
Manuscript Details

Manuscript number JPBA_2019_638

Title A High Resolution Measurement of Nucleotide Sugars by Using Ion-Pair
Reverse Chromatography and Tandem Columns

Article type Full length article

Abstract

N-linked glycosylation is a process mediated by glycosyltransferases to transfer sugars from glycosyl donors to
proteins or lipids. Currently, biopharmaceutical products widely produced by culturing mammalian cells such as
Chinese hamster ovary (CHO) cells are prevalently glycosylated, and for some biologics the N-linked glycan can be a
critical quality attribute of the drugs. The impacts of cell culture on the glycan precursors - nucleotide sugars - are
important for understanding intracellular glycosylation process. Robust separation of some nucleotide sugar isomers
such as UDP-glucose and UDP-galactose remain a challenge in current analytical methods because of their structural
similarity. Based on ion-pair reverse phase (IP-RP) chromatography, a strategy was developed in this study to resolve
the separation of major nucleotide sugars including challenging isomers. The strategy applies core-shell columns and
connects multiple columns in tandem to obtain sufficient theoretical plates for extending separation power and
ultimately improve the resolution for the nucleotide sugars detected from cell extracts. The key parameters in the IP-
RP method, including temperature, mobile phase and flow rates, have been systematically evaluated in this work and
theoretical mechanisms of the chromatographic behavior was proposed.

Keywords Nucleotide sugars; UDP-sugars; CHO; ion-pair reverse chromatography; core-
shell; columns in tandem

Taxonomy Biochemistry, Molecular Biology

Manuscript category Bioanalytical Applications

Corresponding Author seongkyu yoon

Corresponding Author's
Institution

University of Massachusetts

Order of Authors Sha Sha, Garry Handelman, George Liang, seongkyu yoon

Suggested reviewers Sarah Harcum, Christine DeMaria, raghu Shivappa, Kathryn Aron



Submission Files Included in this PDF

File Name [File Type]

Cover Letter - JPBA.docx [Cover Letter]

Reviewer Report.docx [Review Reports]

HighlightsRevised.docx [Highlights]

Draft_Jan24_2019_noAbb.docx [Manuscript File]

Fig3. 1x to 3x.tif [Figure]

Fig4. flow rate.tif [Figure]

Fig5. NSD plot.tif [Figure]

Fig6. isocratic vs. wash.tif [Figure]

Fig7. calibration curve.tif [Figure]

Fig8. theory.tif [Figure]

Fig.1 chromatography development.tif [Figure]

Fig2. temp & mobile phase.tif [Figure]

Supporting information.docx [Supplementary Material]

To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE
Homepage, then click 'Download zip file'.

Research Data Related to this Submission

There are no linked research data sets for this submission. The following reason is given:
Data will be made available on request



Highlights: 

1. Separation of nucleotide sugar isomers. 
2. An approach of using core-shell columns and multiple columns in tandem
3. Identification of key parameters affecting ion-pair reverse phase chromatography
4. A mechanism of the ion-pair reverse chromatography



1

1 A High Resolution Measurement of Nucleotide Sugars by Using Ion-Pair 
2 Reverse Chromatography and Tandem Columns
3

4 Sha Sha1, Garry Handelman2, George, Liang3, Seongkyu Yoon1,3*

5

6 1 Biomedical Engineering and Biotechnology, University of Massachusetts Lowell, Lowell, MA 

7 01854, USA

8 2 Biomedical & Nutritional Sciences, University of Massachusetts Lowell, Lowell, MA 01854, 

9 USA

10 3 Chemical Engineering, University of Massachusetts Lowell, Lowell, MA 01854, USA

11

12

13 * Correspondence:  Seongkyu Yoon, Chemical Engineering, University of Massachusetts Lowell, 

14 1 University Ave, Lowell MA 01854, USA

15 E-mail: Seongkyu_Yoon@uml.edu

16

17

18

19

20

21

22

23

24

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

mailto:Seongkyu_Yoon@uml.edu


2

25 Abstract

26 N-linked glycosylation is a process mediated by glycosyltransferases to transfer sugars from 

27 glycosyl donors to proteins or lipids. Currently, biopharmaceutical products widely produced by 

28 culturing mammalian cells such as Chinese hamster ovary (CHO) cells are prevalently 

29 glycosylated, and for some biologics the N-linked glycan can be a critical quality attribute of the 

30 drugs. The impacts of cell culture on the glycan precursors - nucleotide sugars - are important for 

31 understanding intracellular glycosylation process. Robust separation of some nucleotide sugar 

32 isomers such as UDP-glucose and UDP-galactose remain a challenge in current analytical methods 

33 because of their structural similarity. Based on ion-pair reverse phase (IP-RP) chromatography, a 

34 strategy was developed in this study to resolve the separation of major nucleotide sugars including 

35 challenging isomers. The strategy applies core-shell columns and connects multiple columns in 

36 tandem to obtain sufficient theoretical plates for extending separation power and ultimately 

37 improve the resolution for the nucleotide sugars detected from cell extracts. The key parameters 

38 in the IP-RP method, including temperature, mobile phase and flow rates, have been systematically 

39 evaluated in this work and theoretical mechanisms of the chromatographic behavior was proposed. 
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52 1. Introduction

53 N-linked glycosylation is a cellular process with a function to transfer sugars from glycosyl donors 

54 to proteins during protein synthesis [1, 2]. This process is mediated by glycosyltransferases and 

55 occurs prevalently in mammalian cells. Nowadays, Chinese hamster ovary (CHO) cells are widely 

56 used for producing biologics and can glycosylate most recombinant proteins produced by the cells. 

57 The N-linked glycan is a necessitated and critical quality attribute of many therapeutic proteins 

58 such as monoclonal antibodies (mAbs) because it can affect proteins from a wide range of drug 

59 characteristics including stability, efficacy and safety [3]. 

60      Nucleotide sugars are a group of glycosyl donors. The abundance of this group of metabolites 

61 is a factor in the progress of glycosylation, and necessary to be understood for the culture impacts 

62 on the N-linked glycan formation on the cell produced products [4-7]. However, there has only 

63 been a small number of mechanistic investigations of the glycosylation donor’s effects [1, 4, 8]; 

64 and nucleotide sugar metabolism studies are still required to gain more insights for a better 

65 understanding of the culture impacts on the N-linked glycosylation. 

66      The common nucleotide sugars metabolized by CHO cells include guanosine diphosphate 

67 mannose (GDP-Man), guanosine diphosphate fucose (GDP-Fuc), uridine diphosphate galactose 

68 (UDP-Gal), uridine diphosphate glucose (UDP-Glc), uridine diphosphate-N-acetylglucosamine 

69 (UDP-GlcNAc), uridine diphosphate-N-acetylgalactosamine (UDP-GalNAc) and cytidine 

70 monophosphate-sialic acid (CMP-SA). A common strategy to separate these nucleotide sugars are 

71 via chromatographic technology. There are several approaches used in literature, including ion-

72 pair reverse phase chromatography [9, 10], anion-exchange [11], liquid chromatography-mass 

73 spectrometry (LC-MS) [4, 12-15] and capillary electrophoresis [16]. The similarity between some 

74 nucleotide sugar isomers, especially UDP-sugars is an intrinsic challenge. For instance, the pair of 
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75 UDP-hex (UDP-gal and UDP-glc) differ only by the orientation of a hydroxyl (-OH) group. The 

76 similarity is also present with UDP-hexNAc (UDP-GlcNAc and UDP-GalNAc). In a 

77 chromatographic method using UV as a measurement tool, additional challenges are given by the 

78 presence of non-nucleotide sugar compounds in cell extracts such as nucleotides and amino acids, 

79 which can co-elute and absorb at the same UV wavelength. Therefore, a highly selective 

80 chromatographic method is required to provide sufficient separation between nucleotide sugar 

81 isomers and the relatively less abundant nucleotide sugars from other compounds in cell extracts. 

82      Ion-pair reverse phase (IP-RP) chromatography has been a successful method in literature and 

83 obtained many applications [9, 17]. The principle is based on a modification to the conventional 

84 reverse phase stationary phase by introducing an ion-pair reagent (commonly tetrabutylammonium 

85 bisulfate). The first application of IP-RP chromatography to nucleotide sugar analysis was made 

86 by Thomas et al. (1991) [17] and a number of studies have applied this method [18, 19]. However, 

87 complete data for nucleotide sugar isomers were not always available because the separation was 

88 inadequate at the initial methods. Nakajima’s study (2010) revised the method with an adoption of 

89 a single high carbon-load column, which had shown a significant improvement to the separation 

90 among most nucleotide sugars [20]. However, the separation between UDP sugar isomers was still 

91 limited and can be subject to laboratories using different columns and systems. 

92      Therefore, in this study, the technique of IP-RP was further developed to increase the separation 

93 for nucleotide sugars. The strategy applied was based on core-shell particle columns and 

94 connections of multiple columns in tandem, as a principle to gain more theoretical plates in the 

95 chromatographic separation. Major nucleotide sugars including UDP sugar isomers were separable 

96 by this method. Important parameters to the separation and reproducibility were identified, and a 

97 mechanism has been provided for the behavior observed in the IP-RP chromatography method. 
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98 2. Methods

99 2.1 Materials

100      The standards used in the study include tryptophan and 12 nucleotides: adenosine triphosphate 

101 (ATP), cytidine triphosphate (CTP), guanosine triphosphate (GTP), uridine triphosphate (UTP), 

102 adenosine diphosphate (ADP), cytidine diphosphate (CDP), guanosine diphosphate (GDP), uridine 

103 diphosphate (UDP), adenosine monophosphate (AMP), cytidine monophosphate (CMP), 

104 guanosine monophosphate (GMP), uridine monophosphate (UMP) and 8 nucleotide sugars 

105 including CMP-SA, UDP-Gal, UDP-Glc, GDP-Man, UDP-GalNAc, UDP-GlcNAc, GDP-Fuc and 

106 GDP-Glucose (GDP-Glc), one that does not naturally exist in CHO cells and was used as an 

107 internal control. All these compounds were purchased from Sigma-Aldrich (St. Louis, MO). Each 

108 standard was prepared into stock solution and the aliquots were stored at -20 °C. Standard mixture 

109 was made from individual standard stock solution prior to use. Tetrabutylammonium bisulfate 

110 (HPLC grade), 1 M of both potassium phosphate dibasic solution and potassium phosphate 

111 monobasic solution, perchloric acid (PCA), potassium hydroxide and methanol (HPLC grade) 

112 were also purchased from Sigma-Aldrich (St. Louis, MO). The PCA was diluted to 0.5 M solution 

113 before use. 

114 2.2 Cell culture and sampling 

115      A vial of CHO-GS cells were thawed and seeded in Gibco™ FortiCHO medium (ThermoFisher 

116 Scientific, Waltham, MA). The cell culture was inoculated with 0.5 million/mL of viable cells in 

117 125 mL shake flask with 30 ml working volume. Cell count was performed on Cedex HiRes 

118 Analyzer (Roche, Basel, Switzerland). Corresponding cell culture sample volume collection 

119 targeted around two to three million cells, and were prepared by centrifuging at 1000 rpm for 5 

120 min. After discarding the supernatant, 1 mL of cold PBS was added to wash the pellets by re-
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121 suspending the cell pellets. Subsequently, another centrifugation step was conducted at 1000 rpm 

122 for 5 min. The PBS was discarded and the pellets were quickly frozen in dry ice and stored at -

123 80 °C until extraction. 

124 2.3 Extraction of nucleotide sugars 

125      After pellets were thawed, 200 µL of 0.5 M PCA was added to re-suspend the cell pellets. An 

126 aliquot of 0.5 µL of 20 mM GDP-Glc standard was spiked (The GDP-Glc is absent in natural 

127 extracts and thus spiked to cell extract as an internal control). The mixed solution was incubated 

128 on ice for 5 min and centrifuged at 2000 ×g for 3 min at 4 oC. The supernatant was transferred to 

129 a new Eppendorf tube and kept on ice. Another 200 µL of 0.5 M PCA was then added to re-suspend 

130 cell pellets for a second time, followed by a spike of another 0.5 µL of 20 mM GDP-Glc standard. 

131 The mixture was incubated on ice for 2 min and centrifuged at 18000 ×g for 3 min at 4 oC. The 

132 supernatant was merged with the previous one. An aliquot of 56 µL of 2.5 M potassium hydroxide 

133 in 1.1 M dipotassium hydrogenphosphate was added and incubated on ice for 2 min to neutralize 

134 the solution. The sample was then centrifuged at 18000 ×g for 1 min to remove formation of 

135 potassium perchlorate precipitate. Thereafter, the supernatant was filtered by a 0.22 µm PVDF 

136 syringe filter into a clean Eppendorf tube. The sample was stored at 4 °C.  

137 2.4 HPLC analysis

138      The separation and detection for nucleotide sugars were performed on an Agilent 1100 high 

139 performance liquid chromatography (HPLC) system paired with a diode array type of UV detector 

140 (Agilent Technologies, Santa Clara, CA). Buffer A was made of 0.1 M potassium phosphate and 

141 8 mM tetrabutylammonium phosphate and was adjusted to pH 6.5. The buffer A was purified by 

142 0.22 µm filter prior to use and stored at 4 °C. Buffer B contained 70% mobile A and 30% methanol. 

143 The HPLC column used was Kinetex® 2.6 µm 100 × 4.6 mm (Phenomenex, Torrance CA). 
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144 Columns were connected using short and narrow tubing. A Kinetex® C18 guard column was 

145 installed at the head of the first column. An optimized method using two columns in tandem was 

146 run at a flow rate of 0.6 mL/min with the following conditions: 0-16 min: 5% B (isocratic 

147 separation of major nucleotide sugars); 16-16.5 min: 100% B; 16.5-30 min: 100% B (removing 

148 late-eluting compounds); 30-30.5 min: 5% B; 30.5-45 min (re-conditioning): 5% B; the total run 

149 time: 45 min. The wavelength of UV detector was set at 260 nm. Temperature of the thermostat 

150 was controlled at 40 °C and the HPLC thermostat compartment was sealed to minimize heat 

151 dispersion. The UV spectrum was collected by the diode array detector. The backpressure during 

152 analytical runs remained under 400 bars. The injection volume was 5 µL if not otherwise indicated. 

153 After the analyses, the columns were washed with water to remove salt residues and stored in 30% 

154 methanol.      

155 2.5 Peak annotation 

156      The retention time for each nucleotide sugar was identified by running standards on HPLC. The 

157 retention time was used to annotate unknown peaks in the chromatographic trace of cell extract 

158 samples. The peak identities from cell extracts were further confirmed by the unique spectra of 

159 adenosine (A), uridine (U), cytidine (C), guanosine (G) compounds and tryptophan (since the 

160 tryptophan also absorbs at 260 nm). The spectra of these compounds are shown in Fig. S1, 

161 supporting information.  

162 2.6 Calculations

163      The separation parameters calculated in the study include capacity factor (k’), theoretical plates 

164 (N), separation factor or selectivity (α) and resolution (Rs). The calculations were carried out by 

165 the following equations, where tR represents retention time, t0 represents the dead time of the 

166 column, w0.5 represents peak width at half-peak height. 
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167                          (Eq. 1) 𝑘' =
𝑡𝑅 ‒ 𝑡0

𝑡0

168               (Eq. 2)𝑁 = 5.54 (
𝑡𝑅

𝑤0.5
)

2

169                 (Eq. 3)𝛼 =
𝑘 '

2

𝑘 '
1

=
𝑡𝑅2 ‒ 𝑡0

𝑡𝑅1 ‒ 𝑡0

170    (Eq. 4)𝑅𝑠 =
1
4 𝑁 (

𝛼 ‒ 1
𝛼 )(

𝑘'

1 + 𝑘')

171

172 3. Results

173      Fig.1 summarizes a workflow for developing the chromatographic method demonstrated in this 

174 work. A consequential flow was carried out to test different IR-RP parameters for the optimal 

175 analytical condition, and then a proof as concept was made by connecting columns in tandem to 

176 increase the separation power. Further modification was made to the method to achieve efficiency 

177 and reproducibility.

178 3.1 Parameters of IP-RP chromatography

179      To achieve optimal performance using IP-RP chromatography, the impacts of the analytical 

180 conditions were first evaluated using a single core-shell column; even though this could not resolve 

181 all the peaks, it provided a fast process to view the impacts of analytical conditions on 

182 chromatographic performance and to decide the optimal conditions for further testing using 

183 tandem core-shell columns to achieve better resolution and peak separations.  The  two buffer 

184 systems were adopted from pre-existing work: buffer A was 0.1 M potassium phosphate with 8 

185 mM tetrabutylammonium phosphate, adjusted to pH 6.5 and buffer B was constituted by 70% 

186 mobile A and 30% methanol  [9, 17, 19]. The standards of CMP-SA, UDP-Gal, UDP-Glc, GDP-

187 Man, UDP-GalNAc, UDP-GlcNAc, GDP-Fuc, GDP-Glc, CDP and tryptophan were mixed as a 

188 test sample. The CDP and tryptophan were added because of their presence noted in cell extracts, 
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189 absorptivity at 260 nm and close elution time with nucleotide sugars. The identification of the 

190 compounds in the result trace (shown in Fig.2) was assisted by UV spectra, as described in the 

191 Method section. 

192      The first test examined the impacts of temperature on the separation outcome. The mixture of 

193 standards was separated respectively at the temperature of 30 ℃, 40 ℃ and 50 ℃, at isocratic 

194 buffer containing 5% buffer B and a flow rate of 0.4 mL/min. As shown in Fig.2A, the separation 

195 of mixture compounds was significantly affected by the temperature. As higher temperature 

196 shortened the retention time for all the compounds, the separation resolution was decreased 

197 significantly at 50 ℃. As a result, 40 ℃ was determined to be applied for obtaining reasonable 

198 separation and retention time.  

199      In the next test, the standards were separated isocratically at different ratios between buffer B 

200 and A using a flow rate of 0.6 mL/min and 40 ℃; the different conditions tested contained 0%, 

201 5%, 15%, 25% and 35% of buffer B respectively mixed with buffer A to constitute a 100% mobile 

202 phase. This gradient of ratios resulted in an increasing composition of methanol in the mobile 

203 phase. As shown in Fig.2B, a lower ratio of buffer B provided better separation of nucleotide 

204 sugars, in the meanwhile, a longer elution time.  

205      As the retention for all the compounds decreased with the addition of buffer B, notably, the 

206 decrease was faster for the nucleotide sugars than the amino acid tryptophan. It was observed that 

207 the order of tryptophan (peak #8) and GDP-Glc (peak #9*) was switched as the percentage of 

208 buffer B in the mobile phase increased (Fig. 2B): it was observed that tryptophan eluted earlier 

209 than GDP-Glc at lower percentage of buffer B; however, the peak of tryptophan shifted to the back 

210 of the GDP-Glc with the increased percentage of buffer B. The distance between these two 

211 compounds further expanded with the addition of buffer B. The phenomenon indicated a different 
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212 sensitivity between tryptophan and the nucleotide sugars responding to a change in the mobile 

213 phase composition, which will be later discussed as a mechanism of the IP-RP method. 

214 3.2 Nucleotide sugar separation using multiple columns in tandem

215      From the above section, the optimal temperature was decided to be 40 °C and the mobile phase 

216 contain 95% A and 5% B. With these conditions, two or three columns were connected in tandem 

217 (respectively referred as 2X and 3X) to test the power for separating the same mixture of standards. 

218 As shown in Fig.3A, the separation was continuously improved with the number of columns 

219 connected. When 1X column was used, there was little space between UDP-GalNAc, UDP-

220 GlcNAc and tryptophan (peak #6,7 and 8). When 2X columns was used, those compounds were 

221 completely separate. The 3X columns have further expanded the distance between these 

222 compounds. 

223 For each of the tested conditions, the theoretical plates (N), capacity factor (k’), selectivity (α) 

224 and resolution (Rs) were calculated as per the equations (1) - (4) shown in the Method section. 

225 Resolution (Rs) is a result of the N, k’ and α. As shown in Fig.3B, the number of theoretical plates 

226 (N) has increased with the number of columns connected, obtaining approximately 20000, 40000 

227 and 60000 theoretical plates respectively at 1X, 2X and 3X columns. In the meantime, the two 

228 other chromatographic separation parameters, capacity factor (k’) and selectivity (α), remain 

229 unchanged. A higher resolution (Rs) was achieved as a result of the increase of theoretical plates.

230 The impact of the flow speed on the chromatographic separation was evaluated. The flow rates 

231 were chosen to keep the backpressure during the method to be under 400 bars. Using two columns 

232 connected (2X), an evaluation was made among the flow rates of 0.4, 0.6 and 0.8 mL/min. The 

233 results (Fig.4) showed that the separation resolution remained satisfactory from 0.4 to 0.6 mL/min 

234 but decreased at 0.8 mL/min.

561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616



12

235 3.3 Separation of nucleotide sugars in cell extracts 

236      In this section, the cell extracts were tested in the analytical conditions obtained from the 

237 previous sections. The sample was an extract from 2.8 million CHO cells and spiked with GDP-

238 Glc according to the Method section. A volume of 5 µL was injected to HPLC runs using 1X, 2X 

239 and 3X columns respectively. Considering that the backpressure increases as the number of 

240 columns increases, the tests used 0.6 mL/min for 2X columns as optimized above and used 0.8 and 

241 0.4 mL/min respectively with 1X and 3X columns. The results are shown in Fig.5. According to 

242 the trace, CMP-SA, GDP-Man and GDP-Fuc were less abundant species compared to other 

243 nucleotide sugars. The separation was increasingly improved by the number of columns. 

244 Specifically, the peaks between UDP-GlcNAc, tryptophan and GDP-Glc (peak #6,7 and 8) were 

245 unable to be resolved within 1X column. The usage of 2X columns had successfully separated the 

246 peaks #6,7 and 8. The only unsolved nucleotide sugar was CMP-SA which was overlapped by an 

247 adjacent big peak (RT: 10 min). By further using 3X columns, the CMP-SA in cell extracts became 

248 also separated. Because of the extended flow path and the lowered flow rate limited by the 

249 backpressure, the elution time of nucleotide sugars was accordingly increased in the 1X, 2X and 

250 3X columns. 

251 3.4 Column variability

252      Since the method involves usage of multiple columns, the variability of single columns was 

253 tested. In the test, four columns from different manufacturing lots (including the ones used in the 

254 above studies) were tested individually using a cell extract sample. The results are shown in Fig.S2, 

255 supporting information. The overall separation pattern was comparable. However, the resolution 

256 for the closely eluting compounds had shown some variability (as shown in the red boxes on Fig. 

257 S2). 
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258 3.5 Post-isocratic separation 

259        After the nucleotide sugars were isocratically separated, stickier compounds like triphosphates 

260 were still bound to the stationary phase and could present as residues to the next runs and therefore 

261 needed to be flushed out of the columns. To evaluate the retention duration of other compounds in 

262 the cell extracts, a test was carried out by running a cell extract sample using the isocratic condition 

263 along one column at a flow rate of 0.8 mL/min, until all the compounds were eluted (Fig. 6A). 

264 Two late-eluting compounds were found to be abundant in the cell extract, identified to be ADP 

265 and ATP. ATP was the last peak and took 8.3 times longer than GDP-Glc to elute (Retention time: 

266 55 min for ATP versus 6.6 min for GDP-Glc). A modification to the method was made by adding 

267 a stringent wash using 100% B after the main peaks of interest were eluted (Fig.6B). It was found 

268 that ATP was eluted within five column volumes of wash. After the rinse, another five column 

269 volumes of starting mobile phase condition was applied to equilibrate the columns, and runs 

270 following this loop were found to be free of carryover and the traces could be consistent from 

271 consecutive runs. The cycle was similarly adapted to 2X columns.

272 3.6 Linearity and Reproducibility

273 The linearity of the method was tested using 2X columns by injecting a series of volumes of a 

274 standard mixture. As shown in Fig.7, the chromatographic peak area and the nucleotide sugar 

275 amount (from 1 to 100 pmol) formed a linear relationship. The baseline noise from a blank run 

276 was under 0.1 mAu. 

277       To test the reproducibility of the HPLC method, a same volume of mixture standard was 

278 injected for a total of 8 times across different days. The tests used 2X columns and were conducted 

279 at the optimal conditions from the study. The variation of the retention time and peak area of each 

280 compound is reported in Table 1. 
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281       Five aliquots of 2.8 million cells were extracted in parallel to examine the variation from cell 

282 extraction steps. At each extraction, the internal control of GDP-Glc was spiked. Each extracted 

283 sample was tested using the HPLC method with 2X columns. The peak area obtained for each 

284 compound is shown in Table 2. The peak area of each peak was normalized to the peak area of 

285 GDP-Glc. 

286 4. Discussion

287 4.1 About using multiple columns in tandem

288      It has been demonstrated that enhancing separation and selectivity must be required for tackling 

289 the challenges of the similar isomers of nucleotide sugars and the additional interfering compounds 

290 present in cell extracts. An improvement to the chromatographic separation was focused by means 

291 of increasing the number of theoretical plates. The conventional approach by using one analytical 

292 column and a length within a range between 5 cm and 25 cm inevitably has a ceiling on how much 

293 the separation can be extended. Here, the strategy applies core-shell columns and connecting 

294 multiple columns in tandem as a mean to extend separation power. Using multiple columns could 

295 probably raise a concern of peak broadening; therefore, a sacrifice of resolution. However, this 

296 study shows that the increasing number of theoretical plates by connecting columns have resulted 

297 in a continuously improvement of resolution. Core-shell stationary phase technology has been 

298 reported to generate a better separation efficiency than porous packing columns [21]. A Kinetex® 

299 C18 column is specified with 264,600 plates/meter by the manufacture. Our work has empirically 

300 observed 400,000- 500,000 plates by connecting two columns, which were found to be needed to 

301 separate the majority of the nucleotide sugars in CHO cells, including UDP-sugar isomers. All the 

302 seven nucleotide sugars were completely resolved in the cell extracts by using three columns 

303 coupled. 
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304     One drawback in this strategy is that HPLC run time increases with the number of columns. 

305 Therefore, there is a tradeoff between separation resolution and the method run time. Increased 

306 flow rate can be potentially used to reduce the method run time; however, the speed could be 

307 limited by the pressure tolerance of a liquid chromatographic system, for which the highest 

308 backpressure occurs during the method when the columns are rinsed using 100% buffer B. The 

309 flow rates can impact the separation efficiency, depending on column packing, particle size and 

310 others. In this work, a reasonable flow rate was 0.6 mL/min when using two columns connected 

311 and required 45 min including re-equilibration time to complete a run. A better balance between 

312 the separation resolution and run time may be obtained by using an ultra-performance liquid 

313 chromatography (UPLC) system, while the best flow rate in the regime of UPLC needs to be 

314 evaluated. 

315      As shown in our work, single columns would result in variations of separation resolution. 

316 Therefore, the robustness of enough separation can be subject to column variations from different 

317 manufacturing lots (or column usage condition) and different systems. In this work, such possible 

318 variability was less problematic because the separation power was improved by connecting 

319 multiple columns. It will thus be practical to apply this method across different laboratories and 

320 analytical systems to achieve satisfactory results regardless of the variations existing in single 

321 columns.

322 4.2 About the mechanisms of IP-RP

323 IP-RP chromatography is known to be a method mixed by different types of separation 

324 mechanism. Two theories for the binding between polar compounds and the stationary phase have 

325 been previously proposed: (1) the ion-pair reagent first binds with the analytes and then takes the 

326 analytes to the stationary phase via its own nonpolar end and (2) the ion-pair reagent is first coated 
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327 on the stationary phase and forms a charged surface where analytes are captured via the attraction 

328 between counter ions. In this work, the second mechanism was preferred for the observed 

329 chromatographic behavior. A theory is proposed in Fig.8 to explain the chromatographic behavior 

330 throughout a method cycle, and accounts for the different retention time of molecules seen in Fig. 

331 2B responding to different amount of buffer B used in the mobile phase.  

332  At equilibration stage, a layer of ion-pair reagent (tetrabutylammonium) is formed near the 

333 stationary phase via the hydrophobic interaction with the C18 stationary phase. The new surface 

334 is both hydrophobic and charged by the presence of N+ cation provided by the 

335 tetrabutylammonium. When cell extracts are applied, molecules in the samples are attracted to the 

336 stationary phase via two different modes of interactions: counter-ion absorption and hydrophobic 

337 interaction. Nucleotide sugars are molecules with negative charge on phosphate(s), and the charge 

338 strength is dependent on the number of phosphates contained. Once entering the columns, 

339 nucleotide sugars are temporarily absorbed on the stationary phase via the attraction between 

340 negative charged phosphate anions and the N+ cation near the stationary surface. There is an 

341 increase in retention time with the compounds that have more phosphates. In contrast, the 

342 tryptophan is a neutral molecule and has no interaction with the charge near the stationary surface; 

343 however, tryptophan is a hydrophobic molecule and can be attracted to the stationary phase by the 

344 hydrophobic interaction. At the wash stage when mobile phase B is increased to 100%, the mobile 

345 phase becomes more hydrophobic; thus, part of the ion-pair reagents tetrabutylammonium along 

346 with highly absorbed phosphate ions are eluted from the stationary phase. By re-equilibration, the 

347 tetrabutylammonium is re-coated onto the surface of the stationary phase. 

348      In the scenario shown in Fig. 2B, both nucleotide sugars and tryptophan have reduced retention 

349 time when higher composition of buffer B was used. However, the impacts caused by the mobile 
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350 phase were diverse. First, the fraction of ion-pair reagent coated on the stationary phase was 

351 reduced at higher presence of buffer B and the stationary phase became less charged. This had a 

352 major effect on the affinity to the nucleotide sugars. Second, the solvent had also become more 

353 hydrophobic which resulted in the competition with the stationary phase for tryptophan. Because 

354 of the distinct effects, the rates of retention change occurring with nucleotide sugars and tryptophan 

355 appeared to be different. 

356     The study reveals that temperature and mobile phase composition are two critical parameters in 

357 the method and can significantly change the behavior of the chromatographic separation. The 

358 analytical condition must be equilibrated sufficiently with the starting condition (containing 95% 

359 A and 5% B) to maintain consistency across runs. Previous studies suggested a need of long-

360 equilibration for IP-RP chromatography [22]. In this study, five column volumes were found 

361 sufficient for satisfactory consistency in consecutive runs. The temperature as another parameter 

362 of substantial influence on IP-RP chromatography should be tightly controlled for run to run 

363 consistency. 

364 5. Conclusion

365      We have proposed and comprehensively investigated an approach of using core-shell columns 

366 and multiple columns in tandem to solve the shortage in the chromatographic separation for 

367 nucleotide sugars, especially UDP-sugar isomers. Key parameters affecting chromatographic 

368 results were identified and a workflow has been introduced to tune the method as needed for 

369 analysis. We anticipate that this method can help expedite the studies in biopharmaceutical process 

370 and other biological fields where the knowledge of the nucleotide sugar metabolism is to grow 

371 [23] .   
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450

451 Tables
452

453 Table 1: Multi-injection reproducibility (n=8) from different days
 Compounds RT  Peak area
 Mean SD CV%  Mean SD CV%
UDP-Gal 10.990 0.795 7.237  98.263 5.786 5.888
UDP-Glc 11.754 0.666 5.669  228.888 13.197 5.766
GDP-Man 13.068 0.386 2.954  104.500 6.106 5.843
UDP-GalNAc 13.586 0.264 1.945  81.188 8.479 10.443
UDP-GlcNAc 14.197 0.211 1.487  14.840 2.805 18.904
GDP-Fuc 17.230 0.259 1.502  6.963 0.940 13.494
GDP-Glc * 15.437 0.197 1.278  168.313 10.530 6.256

454

455 Table2 Reproducibility of cell extractions (n=5)

Peak area (Normalized to GDP-Glc*)Compounds Average SD CV%
UDP-Gal 0.0216 0.0014 6.3622
UDP-Glc 0.0715 0.0003 0.3846
GDP-Man 0.0020 0.0003 13.5238
UDP-GalNAc 0.0327 0.0015 4.4742
UDP-GlcNAc 0.0773 0.0100 12.8691
GDP-Fuc 0.0041 0.0003 7.6218

456 * Peak area of compounds/peak area of GDP-Glc

457

458
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460 Figure legends
461

462 Figure 1 Workflow of the method development for nucleotide sugar separation. 

463 Figure 2 The impacts of analytical parameters on chromatographic separation. (A) Effects of 

464 temperature; (B) Effects of mobile phase composition. The IDs of compounds in the chromatograms are 

465 labeled numerically as followings: (1) CMP-Sialic acid; (2) CDP; (3) UDP-Gal; (4) UDP-Glc; (5) GDP-

466 Man; (6) UDP-GalNAc; (7) UDP-GlcNAc; (8) Trp; (9) GDP-Glc* and (10) GDP-Fuc. 

467 Figure 3 Separation of mixture standards from 1X, 2X and 3X columns. (A) Chromatograms 

468 generated using 1X, 2X and 3X columns. The IDs of compounds in the chromatograms are labeled 

469 numerically as followings: (1) CMP-Sialic acid; (2) CDP; (3) UDP-Gal; (4) UDP-Glc; (5) GDP-Man; (6) 

470 UDP-GalNAc; (7) UDP-GlcNAc; (8) Trp; (9) GDP-Glc* and (10) GDP-Fuc. (B) The calculation of 

471 theoretical plates (N), capacity factor (k’), selectivity (α) and resolution (Rs) using 1X, 2X and 3X 

472 columns.

473 Figure 4 Tests of chromatographic separation using different flow rates. The IDs of compounds in 

474 the chromatograms are labeled numerically as followings: (1) CMP-Sialic acid; (2) CDP; (3) UDP-Gal; 

475 (4) UDP-Glc; (5) GDP-Man; (6) UDP-GalNAc; (7) UDP-GlcNAc; (8) Trp; (9) GDP-Glc*, (10) GDP-Fuc 

476 and (11) UDP.

477 Figure 5 Separation of nucleotide sugars from cell extracts using 1X, 2X and 3X columns. The IDs 

478 of compounds in the chromatograms are labeled numerically as followings: (1) CMP-Sialic acid; (2) 

479 CDP; (3) UDP-Gal; (4) UDP-Glc; (5) GDP-Man; (6) UDP-GalNAc; (7) UDP-GlcNAc; (8) Trp; (9) GDP-

480 Glc*; (10) GDP-Fuc; (11) UDP and (12) GMP. 

481 Figure 4 A complete run including a wash step after isocratic separation. (A) a run with cell extract 

482 at an entirety of isocratic condition (5% B). (B) a run with isocratic separation using 5% B, followed by a 

483 wash using 100% B, and re-equilibration by 5% B. 

484 Figure 7 Method linearity tested with 2X columns and nucleotide sugar standards.

485 Figure 8 Hypothetic theory of the chromatographic behavior during a cycle of the method. (A) 

486 isocratic separation; (B) wash stage: (C) re-equilibration. 
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Fig.S1 Spectra of compounds containing adenosine, uridine, guanosine and cytidine groups and 

the spectrum of tryptophan.



Fig.S2 Column variability shown by running a cell extract sample on single columns obtained 
from different manufacturing lots.

 




