tables:

Table S1: The glycosite-containing peptides identified from CHO cells.
Table S2: Identification of intact glycopeptides from CHO-K1 cell lysate and medium.
Table S3: Subcellular location, signal peptides, and transmembrane segments for

identified glycoproteins from CHO cell lysate and medium.

Figure S1: Identification of Peptide Spectrum Matches (PSMs) for intact
glycopeptides from human EPO-expressing CHO-K1 cell lysate using different

analytical workflows.

Figure S2: Identification of N-linked intact glycopeptides from CHO-K1 cell lysate
and medium using MAX enrichment of intact glycopeptides followed by fractionation

of enriched glycopeptides using bRPLC.

Figure S3: Relationship between the number of N-linked glycosylation sites and
protein abundance in CHO cell lysate and medium. (a) Distribution of average
abundance of glycoproteins with different numbers of glycosites represented by violin
plots. (b) Distribution of average abundance of glycopeptides with different numbers

of glycans represented by boxplots.

Figure S4: Proportion of identified IGPs with different N-glycan compositions on
prolow-density lipoprotein receptor-related protein 1 from CHO cell lysate and

medium.

Figure S5. Relative abundance of specific glycan-containing forms of the glycosite-

#
containing EPO peptide, GQALLVN SSQPWEPLQLHVDK from CHO cell lysate and

medium.
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