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Abstract 

 

3'-Phosphoadenosine-5'-phosphosulfate (PAPS) is the universal donor of sulfate to 

sulfotransferases, a large group of enzymes that transfer sulfate to various molecules 

in the sulfation pathway. Methods that have been previously used to determine this 

important metabolite lack in specificity. The aim of the project was to develop            

a method for determining PAPS in cells and cellular fractions, using hydrophilic 

interaction liquid chromatography and mass spectrometry.  

The developed method gave a retention time under 10 minutes, acceptable 

chromatographic efficiency and satisfactory repeatability in measurements. The 

method was able to separate PAPS from ATP and ADP, which could interfere with 

PAPS signal in the MS as they share mass spectrometric features. In addition,             

a simple sample preparation procedure was developed using ultra centrifugal filters. 

The method was evaluated regarding linearity, carry-over, within- and between-day 

precision etc., and PAPS levels was estimated in MDCK cell lines and their Golgi 

fractions, also following treatment with sodium chlorate (a PAPS synthesis inhibitor). 

The combination of the ultra centrifugal filtration, as a sample preparation step,    

ZIC-pHILIC and ESI-MS detection was found to be a suitable technique for the 

analysis of PAPS. 
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1
 Sulfate is the spelling recommended by IUPAC, but sulphate is used in British English. Sulfate is 

used in this thesis even though British English is used elsewhere. 
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1 Introduction 

1.1 Sulfation pathway 

Sulfation and sulfate conjugation (Figure 1) are important pathways in the 

metabolism of many drugs, other xenobiotics, neurotransmitters, and hormones [2], 

steroid biosynthesis, and facilitating the inactivation and elimination of potent 

endogenous chemicals including thyroid hormones, steroids and catechols [3]. The 

number of compounds which are sulfated is huge, yet the function of this pathway is 

not completely understood [3]. 

 

 

Figure 1: Sulfation reaction.  

 

The sulfation pathway involves a sulfation reaction that is catalyzed by a large 

number of sulfotransferases (STs), which are enzymes that transfer the sulfuryl group 

(-SO3) from a sulfate donor to the hydroxyls and primary amines of acceptors, and 

enable the hydrolysis of sulfate esters formed by the action of the STs [3]. The 

sulfation pathway is carried out in the secretory pathway, preferentially in the lumen 

of the Golgi apparatus, and in the cytoplasm (Figure 2). Sulfation in the Golgi lumen 

adds sulfate to tyrosine residues in proteins, glycans of proteoglycans (like heparin) 

and glycolipids. The sulfation of proteoglycans is important for the binding of growth 

factors to the cell surface receptors and their signalling, for immunological 

interactions, for formation of the extracellular matrix, and many more functions [4]. 
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Figure 2: The structure of an animal cell. Reproduced from [5]. 

 

The nucleotide 3’-phosphoadenosine 5’-phosphosulfate
2
 (PAPS) (Figure 3 A), which 

is also known as activated sulfate, is the sulfate donor in the sulfation reactions [2, 3, 

6, 7]. 

Figure 3: Molecular structures of 3’-phosphoadenosine 5’-phosphosulfate (PAPS), adenosine 

triphosphate (ATP) and adenosine diphosphate (ADP).  

                                                 
2
 IUPAC name: 6-Amino-9-[(2R,3R,4S,5R)-3-hydroxy-5-[(hydroxy-sulfooxy-phosphoryl)oxymethyl]-

4-phosphonooxy-tetrahydrofuran-2-yl] purine. 

http://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi-3cyZ5PLMAhXPbZoKHXNiBaIQjRwIBw&url=http://www.yourgenome.org/facts/what-is-a-cell&bvm=bv.122676328,d.bGs&psig=AFQjCNHH5u5d8sm7gmMtzXukozsnSnNwDw&ust=1464181200214916
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1.2 PAPS 

PAPS is synthesized in the cytoplasm in two sequential steps from inorganic sulfate 

and ATP (Figure 3 B) by a bifunctional PAPS synthase (PAPSS) [2, 8]. As seen in 

(Figure 4), inorganic sulfate combines with ATP to form adenosine                                 

5’-phosphosulfate (APS) in the first step, and it is catalyzed by ATP-sulfurylase. APS 

reacts with another ATP in the second step, which is catalyzed by adenosine-

phosphosulfate kinase, to form PAPS and ADP [9]. 

 

Figure 4: PAPS synthesis in a two-step reaction. Adapted from [9]. 

 

PAPS is transported into the lumen of the Golgi apparatus through Golgi membranes. 

This is mediated by PAPS-transporter proteins (PAPS-Ts), preferentially PAPS-T1, 

which are localized in the Golgi membrane (Figure 5) [4, 10]. PAPS-Ts are proteins 

that span the Golgi membrane several times to form a channel. It is thought that 

PAPS-T1 is pumping against a concentration gradient, thus the concentration of 

PAPS is proposed to be several times higher in the Golgi lumen than in the cytoplasm 

[11]. 
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Figure 5: Schematic of the role of 3'-phosphoadenosine-5'-phosphosulfate in the sulfation 

pathway. PAPS transporters (PAPS-Ts) transport PAPS from the cytoplasm into the lumen of 

the Golgi apparatus. PAPS donates sulfuryl group to sulfotransferases STs and produces 

adenosine 3', 5'-diphosphate (PAP) as the result of a sulfotransferase reaction. Adapted from 

[12]. 

 

1.3 Determination of PAPS 

Sulfation activities in cells depend on PAPS, as the sulfation reaction relies on the 

availability of this polar metabolite. PAPS concentrations have been estimated in 

different animal tissues and cellular systems with various assays. Isocratic reversed 

phase liquid chromatography (RPLC) employing a C30 column and UV detection was 

used to determine PAPS in hepatic cell extracts (0.42 nmol/10
6
 cells) [13]. The 

determination of highly polar compounds such as PAPS by RPLC is challenging, as 

they require high concentrations of aqueous buffer in the mobile phase, which leads 

deficient peak shapes [14]. In addition, the UV detector does not provide highly 

selective identification and determinations [15, 16]. 
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Ion-pair reversed-phase HPLC and UV detection was also used for determination of 

adenine nucleotides and nucleoside (including PAPS (0.55 nmol/mL plasma)) using 

triethylamine as a counter ion [17, 18]. Ion pair chromatography is arguably not         

a good option for the routine analysis because of mass spectrometry incompatibility 

of ion pairing reagents [19]. 

Indirect or radioisotope incorporation assays have been used to determine Km
3
 values 

for PAPS for a variety of sulfotransferases in a number of cellular systems                   

(30-120 nmol/g liver, 0.8 nmol/10
6
 cells) [7, 20-22]. In these assays, the formation of              

sulfo-conjugated substrates from radioisotope-labeled or fluorescent phenolic 

acceptors is measured [13]. Such methods are time consuming, and have limited 

selectivity since interferences or degradation products of the analyte may be detected 

in addition to the analyte [13]. Therefore, there is a need for more selective and 

reliable methods for quantification of PAPS concentrations in both whole cells and 

subcellular (Golgi) fractions.  

1.4 Mass spectrometry 

LC coupled to MS can be highly selective, and is a well suited tool for quantification 

and identification of many biological compounds [23]. The MS is composed of three 

basic components: an ion source, a mass analyzer, and a detector (Figure 6), which 

will be presented in more detail in the pages below. The analytes are evaporated and 

ionized (for non-pre-ionized analytes) in the ion source before entering the mass 

analyzer, where the ions are separated according to their mass-to-charge ratio (m/z). 

The separated ions are then passed to the detector to measure their abundances [24]. 

 

Figure 6: The basic components of the mass spectrometry. Reproduced from [24]. 

                                                 
3
 Km : Michaelis-Menten constant is an inverse measure of the strength of binding between the enzyme 

and its substrate. 
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1.4.1 Electrospray ionization 

The ion source is the compartment where gas phase ions are produced and transferred 

to the second section of the instrument, the analyzer (Figure 7). There are many 

ionization techniques presently used with mass spectrometric instrumentations              

(i.e., ESI, APCI, APPI, ICP, MALDI) [25]. Electrospray (ESI) is the most common 

ionization source used in LC-MS, since it is highly suited for pre-ionized analytes and 

is a very “soft technique”; the ESI operates at atmospheric pressure with low 

transferred thermal energy, resulting in a low degree of fragmentation, allowing 

analysis of thermolabile compounds. ESI can easily be interfaced with LC and 

capillary electrophoresis separation techniques [24, 26]. 

In ESI, the analyte dissolved in a solvent is pumped (direct injection or LC), under 

atmospheric pressure, into the ionization source via a thin needle or a narrow-bore 

stainless steel capillary (∼0.2 mm outer diameter and ∼0.1 mm ID). An electrical 

potential (2–5 kV) is applied on the tip of the needle. At the capillary outlet and with 

the aid of a coaxial sheath gas (usually N2) flow around the needle, a conical 

meniscus of accumulated charges is drawn out and deformed into a cone (Taylor 

cone) in the very high electric field [26, 27]. It splits into a fine aerosol of charged 

droplets, which move towards an opposite charged electrode (Figure 7). 

 

 

Figure 7: Representation of the electrospray ionization process. By applying high voltage,     

a Taylor cone (a drawn-out meniscus with an excess of charge) is formed and split into 

charged droplets. The droplets evaporate while they move towards the opposite charged 

electrode. As the repulsion in the droplets is increased, free gaseous ions are ejected. Adapted 

from [28].  
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Then, as the solvent evaporates, the repulsive forces of the ions inside the droplet 

increase due to a surplus of similar charges in the droplet. Once the repulsive forces 

exceed the surface tension, the droplets undergo fission to create smaller droplets. 

Several cycles of evaporation of the solvent and fission of the droplets result in the 

ejection of gaseous ions from the droplet remains that are driven electrically towards 

the entrance of the mass analyzer through a sampling cone (kept in the interface of 

atmospheric pressure and the high vacuum), which is typically placed at 1–3 cm from 

the spray needle tip [19, 26, 29]. 

1.4.2 Mass analyzer 

There are several types of mass analyzers available, for example magnetic or electric 

sector mass analyzer, quadrupole, ion trap (linear and three-dimensional), orbitrap, 

time-of-light (TOF), and Fourier transform ion cyclotron resonance (FT-ICR). The 

separation and isolation of ions in the mass analyzer are influenced by an electrical or 

magnetic field [24, 25]. The choice of the mass analyzer depends on the price, 

resolution, mass range, scan rate, detection limits and the ability to perform tandem 

MS [25]. Single and triple quadrupoles have been used as mass analyzer during the 

study, and will be focused upon here. 

1.4.3 Quadrupole mass analyzer 

The quadrupole is the most commonly used mass analyzer in laboratories as it is 

relativity inexpensive, small in size, robust and easy to maintain [25]. A single 

quadrupole mass analyzer consists of four parallel rods that are connected electrically 

(Figure 8). An oscillating electrical field is created when a certain direct current (DC) 

and a radio frequency (RF) is applied on one of the pairs and the opposite DC and RF 

on the other pair. The ions formed in the ion source start to oscillate between the rods 

in the x- and y- direction when they enter this field in the z-direction [19, 30]. Ions 

with stable oscillation will not collide with the quadrupole and will reach the detector, 

while ions with non-stable oscillation will collide with one of the rods, neutralize and 

will not be detected. By varying the values of the applied DC and RF between the 

rods, the stability of the oscillation of ions can be controlled. Only ions with specific 

m/z ratios will pass the path toward the detector at certain DC and RF values [25]. 
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There they are detected in several ways e.g. the using a Faraday cup or other electron 

multiplier. In a Faraday cup, briefly, the ions are neutralized and a current is created 

and measured [24]. 

In this project (targeting only a few compounds), selected ion monitoring (SIM) was 

used. In SIM, selected m/z values are recorded by fine-tuning and keeping DC and RF 

values constant (as opposed to scanning a range of masses, which can reduce 

sensitivity [31, 32]). 

 

Figure 8: Schematic of a triple quadrupole mass analyzer with four parallel rods that are 

connected electrically. For given DC and AC voltages, only ions of a certain m/z will oscillate 

in a stable path and reach the detector and all other ions will collide with one of the rods. 

Reproduced from [33] with elements added by the author of the thesis. 

 

1.4.4 Tandem MS 

SIM can be expanded to a tandem MS (MS/MS) experiment. In MS/MS, usually two 

or more mass analyzers in a single instrument are employed for increasing sensitivity 

and selectivity. Many possible combinations of mass analyzers in MSMS are 

available: triple quadrupole (QqQ), quadrupole-TOF (Q-TOF), Ion trap – TOF           

(IT-TOF), LIT – Orbitrap and LIT – FT-ICR. The principle of tandem MS is the 

isolation of a selected m/z (precursor ion), followed by a fragmentation of this ion, 

and selection/detection of the selected fragments (product ions) (Figure 9). Due to its 

low cost and ease of use, the triple quadrupole is the most commonly used mass 

spectrometer for MS/MS [25].  
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Figure 9: Schematic of a triple quadrupole mass analyzer.  The precursor ion is selected in 

Q1 and collided with neutral molecules (for fragmenting) in Q2. Product ions are selected in 

Q3 before being detected. Reproduced from [34] with elements added by the author of the 

thesis. 

 

The triple quadrupole is arguably the most used mass analyzer for quantitative 

purposes. It consists of three sets of quadrupole filters. The first and third (Q1 and 

Q3) quadrupole function as mass analyzers, and the second one (Q2) as a collision 

cell, as it is shown in Figure 9. Many scan modes can be applied e.g. product ion 

scanning and selected/multiple reaction monitoring (SRM/MRM). The first 

quadrupole (Q1), acting as a mass filter, allows a selected m/z (precursor ion) to enter 

the collision cell (Q2). In Q2, the ions (precursor ion) are accelerated by electrical 

potential to high kinetic energy, collide with neutral gas molecules (He, N2 or Ar) and 

fragment into product ions by collision-induced dissociation (CID). The product ion 

with a specific m/z is allowed to pass through (Q3) and is detected. In this way, only 

specific precursor ions with specific product ions are detected. 

Although MS and MS/MS are very powerful, the presence of a wide range of (polar 

and non-polar) molecules in the sample matrix can lead to ion suppression (the impact 

of the less volatile compounds in the sample matrix and interfering compounds on the 

signal of the analyte of interest through reducing the efficiency of droplet formation 

and/or evaporation [35, 36]). Ion suppression may have an effect on the method 

performances such as detection capability, repeatability and accuracy [35]. Another 

challenge is if compounds are isomers (sharing the same mass and perhaps product 

ions). Separation of compounds prior to MS (using e.g. LC) may be mandatory in 

these matters. 
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1.5 Liquid chromatography  

An LC system typically consists of a pump, an injector, a column and a detector unit. 

The sample is introduced to the system and transported with a mobile phase (MP) 

through the column that contains a stationary phase (SP). Different degrees of 

interactions between the sample components and the stationary phase lead to different 

migration rates through the column, resulting in a separation [19]. The stationary 

phase is typically bound to small particles. 

LC was introduced in 1906 by Mikhail Tswett [19]. Martin and Synge found in 1941 

that the separation efficiency could be improved by using separation columns filled 

with very small particles [37]. Later, LC also became referred to as high pressure 

liquid chromatography or high performance liquid chromatography (HPLC) and lately 

as ultra high performance liquid chromatography (UHPLC) [19]. LC has become one 

of the most used analytical/separation techniques [38].  

Particle-packed columns are currently the most used columns (compared to e.g. open 

tubular and monolithic columns), and are commercially available in various 

functionalities and dimensions (Table 1).  

Table 1: Dimensions and flow rates in HPLC particle packed columns. Adapted from [19]. 

Column type ID (mm) L (cm) dp (μm) 
Typical flow    

(μL/min) 

Conventional 2-5 3-25 3-5 100-2000 

UHPLC 1-2 3-15 1.7-1.9 100-1000 

Micro-bore 0.5-1 3-25 3-5 20-100 

Capillary 0.1-0.5 3-25 3-5 1-20 

 

Silica-based columns are most common. However, mobile phases with high pH (> 8) 

cause early degradation for silica-based columns due to silica support dissolution [39]. 

Hence, there are limitations of the utility of silica-based columns for high pH 

applications [40]. Organic polymer based columns can be a good alternative in this 

case, as they are stable over a wide pH range [14, 41]. The column diameter can also 

be varied; using more narrow columns can provide higher sensitivity, but may require 

dedicated pumps for handling low flow rates used with such columns. 
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The column efficiency indicates the performance of the column in terms of the 

retention time/peak width relation [42]. It is a presentation of  the extent of band 

broadening a compound undergoes during chromatography when a Gaussian 

distribution is assumed for each band [19]. The plate number (N) or the plate height 

(H) represent the column efficiency and they are measured by the equations 1 and 2, 

where L is the column length, tR is the retention time of the analyte and w0.5 is the 

peak width at half peak height. 

 

𝑁 =  5.54 (𝑡𝑅/𝑤0.5)2   (Equation 1) 

 

𝐻 =  𝐿/𝑁    (Equation 2) 

 

A column with high efficiency has a large plate number and small plate height. To 

improve the efficiency of a column, the plate number can be increased by increasing 

the column length and/or reducing the plate height. For particle packed columns, H 

can be reduced by reducing the particle diameter (dp) as described in Van Deemter 

equation (Equation 3) [19]. 

 

𝐻 =  𝐴 +  𝐵/𝑢 +  𝐶𝑢 =  2𝜆𝑑𝑝  +  2𝛾𝐷𝑀/𝑢 +  𝑓(𝑘)𝑑𝑝
2𝑢/𝐷𝑀        (Equation 3) 

 

Where A, B and C are constants related to eddy dispersion, longitudinal diffusion and 

mass transfer in the mobile and stationary phases, respectively, u is the linear velocity, 

λ is the structure factor of the packing material, dp is the particle diameter, γ is the 

obstruction factor, k is the retention factor and DM is the diffusion coefficient of the 

analyte in the MP. 

The disadvantage of increasing the length of the column is an increase in the analysis 

time and the back pressure. A column with smaller particles will also produce higher 

back pressure [19]. In addition, not all stationary phases are available on small 

particles. 
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1.5.1 Separation modes in LC 

The chromatographic separation modes (principles) in LC depend on the interactions 

between the SP, the analyte and the MP, and are based mainly on the type of the 

stationary phase [38]. Several principles are available, but the most known are 

adsorption/normal phase liquid chromatography (NPLC), reversed phase liquid 

chromatography (RPLC), ion pair chromatography, ion exchange chromatography, 

exclusion chromatography and hydrophilic interaction liquid chromatography 

(HILIC). 

 RPLC is the most used principle, it currently represents 70 % of LC separations [43]. 

A nonpolar stationary phase of hydrocarbon surface functions (C8, C18, etc.) attached 

to silica based materials or organic polymers based materials (e.g. poly (styrene-co-

divinyl benzene)), and a buffered polar mobile phase consisting of water and miscible 

solvents (methanol, acetonitrile) are used.  The separation in RP is based on the 

hydrophobicity (lipophilicity) of the analytes [44]. The more hydrophobic analytes are 

more retained on the nonpolar SP than less hydrophobic analytes. As a consequence, 

RPLC is not well suited as a separation mode for very polar analytes such as PAPS. 

Polar compounds are not or insufficiently retained on RPLC columns as they typically 

elute in the void volume of the column [43]. 

NPLC or adsorption chromatography is used for the separation of compounds with 

substituents of different polarity. It is a suitable separation principle for mixtures 

containing positional isomers [45].  A polar material with specific surface area such 

as silica, bonded silica (diol, cyano. etc.) and alumina is used as stationary phase [45, 

46]. An organic relatively nonpolar mobile phase, typically hexane, elutes the 

compound according to their polarity. The nonpolar compounds are eluted before the 

polar compounds that are strongly adsorbed to the polar SP. NPLC has been used as   

a separation principle for polar and hydrophilic compounds over a long period. 

However, the expensive, toxic, and environmentally unfriendly organic mobile phases 

minimize the usage of NPLC [43]. In addition, it is problematic to dissolve polar 

analytes in these nonpolar MPs [43]. 
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The separation by ion-exchange chromatography (IEX) is based on the charge 

characteristics [47].  The ionic groups in the stationary phase (ion exchanger) interact 

electrostatically with the oppositely charged groups on the analyte [47]. IEX is           

a suitable separation tool for compounds containing ionic or ionizable groups such as 

amino acids, ionic metabolic products and organic ions. The mobile phase is water 

with salts/buffer to regulate the pH and the ionic strength, and the stationary phase 

possesses ionic groups (SO3
-
, NR3

+
) covalently bound to a non-soluble matrix [19]. 

IEX is incompatible with ESI-MS due to the high salt concentrations in the employed 

MP that reduce the sensitivity of MS [48]. 

HILIC is an interesting alternative for the determination of very polar compounds [43, 

49], and combines many of the features of the above-mentioned principles, and will 

be described in detail. 

1.6 Hydrophilic interaction liquid chromatography 

HILIC was introduced in 1990 by Alpert as an alternative LC mode for separating 

polar and hydrophilic compounds on polar stationary phases [50]. HILIC has a wide 

range of separation options, since it combines the characteristics of other separation 

principles by employing a polar stationary phase similar to NPLC, and a mobile phase 

consisting of water and organic solvent like RPLC. It also has the ability to separate 

charged analytes as in ion chromatography [51]. 

Primarily, HILIC was used for the determination of amino acids, carbohydrates and 

peptides [49]. Lately, it has been successfully applied for determination of polar drugs, 

metabolites, nucleotides, pharmaceuticals and many neutral and charged compounds 

in proteomics and glycomics [49, 51-53]. 

1.6.1 Separation mechanisms in HILIC 

The retention mechanisms in HILIC are still under discussion, and depend on the type 

of the SP, composition of the MP and the chemical properties and the structure of the 

analytes. The mechanisms are  a complicated and multi-modal combination of many 

mechanisms, but three essential retention mechanisms can explain the separation of 

polar compounds in HILIC columns: liquid-liquid partitioning, adsorption and 

electrostatic interactions [14]. 
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Partitioning is the most accepted separation mechanism in HILIC [14]. Water 

molecules are attracted by the polar functional groups on the surface of the SP to 

create a water-enriched layer on the surface of the stationary phase. This layer works 

like a stagnant liquid stationary phase (Figure 10). Based on their polarity and 

solvation, the analytes dissolved in the MP will partition between the water layer 

stationary phase and the high organic content mobile phase. The solvation in the 

water layer typically increases with the polarity of the analytes, thus increasing the 

retention [14, 51, 54]. 

 

Figure 10: Establishing of the water-enriched layer on the surface of a zwitterionic stationary 

phase in HILIC columns. Reproduced from [55] with elements added by the author of the 

thesis. 
 

Like in NPLC, adsorption is competition between the analytes and the MP for polar 

adsorption sites on the surface of the SP (adsorbent) [51, 56]. Electrostatic 

interactions (ion-exchange or ion repulsion) between the ionized analyte and the ionic 

functional groups in the SP play an important role in HILIC retention mechanisms [14, 

49, 57]. 

 

Additional retention mechanisms such as dipole-dipole interactions between the        

non-ionized polar analyte and the functional groups in the SP and hydrogen bonding 

enhance the retention in combination with ionic interactions, adsorption and 

partitioning [14, 50, 53, 57]. 
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1.6.2 Stationary phases 

Stationary phases in HILIC are polar, and could be e.g. non-modified silica (bare 

particles), or polar functional groups attached to silica-particles; such as amine, amide, 

cyano, diol, polyethylene glycol, cyclodextrine and other polar monomeric and 

polymeric functional groups [49, 51]. The stationary phases can be neutral, anionic, 

cationic or zwittierionic. 

Retention on bare silica is caused by partitioning and adsorption at low pH, and ion 

exchange at higher pH. Silanol groups are negatively charged at higher pH, and this 

will increase the retention of cationic analytes. Bare silica SP is used mainly in 

pharmaceutical analysis [49, 58]. 

Silica-based chemically bonded stationary phases have been used in a wide range of 

application. For example, diol-silica bonded phases have been applied for protein 

separations, amino and amide-silica phases are used for separation of sugars, amino 

acids and peptides [49, 51, 59]. 

Polymer-based stationary phases are usually modified with ion-exchange or 

zwitterionic functional groups [49]. Compared with silica-based stationary phases, 

they are not widely used in HILIC due to lower separation efficiency. However, 

polymeric columns have the advantage at very low pH or very high pH separation 

conditions, where silica-based columns are not stable [14, 41, 60]. 

In addition to particle packed columns, monolithic stationary phases are also used in 

HILIC separation. There are two types of monolithic columns, silica-based and 

organic polymer. They provide fast separations due to the high permeability in the 

monolithic structure that allows using of high flow rates without increasing column 

back pressure [14, 49]. However, these columns are not widely available. 

1.6.3 Zwitterionic HILIC 

ZIC-HILIC is used for the separation of ionic and ionizable species on a zwitterionic 

stationary phase. The ZIC-HILIC stationary phase involves zwitterionic functional 

groups such as phosphorylcholine (ZIC-cHILIC) and sulfobetaine attached to porous 

silica particles (ZIC-HILIC) or porous polymer particles (ZIC-pHILIC) (Figure 11) 

[61].  
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Figure 11: Schematic illustration of the ZIC-HILIC stationary phase                                            

(3-sulfopropyldimethylalkylammonio inner salt). Reproduced from [62]. 

  

Figure 11 shows the structure of the functional group in zwitterionic 

sulfoalkylbetaine stationary phase. Anion-exchange and cation-exchange interactions 

are assumed to take place. The separation is based on the ability of the positively and 

negatively charged analytes to access both the fixed positive quaternary ammonium 

group and negative sulfonic acid group. It is believed that the easily accessible 

sulfonic acid groups repulse negatively charged analytes, but the more shielded 

quaternary ammonium groups do not repulse positively charged analytes as strongly 

[49, 51, 63, 64]. This bonded stationary phase can adsorb water molecules by 

hydrogen bonding to create the water layer that would control the retention. The 

separation in ZIC-HILIC columns is also achieved by partitioning of the analytes 

between the MP and the water layer in the surface of the SP, and by weak electrostatic 

interactions between the analytes and charged functional groups on the surface of the 

SP [49, 51, 64]. The weak electrostatic interactions allow using of low buffer 

concentrations in the MP, which is an advantage in MS detection to avoid suppression 

of MS signal [61]. 

ZIC-pHILIC has been successfully used for separation of nucleoside triphosphates 

(e.g. ATP), which are very polar compounds and have poor retention on reversed 

phase columns with conventional mobile phases [65]. 

1.6.4 Mobile phase 

Common mobile phases used in HILIC consist of water and water-miscible organic 

solvents [49]. It is possible to carry out the separation in HILIC in isocratic or 

gradient mode. A high percentage of organic solvent (50-90 %) is used in the isocratic 

mode, while the gradient mode starts with a high percentage of organic solvent and 

ends with a higher percentage of water to increase the elution strength during the 

separation [14, 50]. 
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The retention in HILIC is influenced strongly by the polarity of the organic solvent, as 

the elution strength of the organic solvents increase with their polarity:                         

water > methanol > ethanol > acetonitrile > acetone [51].  Acetonitrile (ACN) is the 

most used organic solvent in HILIC due to its moderate elution strength that gives 

acceptable retention times because its chemical structure eliminates formation of 

hydrogen bonds. ACN has low viscosity which results in efficient separation at low 

back pressure [14, 54]. 

The content of 5-40 % water in the mobile phase ensures the formation of a water 

layer on the surface of the SP and a reasonable retention time for very hydrophilic 

analytes [50, 51]. More than 50 % water in the mobile phase is not recommended in 

HILIC because then the separation tends to be ion-exchanging. The high organic 

content (60-95 %) in the MP is an advantage when MS is used, because of  the high 

efficiency of spraying and desolvation that enhances the sensitivity of the MS [66]. 

Ionic additives (buffers or acids) are also essential in the HILIC mobile phase to 

control the pH and the ionic strength. As the pH and ionic strength of the MP have     

a considerable effect on the retention and separation selectivity of ionic and ionizable 

analytes, they have to be selected carefully. The ionization of analytes and the polar 

groups in the SP could be increased or reduced by adjusting the pH according to their 

pKa. Thus, enhancing or suppression of the electrostatic interactions may occur [14, 

49, 54]. Ammonium salts are usually used in HILIC-MS due to their solubility in MPs 

with high organic content and their volatility [51].  

1.7 Sample preparation 

The sample preparation is an essential step in most analytical techniques to eliminate 

the effect of the matrix of the biological samples (interferences and destructive 

components) and to enrich the analyte of interest prior to the quantification [19]. 

Removal of proteins and other high molar mass molecules is often the main purpose 

of the sample preparation, as they are responsible for the most of back pressure and 

declining column performance problems [67]. 
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Liquid-liquid extraction (LLE), solid phase extraction (SPE) and protein precipitation 

are the most used techniques for preparing samples [19]. The typical solvents used in 

LLE are non-polar organic, therefore polar analytes (e.g. PAPS) in the sample 

(aqueous phase) may not be extracted into the organic phase. Other drawbacks by 

LLE are time consumption, large consumption of organic solvent and emulsion 

formation [19, 68]. SPE is relatively expensive [68]. Protein precipitation  include 

several steps for forming and isolating the precipitate [69] 

Centrifugal ultrafiltration (Figure 12) is a rapid and simple sample preparation 

procedure used to isolate the analyte of interest from the sample matrix by employing 

centrifugal filter devices. Low molecular weight components (e.g. PAPS) can be 

separated from high molar mass components (e.g. proteins) by centrifugal 

ultrafiltrating the sample through a membrane with an appropriate molar mass cut-off 

[67]. 

In addition to the short operation time and ease of use, this technique offers 

satisfactory recovery and reproducibility, requires low sample volume (< 100 µL) and 

does not need protein precipitation prior to filtration for the cell lysate matrix [70-73]. 

 

 

Figure 12: Centrifugal ultrafiltration of cell lysate in Amicon® Ultra centrifugal filters. The 

figures of the filters were reproduced from [74]. 
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1.8 Aim of study 

The aim of this study was to develop and evaluate a simple, sensitive and selective 

method for determination of PAPS in cells and subcellular fractions. 

From the above, it is hypothesized that centrifugal ultrafiltration, ZIC-pHILIC, ESI 

and quadruple MS are appropriate techniques for the aim. The developed method was 

to be applied for whole cells and subcellular (Golgi) fractions. 
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2 Experimental 

2.1  Chemicals 

Type 1 water (resistivity (MΩ•cm @ 25 °C) >18.0 [75]) was from a Milli-Q ultrapure 

water purification system (Millipore, Bedford, MA, USA). HPLC grade ACN, acetic 

acid and methanol were from VWR (Radnor, PE, USA). Ammonium carbonate 

((NH4)2CO3), was from Fluka (Buchs, Switzerland). PAPS (adenosine 3′-phosphate 

5′-phosphosulfate lithium salt hydrate), ATP (adenosine 5′-triphosphate disodium salt 

hydrate, ≥99%) and ADP (adenosine 5′-diphosphate, ≥95%) were from                  

Sigma-Aldrich (St. Louis, MO, USA) (purity ≥60%) [76]. Nitrogen (99.96 %) was 

from AGA (Oslo, Norway). The internal standard (
13

C-PAPS (
13

C10H15N5O13P2S)) 

was from Section for Physiology and Cell Biology, Department of Biosciences UiO 

(Oslo, Norway); for synthesis procedure, see section 6.1 in appendix and [77, 78]. 

Sodium chloride for analysis was from Merk (Darmstadt, Germany). 

Bromophenol blue, Coomassie Brilliant Blue (R-250), dithiothreitol (DTT), glycerol 

and sodium dodecyl sulfate (SDS) were from Sigma-Aldrich. PageRuler™ Prestained 

Protein Ladder (10-180 kDa) and 20X NuPAGE® MOPS SDS running buffer were 

from Thermo Fisher Scientific (Waltham, MA, USA). 1M Tris-HCl pH 7.0 was from 

Oslo University Hospital (Oslo, Norway). 

2.2 Consumables  

Amicon® Ultra 0.5 mL centrifugal filters with a 10K cut-off were from Merck 

Millipore (Billericia, MA, USA) [79]. Eppendorf® Safe-Lock microcentrifuge tubes 

(1.5 mL) and Microvials PP (0.3 mL) with snap ring were from VWR. Pipettes 

(Finnpipette®F2) 5-40, 20-200, 100-1000 µL and 1-5 mL were from Thermo 

Scientific. NuPAGE®Novex® 12% Bis-Tris protein gels were from Thermo Fisher 

Scientific. 
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2.3 Units for sample storage and sample preparation 

A NanoDrop™ 2000 UV-Vis spectrophotometer was from Thermo Scientific.           

A Centrifuge 5415 R was from Eppendorf (Hamburg, Germany). A Speed-vac™ 

concentrator (SC110) was from Savant (Hicksville, NY, US). An ultrasonic cleaner 

(Branson 2510) was from Bransonic® (Bloomfield, USA). One freezer (-80 °C) was 

from Arctiko (Esbjerg, Danmark) while one freezer (-18 °C) was from Husqvarna 

(Stockholm, Sweden) and the refrigerator (+4 °C) was from Bosch (Gerlingen, 

Germany). 

2.4 Samples 

The cell pellets (MDCK I, MDCK II and MDCKB22) and Golgi fractions samples 

were provided by Ravi Adusumalli (PhD student at the Section for Physiology and 

Cell Biology, Department of Biosciences, UiO). For cell culturing and preparation, 

see section 6.2 in appendix. 

2.5 Solutions 

In initial stages of the study, a stock solution of PAPS was prepared by dissolving the 

purchased 1 mg of PAPS in a mixture of ACN and type 1 water in the ratio 50/50 (v/v) 

to a final concentration of 200 µg/mL. When the final conditions of the method were 

established, a more convenient stock solution used in the main part of the study was 

made by dissolving the purchased 5 mg of PAPS standard in a mixture of ACN and 

type 1 water (65/35, v/v) to a final concentration of 1 mg/mL. The stock solution of 

the internal standard (IS) was prepared by diluting a 1 mL of 1 mg/mL with a mixture 

of ACN and type 1 water (65/35, v/v) to 10 mL to a final concentration of 100 µg/mL. 

All stock solutions were divided in small aliquots which were frozen (-80 ºC). 

Working solutions of PAPS and the internal standard were prepared daily by diluting 

the stock solutions in the mobile phase or in the desired mixture of ACN and 100 mM 

ammonium carbonate solution. 

Stock solutions of ATP and ADP were prepared by dissolving 1 g of each in 10 mL of 

the MP to a final concentration of 100 mg/mL. These solutions were divided in small 
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aliquots which were frozen (-18 ºC). Working solutions were prepared by diluting the 

stock solutions with the MP to the desired concentrations. 

A solution of 0.5 M NaCl was prepared by dissolving 14.61 g of NaCl in 500 mL  

type 1 water. The solution was stored at 4 ºC. A 100 mM ammonium carbonate 

solution was prepared by dissolving 4.80 g of ammonium carbonate in 500 mL      

type 1 water. The solution was stored at 4 ºC. 

A 10 % (w/v) SDS solution was prepared by dissolving 10 g of SDS in 100 mL     

type 1 water. A 1.0 % (w/v) bromophenol blue solution was made by dissolving 1 g 

of bromophenol blue in 100 mL type 1 water, while  0.1 M DDT was prepared by 

diluting 1 mL of 1 M DDT with type 1 water to 10 mL. A 0.5 M Tris-HCl pH 7.0 

solution was prepared by diluting 5 mL of 1 M Tris-HCl pH 7.0 with type 1 water to 

10 mL. 

To prepare 100 mL of 1X SDS sample loading-buffer (1% (w/v) SDS, 1 mM DTT,  

20 % (v/v) glycerol, 20 mM Tris-HCl pH 7.0 and 0.01 % (w/v) bromophenol blue),   

4 mL of 0.5 M Tris-HCl, 20 mL of glycerol, 10 mL of 10 % (w/v) SDS, 1 mL of    

1.0 % (w/v) bromophenol blue, 1 mL of 0.1 M DDT, and 64 mL type 1 water were 

mixed. To prepare 100 mL of Coomassie Blue Staining solution (10% (v/v) acetic 

acid, 0.005 % (w/v) Coomassie Brilliant Blue and 90% (v/v) water) was done by 

dissolving 5 mg of Coomassie Brilliant Blue (R-250) in a mixture of 10 mL acetic 

acid and 90 mL type 1 water. 

Method evaluation solutions were prepared by spiking 50 µL of cell lysate samples  

(1 x 10
5 

cells) with standard solutions to a concentration of 2, 10, 100 and 200 µg/mL 

(in addition to endogenous levels) and with internal standard to a concentration of    

10 µg/mL (Table 2). 

Table 2: Concentration of PAPS and IS in validation solutions. 

Validation solution  PAPS (µg/mL)    IS (µg/mL) 

Low  2 10 

Medium 10 10 

High 100 10 

Very high 200 10 
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2.6 Sample preparation 

2.6.1 Cell lysis 

Ultra-sonication 

In the ultra-sonication method, lysing was carried out by adding 100 μL of an aqueous 

solution (type 1 water and 100 mM ammonium carbonate (50/50, v/v)) to the cell 

pellets (12 x 10
6 

cells) and placing the mixture in an ultrasonic bath with cooling 

periods (10 sec in the bath and 10 sec on ice, six cycles) to disrupt cell membranes 

and release polar biological molecules (such as PAPS). Then the cells were 

centrifuged at full power (16100 rcf), 20 ºC for 15 minutes, and the supernatant (cell 

lysate) was separated from the cell pellet carefully using a 20-200 µL pipette. 

Freeze-thaw cycles 

After 5 freeze/thaw cycles (2 hours at -80 ºC/1 hour thawing at room temperature), 

the cells were centrifuged and the supernatant was collected in the same way that was 

used in the ultra-sonication approach.  

The collected cell lysate was diluted with 100 μL of the mobile phase, aliquoted to     

2 x 10
6 

cells per sample (50 µL) and frozen (-80 °C) before being subjected to 

subsequent sample preparation steps. 

The same procedure was used for Golgi fractions, except for some adjustments that 

are illustrated in Figure 13. 

2.6.2 Sample clean-up  

Amicon Ultra centrifugal filter (10 K) were pre-rinsed (as recommended by the 

producer) with 400 μL type 1 water to remove glycerine, which is found in trace 

amounts in the filter membrane and may interfere with the analysis, and centrifuged at 

full power (16100 rcf), 20 ºC for 10 minutes. 50 μL of standard, cell lysates or Golgi 

fractions samples were applied to the filters and centrifuged at 16100 rcf, 20 ºC for  

10 minutes, and then 50 μL of washing solution (ACN/100 mM ammonium carbonate, 

95/5, v/v) was added and centrifuged again at the same conditions to elute the retained 

analyte. 
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Figure 13: Schematic view of lysing and sample preparation for the cell pellets and Golgi 

fractions. 

 

2.7 LC-MS system 

2.7.1 Mobile phases 

Mobile phases were prepared by mixing ACN, 100 mM ammonium carbonate and 

type 1 water in different ratios. Mobile phase with 50, 55, 60, 65, 70 and 75 % ACN, 
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with an ionic strength of 20, 25 or 30 mM were prepared during the optimization of 

the method (Table 3).  

Table 3: Overview of mobile phases with various ionic strengths and organic content. 

ACN % 50 % 55 % 60 % 65 % 70 % 75 % 

Molarity 

in the MP 
ACN/type 1 H2O/100 mM (NH4)2CO3, v/v/v 

20 mM 50/20/30 55/20/25 60/20/20 65/20/15 70/20/10 75/20/5 

25 mM 50/25/25 55/25/20 60/25/15 65/25/10 70/25/5 75/25/0 

30 mM 50/30/20 55/30/15 60/30/10 65/30/5 70/30/0 75/25
*
/0 

* Ammonium carbonate concentration was 120 mM. 

 

2.7.2 Columns 

ZIC-pHILIC columns (2.1 x 150 mm, 5 μm) used in the development and application 

of the method were from Sequant (Umeå, Sweden) [80]. Polyether ether ketone 

(PEEK) tubings with 0.10, 0.13 and 0.18 mm ID) were from Upchurch Scientific 

(Oak Harbour, WA, USA). 

2.7.3 Preliminary study LC-MS instrumentations 

Preliminary experiments were performed using a Waters 2695 Separations Module 

and a Micromass ZQ single quadrupole equipped with an ESI source from Waters 

(Milford, MA, USA). The pump flow was set to 200 µL/min and the injection volume 

was 10 µL. ESI source was used in negative mode with a capillary voltage set to     

2.5 kV, a cone voltage 30 V, a source temperature and desolvation temperature of 150 

and 140 °C, respectively. Drying gas and nebulizer gas were applied at 250 and        

50 L/hr, respectively. Data were collected with SIM mode (m/z 426.0 and 505.9) using 

MassLynx software version 4.1 from Waters. 

For MS/MS analysis, an Ultimate 3000 UHPLC system coupled to a TSQ Vantage 

triple quadrupole MS (Thermo Scientific) equipped with an ESI source was used. The 

flow rate of the mobile phase was set to 200 µL/min and the injection volume was   

10 µL. The analyte was ionized using ESI in negative mode with a spray voltage of   

2500 V, a capillary temperature of 350 °C, a sheath gas pressure of 35 psi and collision 

energy of 40 V. Xcalibur Software (Thermo Scientific) was used for controlling the MS 
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and for data collection. SRM mode with the transition m/z 426.0 → m/z 79.0, 134.0, 

158.9, 328.0 was used. 

A 2695 Separations Module from Waters and a TSQ Quantiva™ triple quadrupole 

MS (Thermo Scientific, Waltham, MS, US) were also used for MS/MS analysis with the 

same MS parameters as used with the Vantage MS. 

2.7.4 Main study LC-MS instrumentations 

LC analyses were performed using an Alliance® Waters 2695 Separation Module and 

a Micromass Quattro micro API Mass Spectrometer with ESI from Waters. The flow 

rate was 200 µL/min and the injection volume was 5 µL. Ionization was performed in 

negative mode with a capillary voltage of 3 kV, cone voltage of 45.0 V and extractor 

voltage of 3 V. Source temperature and desolvation temperature were 100 and 150 °C, 

respectively. Drying gas and nebulizer gas were applied at 250 and 10 L/hr, 

respectively. The chromatograms were obtained from MassLynx software version 4.1 

(Waters), and PAPS was monitored in SIM mode m/z 426.0 and 505.9. 

2.8 Regeneration of the column 

Column regeneration was performed by rinsing the column with strong salt solution at 

low flow rate in the reverse direction. The rinsing procedure was to wash the column 

with 30 column volumes (3 mL) of type 1 water, 30 column volumes of 0.5 M sodium 

chloride and 30 column volumes of type 1 water at a flow rate of 100 µL/min. 

2.9 UV measurements (NanoDrop™) 

To prepare the samples, 50 μL of cell lysate samples were applied to the spin filters 

which were centrifuged at 16100 rcf for 10 minutes at room temperature. The filters 

were then washed with 50 μL of solutions containing 10, 50, 65, 90, 95, 100 % ACN 

and 90, 50, 35, 10, 5 % 100 mM (NH4)2CO3 (v/v) sequentially, and centrifuged 

(16100 rcf, 10 minutes, room temperature). To compare/assess protein content of 

prepared samples, 2 µL of sample was subjected to UV spectroscopy using the 

NanoDrop™ unit (measured at 280 nm). 
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2.10  Gel electrophoresis 

This section was performed together with Tore Vehus (PhD student at bioanalytical 

chemistry, Department of Chemistry, UiO). The six collected solutions from section 

2.9 were evaporated to dryness and re-dissolved in 50 μL Tris-HCl. 10 μL of 1X SDS 

sample loading-buffer (1% (w/v) SDS, 1 mM DTT, 20% (v/v) glycerol, 20 mM      

Tris–HCl pH 7.0 and 0.01% (w/v) bromophenol blue) were added to the samples, 

which were heated at 70 °C for 15 min to denature the proteins, and subsequently 

cooled at room temperature for a few minutes. 15 µL of the samples and PageRuler™ 

Prestained Protein Ladder were loaded onto NuPAGE®Novex®12% Bis–Tris protein 

gels and separated for 30 minutes at 150 V in 1X MOPS running buffer. After 

separation, the gel was washed with water type 1 and kept in methanol/acetic 

acid/water (50/10/40, v/v/v) for 24 hours. The gel was then washed with water, 

soaked in Coomassie Blue Staining solution (10% (v/v) acetic acid, 0.005% (w/v) 

Coomassie Brilliant Blue and 90% (v/v) water) for two hours and subsequently       

de-stained in (methanol/acetic acid/water, 50/10/40, v/v/v) for 24 hours. 

2.11  Calculations 

The recovery (R %) was obtained by comparing the peak area of PAPS in the samples 

spiked before ultrafiltration (a), with the peak area of PAPS in the samples spiked 

after ultrafiltration (b). 

𝑅 % =
𝑎

𝑏
∗  100 

Precision of the method is expressed as the relative standard deviation RSD (%). 

𝑅𝑆𝐷 (%)  =
𝑆𝐷

𝑚𝑒𝑎𝑛
∗  100 

SD is the standard deviation of the values. 
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3 Results and discussion 

Based on our experience with separation of nucleoside triphosphates [65],                   

a ZIC-pHILIC column was chosen as stationary phase for the quantitative 

determination of PAPS. However columns with small particles and small inner 

diameter provide high efficiency and sensitivity, ZIC-pHILIC columns with small 

particles and ID were not available. The parameters influencing the retention and 

efficiency of PAPS in pHILIC e.g. organic modifier content and ionic strength are 

presented. A simple and effective sample preparation is also presented, before 

robustness issues with ZIC-pHILIC and PAPS stability are examined. At the end, the 

method is evaluated. 

3.1 MS detection 

The first step in LC-ESI-MS method development was to find the optimal MS 

parameters for detection of PAPS. A standard solution of PAPS (100 µg/mL) was 

infused directly to the MS with negative ESI. Two m/z were observed in negative       

ESI-MS mode (Figure 14). 

 

Figure 14: ESI-MS of 100 µg/mL standard solution of PAPS. Direct injection, negative mode, 

and full scan data acquisition in range of m/z 300 – 900. 

 

It was observed that the sulfate group is cleaved off from PAPS molecules in ESI 

source to produce m/z 426.0 in addition to m/z 505.9 (Figure 15). 
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Figure 15: PAPS in ESI. A) Shows the predictable ionization of PAPS that may occur in the 

MP by missing a proton (H
+
) to produce m/z 505.9 in the ESI. B) Shows the sulfate group 

which is cleaved off from PAPS in the ESI to produce m/z 426.0. 

 

The analyte was not necessarily easy to detect, and much time was spent on the 

optimization of the MS parameters. For instance, the TSQ Vantage triple quadrupole 

MS did not give any particular response even after a month of optimization attempts. 

3.2 Optimizing ZIC-pHILIC efficiency 

3.2.1 Organic content of the mobile phase 

A method with a relatively short analysis time (defined here as less than 10 minutes) 

and with satisfactory chromatographic efficiency and repeatability was sought. It is 

known that in HILIC mode, increasing the content of ACN in the MP will typically 

leads to a reduction of the elution strength, which will increase the retention time [14, 

51]. 

Several mobile phases (50, 55, 60, 65, 70 and 75 % ACN) were tested to obtain        

an acceptable retention time. The aqueous part of the mobile phases was water and         

a volatile buffer of ammonium carbonate (100 mM, described in section 3.2.2). The 

PAPS standard solutions were dissolved in the used mobile phase in each analysis. In 

HILIC, it is recommended that the composition of the sample solvent should be as 

close as possible to the initial mobile phase to avoid peak distortion and poor 

efficiency, which are related to the difference in the viscosity and polarity between 

the MP and the sample solvent [81-83]. The mobile phases with 50, 55, 60 and 65 % 
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ACN offered relatively stable retention times, below 10 minutes, shown in Figure 16. 

On the other hand, when 70 % ACN in the mobile phase was used, for unknown 

reasons, the retention time was very unstable (varied from 4.9 up to 10.8 min), as 

shown in Figure 41 in appendix. A mobile phase with 75 % ACN displayed a longer 

retention time (13 minutes) surpassing the desired analysis time limit of 10 minutes.  

The MP with 65 % ACN gave the highest repeatability in peak area (RSD (%) = 3,    

n = 3) and the highest efficiency of N = 2870 (N per m = 19100), compared to 1500 

(N per m = 10000), 1470 (N per m = 9800) and 2150 (N per m = 14300) for mobile 

phases containing 60, 55 and 50 % ACN, respectively. The efficiencies were 

satisfactory compared to the efficiency of pHILIC columns (N per m = 12927 and 

14159) for related compounds [65]. 

 

Figure 16: The retention time of PAPS as a function of ACN content. Chromatograms of  

100 µg/mL PAPS standard solutions dissolved in the MP using a ZIC-pHILIC column                  

(2.1 × 150 mm, 5 µm) with mobile phases consisting of A) 50, B) 55, C) 60 and D) 65 % 

ACN and 30 mM ionic strength in the aqueous part of the MP (see Table 3) at flow rate of 

200 μL/min. The injection volume was 10 μL. MS detection (ESI, single quadruple), negative 

ionization mode, SIR (m/z 426.0 and 505.9) was used.
4
 

 

                                                 
4
 In later stages of the study, changes in the retention time of PAPS occurred due to aging of the 

column, as seen in Figure 30, 32, 35, 36 and 38. Since pHILIC columns are expensive, the aging (but 

functional) column was used throughout the study.  
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The mobile phase with 65 % ACN gave reasonable retention time, lowest RSD (%) of 

peak area and highest efficiency, and was used in subsequent studies. 

 

3.2.2 Ionic strength of the mobile phase 

The ionic strength of the mobile phase has to be selected carefully since it has            

a considerable impact on the retention (due to ionic interactions between the analyte 

and the stationary phase), efficiency and MS signal [84]. Ammonium salts are often 

used in HILIC due to their solubility in mobile phases with high organic content and 

their volatility when mass spectrometry is used [24, 62, 64]. Even though a moderate 

pH of the mobile phase could ensure ionization of PAPS (pKa is 1.59 [85]),                 

a relatively high pH (~ 8) was used as it was preferred for separation of similar 

analytes like ATP and ADP [65]. Ammonium carbonate was considered as               

an appropriate option due to its volatility, solubility and high pH buffering capacity 

(pKa = 9.2) [65]. 

Table 4 shows the effect of increasing ionic strength (20  30 mM) of the mobile 

phase on the efficiency and the retention time.  The efficiency, represented by the 

plate number, was improved with increasing ionic strength. Mobile phases of 30 mM 

total ionic strength offered best efficiencies. No significant difference in the retention 

times was observed. 

Table 4: The retention time and efficiency of PAPS as a function of the ionic strength in 

mobile phase on a ZIC-pHILIC column. Other chromatographic conditions were as described 

in Figure 16. 

Retention time (min) 

(NH4)2CO3 50 % ACN 55 % ACN 60 % ACN 65 % ACN 

20 mM     1.9     2.3     3.1     3.8 

25 mM     1.9     2.2     3.1     3.8 

30 mM     1.9     2.2     3.0     3.6 

 

Efficiency (N) 

20  mM 1480 1000 1840 1070 

25  mM 1640 1040 1410 1110 

30  mM 2150 1470 1500 2870 
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The salt concentration in the MP can have a significant impact on the sensitivity of 

ESI-MS [86]. As seen in Figure 17, the MS signal (represented by the peak area) was 

adversely affected by salt concentrations due to the ion suppression, which may take 

place when high salt concentration are used [35]. Although the lower ionic strength 

mobile phases produced the higher sensitivity, the efficiency (N) was considered 

more important in the study.  

 

Figure 17: Peak area of PAPS (represent the sensitivity of MS) as a function of ACN % and 

salt concentration in the MP. 100 µg/mL standard solutions of PAPS (n = 3) were injected 

when 50, 55, 60 and 65 % ACN used in MP. Other chromatographic conditions were as 

described in Figure 16. 

 

The mobile phase with 65 % ACN and 30 mM ammonium carbonate was adapted as 

the MP for the method, as it gave reasonable retention time and sensitivity and the 

highest efficiency. 
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3.3 Sample preparation development 

3.3.1 Preliminary studies on standard solutions 

Centrifugal ultrafiltration was selected for isolating the analyte from potentially 

interfering proteins in the cell samples, because it is a rapid, simple and effective 

sample preparation method [67, 73]. In initial experiments, aqueous standard 

solutions were directly applied to the spin filters, without any pretreatment, and 

centrifuged. The achieved recovery of PAPS was very poor. For enhancing the 

recovery, a subsequent washing step was performed after applying the standard 

solution in order to release analytes adsorbed to the filter’s membrane (Figure 18). 

 

Figure 18: Sample clean-up procedure. The sample was applied to spin filter, centrifuged, 

washed and centrifuged. The figures of the Ultra centrifugal filter were reproduced from [74]. 

 

To assess the optimum washing conditions in terms of recovery, different amounts of 

organic solvent in the washing step were tested (Figure 19). At first, a solution of 

ACN, 100 mM (NH4)2CO3 and type 1 water (65/30/5, v/v/v) was used as a washing 

solution (A chromatogram), as it was the composition of the MP. The applied 

standard solution contained 35 % ACN, 65 % H2O (100 mM (NH4)2CO3 and          

type 1 water), so the final solution from filtration contained 50 % ACN and 50 % H2O. 

This approach produced a recovery of less than 75%, and PAPS peak had                   

a substantial tailing and was divided into two peaks (Figure 19 A). The peak splitting 

was likely related to the large amount of water (50 %) in the filtered samples 

compared to the MP, that may decrease the partitioning of the analyte into the water-

layer on the stationary phase and lead to poorer efficiency and lower retention         
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[62, 87]. To improve the recovery and peak shape, the total water amount in the 

washing solution, and consequently in the injected samples, was decreased by 

washing the filter with solutions of ACN/100 mM of (NH4)2CO3 (90/10, 95/5 and 

100/0, v/v) (Figure 19 B, C & D), resulting in final water concentration of 37.5, 35 

and 32.5 %, respectively. Chromatogram B shows higher recovery (84 %), but the 

splitting of the peak increased. Chromatogram C shows even higher recovery (89 %) 

and a peak without splitting. This improvement in the peak shape is a result of that the 

final solution contains exactly the same water amount as the MP (35 %). Reducing the 

water content even more by washing with 100 % ACN as in the D chromatogram, 

increased the recovery up to more than 90 %. However, a larger degree of peak tailing 

was observed, likely because the water amount in the final solution (32.5 %) was less 

than that in the MP. 

 

 

Figure 19: Chromatograms of PAPS (right) as a function of water content in the filtrated 

samples prepared as shown to the left in the figure. Chromatograms of 50 µg/ml standard 

solutions of PAPS were applied to the spin filters and washed with different washing 

solutions A) 65 % ACN and 35 % (NH4)2CO3 (100 mM), B) 90 % ACN and 10 % (NH4)2CO3 

(100 mM), C) 95 % ACN and 5 % (NH4)2CO3 (100 mM) and D) 100 % ACN. H2O in the 

figure refers to the aqueous part (water and (NH4)2CO3 (100 mM)) and R % is recovery %. 

The chromatographic conditions were as described in Figure 16. 
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Thus, ACN/100 mM (NH4)2CO3 (95/5, v/v) was chosen as the washing solution for the 

main studies since it produced acceptable recovery and efficiency (Figure 19 C).  

3.3.2 Biological samples 

The same sample preparation procedure used for standard solutions was tested for 

biological samples to examine the recovery. Three MDCK I cell lysate samples were 

centrifuged and spiked with PAPS to concentration levels of 25, 37.5 and 50 µg/mL 

after ultrafiltration. Three other MDCK I cell lysate samples were spiked with an 

appropriate amount of standard solution to give concentrations of 50, 75 and           

100 µg/mL (to correct for the 2 X dilution after the washing step) before ultrafiltration. 

The recovery was determined to be 62-75 % (not corrected for with an internal 

standard) and was considered to be acceptable (Figure 20). 

 

Figure 20: Recovery (R %) of PAPS in real samples. Cell lysate samples spiked with PAPS 

before and after filtration to 25, 37.5 and 50 µg/mL were used to find recovery. The 

chromatographic conditions were as described in Figure 16. 
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3.4 Robustness issues with pHILIC 

3.4.1 Retention time shift 

During the application of the method for cell lysates, an increase in retention time 

(Figure 21) and back pressure was observed. Two different volumes (5 and 10 µL) of 

the cells lysates were injected to study the impact of injection volume (Figure 21). 

The retention time increased approximately 0.1 min for each ten injections.                

A potential reason for the changing retention time is binding of retained undesired 

debris to the stationary phase [62]. At the same time, the increased back pressure 

(from 90 to 110 bar during 100 injections) could occur due to the precipitation of 

some matrix components (proteins, lipids etc.) that might clog the inlet frit and lead to 

increasing pressure [62]. 

 

Figure 21: Retention time of PAPS for 100 injections of the cell lysate samples. 5 and 10 µL 

were used as injection volumes. The chromatographic conditions were as described in Figure 

16. 

 

Figure 22 illustrates the behaviour of the retention time after 100 injections of Golgi 

fractions. Golgi fractions show the same trend in the retention time shifting as cell 

lysates.  
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Figure 22: Retention time of PAPS for 100 injections of the cell lysate samples and Golgi 

fractions. Injection volume was 5 µL. The chromatographic conditions were as described in 

Figure 16. 

 

3.4.2 Proteins 

Although the recovery was acceptable for biological samples, variation/increasing in 

the retention time and the backpressure of the column were observed when analysing 

cell samples. It was speculated that the variation was due to the presence of proteins 

in the ultrafiltrated cell lysate samples after the washing step with a high content 

organic solution (ACN/100 mM (NH4)2CO3, 95/5, v/v). The protein amount in the 

ultrafiltrated samples was assessed using NanoDrop™ UV spectroscopy (Figure 23 

A) and gel electrophoresis (SDS-PAGE) (Figure 23 B). Washing solutions with 

different ACN amounts (ACN/100 mM (NH4)2CO3, 10/90, 50/50, 65/35, 90/10, 95/5, 

100/0, v/v) were used to reveal possible effect of ACN quantity on the spin filter’s 

ability to discard proteins. However, no noticeable differences in protein presence in 

the ultrafiltrated samples could be observed (Figure 23). 
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Figure 23: Proteins assessment. A) Absorbance (280 nm) of 2 µL of the ultrafiltrated cell 

lysates after the washing step with various ACN amounts (n = 3). B) Picture of SDS-PAGE. 

The protein ladder
5
 and the ultrafiltrated samples (ACN/100 mM (NH4)2CO3, 10/90, 50/50, 

65/35, 90/10, 95/5, 100/0, v/v) were applied in the 1, 2, 3, 4, 5, 6 and 7 lanes of the gel, 

respectively. The yellow dotted lanes on B were added by the author of the thesis. 

 

The ultrafiltrated samples that were obtained after washing the filters with ACN and 

100 mM (NH4)2CO3 (10/90, 50/50, 65/35, 90/10, 95/5, 100/0, v/v), were prepared to 

gel electrophoresis as described in section 2.10 before applying in lanes 2-7 of the gel 

(Figure 23 B), respectively. No protein is seen in lanes 2-7 compared to protein 

ladder. That means the ultrafiltrated samples are free of proteins, and proteins are not 

responsible for the increasing in the retention time. 

3.4.3 Effect of washing 

To avoid the continuous increase of the retention time, the column was rinsed 

whenever the retention time had increased about 10 % (after 60-70 injections). Since 

the normal procedure to regenerate the column is considered as a time and effort 

consuming and non-automatable process (described in section 2.8), a more 

uncomplicated and effortless process was tested. The column was washed with           

a mixture containing ACN, ammonium carbonate (100 mM) and type 1 water 

(50/30/20, v/v/v) at flow rate of 200 µL/min for 30 minutes without reversing the 

                                                 
5

 Protein ladder is a set of standard proteins used to estimate the size of a molecule in gel 

electrophoresis. 
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flow direction in the column. After the washing, the retention time was measured and 

compared to the retention time of the normal washing procedure as shown in Figure 

24. Both washing procedures, normal and simple, could bring the retention time back 

to the original values. 

Thus, the simple washing procedure was adopted as a rinsing procedure in the 

further work because it was rapid, did not require reversing the flow direction in the 

column, and gave satisfactory regeneration.  

 

Figure 24: Retention time of PAPS on the pHILIC column using the normal and the simple 

washing procedures after 100 injections of cell lysates and Golgi fractions. The 

chromatographic conditions were as described in Figure 16. 

 

3.4.4 Golgi samples 

Golgi fractions from the various cell lines were provided in large volumes (2-3 mL), 

and were evaporated using Speed-Vac® for enrichment. The enriched solution had    

a very dense texture, similar to a syrup (Figure 25, right), due to presence of sucrose 

in Golgi fractions. Sucrose was added during the isolation of Golgi fraction using        

a sucrose gradient procedure (Figure 25). To remove sucrose and avoid formation of 

this dense solution that cannot be injected in LC-MS system, the isolated Golgi 

fraction was diluted 3 times with 1X PBS and subjected to centrifugation at           

50000 rpm for 1 hour at 4 ºC. The supernatant was discarded and the pellets were 
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diluted with 1X PBS and again centrifuged. Finally, 200 µL of PBS was added to the 

pellets. Isolation of Golgi fractions and removing of sucrose are described in detail in 

section 6.2.3 in appendix. 

 

Figure 25: Isolation and enrichment of Golgi fractions. Left) Sucrose gradient was used for 

isolation of Golgi fractions. Right) 1 mL of isolated Golgi fraction evaporated for 2 hours. 

The figure of sucrose gradient was reproduced from [88]. 

 

3.5 PAPS stability  

After optimizing the chromatographic conditions including organic content and ionic 

strength in the MP, as well as the sample preparation process, the stability of PAPS 

under various conditions was investigated as it is a prerequisite for reliable 

quantitative determination [89]. 

3.5.1 Stability of standard solutions 

With the aim of defining the potential storing conditions for the samples (in the auto-

sampler etc.) when the method is introduced to routine analyses, and evaluating the 

stability of PAPS under freezing and thawing (used for cell lysing), 3 replicates of   

10 μg/mL standard solutions of PAPS were prepared and each replicate was divided 

into six aliquots. The first three aliquots were analysed immediately after preparation. 

Three others were used to check the stability of PAPS after 24 hours storage at room 

temperature (18 ºC), in the fridge (4 ºC) and in the freezer (-80 ºC), and two were 

used to test the stability after five and ten freeze-thaw cycles. As seen in Figure 26, 

after 24 hours storing PAPS was more stable in the samples stored at room 
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temperature compared to those in the fridge and the freezer. Furthermore, ten     

freeze-thaw cycles of the standard solutions showed much lower intensity than only 

five cycles. As a consequence, the samples were preferably stored at room 

temperature and freezing/thawing was not used as a cell disruption method in the 

further applications and method evaluation. 

 

 

Figure 26: Peak area of PAPS standard solutions as a function of the storage conditions. 

Three replicates at each condition were analysed using the same conditions as described in 

Figure 16. 

 

3.5.2 Cell lysate samples 

To test stability of PAPS in the stored cell lysates (as opposed to cell pellets), MDCK 

II and MDCK B22 cell pellets were lysed by ultra-sonication as described in section 

2.6.1. The cell lysates were stored at -80 ºC up to five days; the sample preparation 

steps were done on the day of the analysis. As seen in Figure 27 the cell lysates were 

stable at least five days at -80 ºC. Increasing in the MS signal can be in charge of the 

significant increasing in the peak areas in the all cell lysates on the fourth day since 

they are not corrected for with an internal standard. 
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Figure 27: Peak area of PAPS in cell lysate samples stored at -80 ºC. Cell lysates of MDCK 

II and MDCK B22 (trypsinized (T) and scraped (S)) were stored at -80 ºC and analysed over 

five days. Sample preparation was performed daily. Injection volume was 5 µL. The 

chromatographic conditions were as described in Figure 16. 

 

To test the influence of sample preparation process on the cell lysates stability, 

MDCK I and MDCK B22 prepared cell lysates were stored at room temperature for 

24 hours and analysed after 0, 5, 1, 2, 3, 4 and 24 hours. The peak area of PAPS was 

quite similar after 24 hours storing at room temperature (Figure 28). Therefore, the 

prepared samples can be stored at room temperature (in the auto-sampler etc. when 

the method is introduced to routine analyses) for at least 24 hours without any 

significant degradation. 
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Figure 28: Peak area of PAPS in prepared cell lysate samples for 24 hours at room 

temperature. Cell lysates of MDCK I and MDCK B22 were stored at room temperature for 24 

hours after sample preparation. Injection volume was 5 µL. Other chromatographic conditions 

were as described in Figure 16. 

 

3.5.3 Stability of PAPS under evaporation  

With the purpose of enriching Golgi fractions by evaporation using Speed-Vac®, the 

stability of PAPS during evaporation in Speed-Vac® was examined. 1 mL of              

a 100 ng/mL standard solution was evaporated to ~ 100 µL to obtain a concentration 

of     1 µg/mL. 10 µL of the enriched standard solution was injected on the column as 

well as a standard solution with a concentration of 1 µg/mL. The signal intensity of 

the enriched standard solutions was approximately equal to that of the standard 

solution, with recovery of 105 % (Figure 29).  
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Figure 29: Peak area of PAPS under evaporation. A standard solution of 1 µg/mL and           

a standard solution of 100 ng/mL enriched to 1 µg/mL in the Speed-Vac® were analysed 

using Quantiva™ MS instrument in SRM mode (m/z 426.0 → m/z 79.0, 134.0, 158.9, 328.0). 

Other chromatographic conditions were as described in Figure 16. 

 

3.6 Preliminary investigation of PAPS in samples  

The developed method was applied for analysis of different cell line samples.            

A representative chromatogram of MDCK B22 cell line analysis is shown in Figure 

30. As seen in chromatogram (b) in Figure 30, the sample contains two more 

compounds in addition to PAPS with the same MS profile. These two compounds 

were identified as being ADP and ATP (using external standards). The molar mass of 

ATP is 507.0, which is similar to that for PAPS (506.99), therefore it has same m/z 

(505.9) after ionization (deprotonation) in the mobile phase/ESI as PAPS. In addition, 

a phosphate group is cleaved off from ATP molecules in-source to produce m/z 426.0 

(Figure 31) (like PAPS in Figure 15). ADP is ionized (deprotonated) in the MP/ESI, 

and produces an m/z of 426.0 in the ESI (Figure 31). Since ATP and ADP have 

exactly the same m/z as PAPS, they could be seen in the SIM chromatograms with 

PAPS. This will not be a problem for determination of PAPS in cells as ADP and 

ATP are separated (in the column) from PAPS, due to the selectivity of the pHILIC 

approach. 
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Figure 30: SIM (m/z 426.0, 505.9) chromatogram of standard PAPS solution and cell lysate 

samples. a) SIM (m/z 426.0 and 505.9) of a 10 µg/mL standard solution and b) SIM (m/z 

426.0 and 505.9) of MDCK B22 cell lysate (2 × 10
6
 cells per sample). Chromatographic 

conditions were as described in Figure 16.
6
 

 

 

Figure 31: ATP and ADP in ESI. Left) The predictable ionization of ATP and ADP that may 

occur in the MP by missing a proton (H
+
) to produce m/z 505.9 and 426.0, respectively. Right) 

A phosphate group is cleaved off from ATP in the ESI to produce m/z 426.0. 

                                                 
6
 A change in the retention time of PAPS can be seen in Figure 30 and the next figures. The efficiency 

of the column with the new retention times was found to be (N = 2379), which is quite similar to the 

efficiency with the original retention time (N = 2867). 
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In addition, the method was also applied for Golgi fractions analysis. Figure 32 

shows a chromatogram of the upper Golgi fraction (UG) of MDCK B22 cells. 

 

Figure 32: SIM (m/z 426.0, 505.9) chromatograms of Golgi fraction samples. SIM (m/z 426.0 

and 505.9) of upper Golgi fraction of MDCK B22. Chromatographic conditions were as 

described in Figure 16. 

 

Gradual reduction of PAPS levels was observed in the presence of the competitive 

PAPS synthesis inhibitor chlorate [90]. Figure 33 and Figure 34 show this reduction 

of PAPS levels in cells and Golgi fractions when they were treated with various 

concentrations of sodium chlorate
7
. The small rise of the peak area for PAPS   

(Figure 34) in the presence of 0.5 and 1 mM chlorate is expected, as a stimulation of 

sulfation of certain molecules (heparan sulfate) at low chlorate concentrations has 

been observed [91]. The probable explanation of this phenomenon is that the PAPS 

transporter in the Golgi membrane is able to reduce the Km value (increase affinity) so 

that it takes in more PAPS into the Golgi lumen, while less will remain in the 

cytoplasm. From Figure 34, the concentration of PAPS in cells was estimated to be          

3 µg/mL (0.14 nmol/10
6
 cells), which is low compared with the concentrations stated 

in the other methods (0.4 – 0.8 nmol/10
6
 cells). One explanation may be that reduced 

selectivity of previous methods has led to an overestimation of levels.  

                                                 
7
 Chlorate is an in vitro inhibitor of ATP-sulfurylase, which is the first enzyme in the biosynthesis of 

PAPS (Figure 4). Chlorate replaces sulfate in the active site of the enzyme, thus sulfation mechanisms 

are affected [90]. 
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Figure 33: Concentration of PAPS (µg/mL) in Golgi fractions as a function of sodium 

chlorate concentration. Golgi fractions (Upper (UG) and lower (LG) fraction) of MDCK B22 

treated with 0, 1, 5 and 10 mM of sodium chlorate. The chromatographic conditions were as 

described in Figure 16.
8
 

 

 

 

Figure 34: Peak area of PAPS in cells as a function of sodium chlorate. MDCK B22 

(trypsinized) cell pellets treated with 0, 0.5, 1, 2, 5, 10 and 20 mM of sodium chlorate. The 

chromatographic conditions were as described in Figure 16. 

 

The method shows results that are consistent with the biologically expected. 

                                                 
8
 The concentrations in Figure 33 and Figure 34 were estimated by a single point calibration curve. 
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3.7 Method evaluation  

To be obtain a status of  high reliability, a method has to be extensively validated by 

evaluating a range of parameters, including linearity, limit of detection, limit of 

quantification and repeatability of measurement [19]. In this thesis, a complete 

validation (long term study, e.g. several operators, instruments and time points) has 

not been carried out due to time limitations. However, an evaluation of the key 

parameters is presented in the following. 

3.7.1 Internal standard 

To correct for any analyte loss during sample preparation and variance of the 

ionization efficiency in MS, an internal standard (IS) was employed during the 

method evaluation. The internal standard must behave like the analyte during sample 

preparation and analysis, and must not be naturally present in the sample [19]. With 

MS detection, it was possible to use an isotope labeled PAPS (
13

C-PAPS) as             

an internal standard (Figure 35). 

 

Figure 35: Internal standard. Chromatograms of a standard solution contain PAPS and IS in  

a concentration of 10 µg/mL for both. A) SIM m/z 426.0, 505.9 shows PAPS and B) SIM m/z 

436.0, 516.0 shows IS. Chromatographic conditions were as described in Figure 16. 

R
el

at
iv

e 
ab

u
n

d
an

ce
 

R
el

at
iv

e 
ab

u
n

d
an

ce
 



49 
 

3.7.2 Limit of detection and limit of quantification 

As analyte-free biological samples are seemingly not available and since the recovery 

of the analyte was satisfactory, standard solutions were used to determine the 

detection/quantification limits. The concentration limit of detection (cLOD) is the 

lowest concentration of an analyte that can be detected, and can provide a signal to 

noise ratio S/N of 3 or greater [19]. A concentration of 0.5 µg/mL (2.5 ng injected on 

the column in 5 µL) was found to be the cLOD in the method (Figure 36), and this 

corresponds to 2 ng/10
5
 cells (assuming 100 % recovery). For concentrations lower 

than 0.5 µg/mL only noise was observed. 

 

Figure 36: SIM chromatogram of 0.5 µg/mL PAPS standard solution. Injection volume was  

5 µL. Other chromatographic conditions were as described in Figure 16. 

 

The concentration limit of quantification (cLOQ) is the lowest concentration of        

an analyte that can be quantified with suitable precision and accuracy (RSD % ≤ 20), 

and can provide a signal to noise ratio S/N of 10 [19]. The cLOQ in the method was 

found to be 2 µg/mL (10 ng injected on the column in 5 µL), and this corresponds to  

8 ng/10
5
 cells (assuming 100 % recovery) with an RSD (%) of 13. The cLOQ is quite 

high, however, it was suitable for analysis of the samples in this project. The cLOQ of 

the method can be improved by employing a newer and thus more sensitive mass 

spectrometers or tandem MS. 
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3.7.3 Linearity 

The linearity of the method was investigated in the range from 2 to 200 µg/mL. Six 

replicates contain PAPS at four concentration levels 2, 10, 100 and 200 µg/mL and IS 

at a concentration of 10 µg/mL were prepared in spiked cell lysate samples (1 x 10
5 

cells per sample), and were used to obtain the data. The peak area ratio of PAPS over 

IS against the ratio of their concentrations as plotted in Figure 37. The linearity was 

assessed by determining the square linear regression for the line of best fit. As 

illustrated in Figure 37, the method has a good linearity for the entire concentration 

range (R
2 

> 0.99).  

 

Figure 37: Peak area of PAPS/peak area of IS (A/AIS) as a function of their concentration 

ratio (C/CIS) in the range from 2-200 µg/mL PAPS and 10 µg/mL IS. Data were obtained by 

single injection of six replicates at each concentration level. Injection volume was 5 µL. 

Chromatographic conditions were as described in Figure 16. 

 

3.7.4 Precision 

The precision of the method was established at four concentration levels (2, 10, 100 

and 200 µg/mL), and expressed as the relative standard deviation RSD (%).     

Within-day repeatability of the method was examined by spiking 6 cell lysate samples 
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at each concentration level before ultrafiltration. The samples were prepared and 

analysed on the same day. Table 5 shows the results.  

Table 5: Intra-day precision of A/AIS for PAPS concentration 2-200 µg/mL and IS 

concentration of 10 µg/mL. Chromatographic conditions were as described in Figure 16. 

Concentration (µg/mL) n RSD (%) 

2 6     16 

10 6     19 

100 6     16 

200 6     6.9 

 

Between-day repeatability was also examined by the spiked cell lysates. Three new 

replicates at each concentration level were prepared and analysed over five days. The 

results are shown in Table 6. 

Table 6: Inter-day precision of A/AIS for PAPS concentration 2-200 µg/mL and IS 

concentration of 10 µg/mL. Chromatographic conditions were as described in Figure 16. 

Concentration µg/mL n RSD (%) 

2 5     20 

10 5     15 

100 5     3.7 

200 5     4.1 

 

Within- and between-day precisions were found satisfying for the method. The RSD 

(%) values were lower than 20 %, except for the between-day precision at the lowest 

concentration level. Calculations are shown in section 6.6.1 in appendix. 

3.7.5 Selectivity 

Selectivity of a method is the ability of the method to distinguish between an analyte 

and other potential interferences in the sample such as other analytes and matrix 

components. The method was found to be selective since it has the ability to separate 

PAPS from other interfering analytes that have the same precursor ion mass and 

product ion mass as PAPS (e.g. ATP); see previous figures Figure 30 and Figure 31. 
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3.7.6 Carry-over 

Carry-over is a system contamination from the previous sample which causes analyte 

peaks to re-appear in the following blank injection. The accuracy and the precision of 

the method can be affected if the system contains carry-over [92]. Carry-over was 

investigated by performing a blank injection of mobile phase after samples during the 

validation of the method, as well as throughout the study. As seen in Figure 38 no 

carry-over was observed. 

 

Figure 38: Upper: SIM (m/z 426.0, 505.9) chromatogram of a cell lysate sample. Lower: SIM 

(m/z 426.0, 505.9) chromatogram of a blank injection (5 µL of the mobile phase). Other 

chromatographic conditions were as described in Figure 16. 

 

 

 

The method was evaluated, and it e.g. has a good linearity (R
2 

> 0.99), satisfactory 

within- and between-day repeatability (RSD (%) < 20) and acceptable cLOD (0.5 

µg/mL) and cLOQ (2 µg/mL). 
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4 Conclusion 

As hypothesized in the aim of study, ultra centrifugal filtration for simple and rapid 

sample preparation followed by ZIC-pHILIC-ESI-Quadrupole-MS for selective 

detection were indeed suited for determining PAPS in different MDCK cell lines and 

their Golgi fractions. In support of the method’s validity, a reduction in PAPS levels 

in cells and Golgi fractions was observed when treated with chlorate (a PAPS 

synthesis inhibitor) as it was biologically expected. 

In the future, the focus may be put on further refining of the sample preparation to 

increase the number of injections before a regeneration of the column is needed.        

A comprehensive validation of the method (with internal standard) can also be carried 

out for securing very reliable quantitation of PAPS in cells and Golgi fractions.         

A newer MS or tandem MS could be employed in order to acquire more sensitive and 

selective detection, when necessary. 
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6 Appendix 

6.1 Preparation and purification of the internal standard (
13

C-

PAPS) 

This section was performed by Kristian Prydz (Professor at the Section for 

Physiology and Cell Biology, Department of Biosciences, UiO). The procedure that 

was used for preparation and purification of 
13

C-PAPS was similar to the procedure 

used for preparation and the purification of PAPS (described in this section). ATP 

13C-10 from Sigma Aldrich was used. 

PAPS synthesis is presented in Figure 4. Sodium sulfate and adenosine                    

5'- triphosphate (ATP) are first converted to adenosine 5'-phosphosulfate (APS), and 

then the second phospho group is added to produce PAPS. PPi represents 

pyrophosphate, and Pi represents phosphate. 

 

6.1.1 Sample induction protocol 

An induction protocol for a 25 ml culture of pET-Duet-1 or pCDF-Duet-1 in E. coli 

BL21 Star (DE3) is described here. The enzymes involved in synthesizing PAPS, 

including ATP sulfurylase, APS kinase and pyrophosphatase, were expressed in E. 

coli BL21 Star (DE3) (Invitrogen). ATP sulfurylase and APS kinase were expressed 

by KAST-APSK-pETDuet-1, ampicillin resistance. Pyrophosphatase was expressed 

by PPA-pCDFDuet-1, streptomycin resistance. 

 Inoculated a clone, from fresh plate prepared from stock bacteria the day 

before, with 25 ml overnight Express Instant TB autoinduction medium with 

antibiotics (50 μg/ml ampicillin or streptomycin) in a 125 ml culture flask. 

Left bacteria at 28 degrees shaking at 300 rpm overnight. 

 Harvested bacteria the day after by centrifugation at 4000xg for 15 min, 17 

hours inoculation. 0.872 g wet weight for PPA and 0.874 g wet weight for 

KAST. 

 Lysed cells with sonication in 20 mM Tris, 500 mM NaCl, pH 7.8. Added   

10 % glycerol. A total volume of ~13 mL. 

 Protein concentration according to BCA:  
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a. PPA:  1.78 mg/mL, concentrated to 16.6 mg/mL. 

b. KAST-APSK: 1.28 mg/mL, concentrated to 29.8 mg/mL. 

 

6.1.2 PAPS synthesis 

The PAPS preparation was achieved by crude enzymes. The reaction buffer included: 

 50 mM Tris–HCl at pH 8.0 with 100 mM Na2SO4, 10 mM MgCl2, 10 mM 

LiCl 

 5 mM ATP disodium salt hydrate (Sigma A2383, 551.14 g/mol) 

 0.6 mg/mL of crude ATP sulfurylase and APS kinase (29.8 mg/ml)  

 0.15 mg/mL of crude pyrophosphatase (16.6 mg/ml)  

 

The conversion was quantitative after 70 min, with ~60% PAPS, ~10% ADP and   

~30 % AMP, as determined by HPLC on an Amide-80 HILIC column. 

The reaction mixture was filtered through a 0.45 μm membrane and loaded onto a      

5 ml DEAE FF (GE Life Sciences) prepacked column. The column was washed with 

~10 column volumes of 50 mM NaCl and eluted with a 20 column volume gradient 

from 50-1000 mM NaCl at ~3.5 mL/min. E
mM

=15.4 for PAPS at 259 nm and pH 7.0. 

6.2 Preparation of the samples 

This section was performed by Ravi Adusumalli (PhD student at the Section for 

Physiology and Cell Biology, Department of Biosciences, UiO). 

6.2.1 Cell culture work 

Adherent Madin-Darby canine kidney epithelial (MDCK) cells represent the model of 

this thesis. The MDCK II cell line is mostly used to perform the studies of polarized 

epithelia; it is one of two subclones of the original cell line obtained from dog kidney 

[93-95]. After stable transfection and clonal selection, several cell strains that display 

different recombinant proteins have been determined within the research group  

(Table 7). 

Cells were protected in an incubator at 37 °C with 5 % CO2 in the incubator 

atmosphere, and the cell culturing process was conducted in a laminar cell culture 

hood in a designated cell lab. In order to preserve MDCK cells, cells were grown 



 
 

64 
 

under specific conditions in 75 cm
2
 flasks with ventilated caps containing 20 ml of 

complete growth medium consisted of Dulbeccos’s modified Eagle’s Medium 

(DMEM), containing 5 % fetal calf serum (FCS) and (1 %) penicillin/streptomycin 

(P/S).  

Table 7: List of MDCK cell lines that will be used in this thesis. 

Cell Line Description 

MDCK I  Cells from later passages of MDCK.  

MDCK II Cells from later passages of MDCK. 

MDCK II B10  MDCK II cells stably expressing PAPST1-GFP. 

MDCK II B2  MDCK II cells stably expressing PAPST1-GFP. 

MDCK II PAPST1-GFP (B22) MDCK II cells stably expressing PAPST1-GFP.  

 

Expansion of cells: Trypsination of MDCK II cells grown in 75 cm
2
 flasks  

Adherent MDCK II cells have gradually increased to reach the level of confluency in 

75 cm
2
 flasks; therefore, confluent epithelial cell layers were transferred to new flasks 

to provide suitable growing conditions that ensure the continuous dividing during the 

exponential phase of the growth cycle. Ethylenediaminetetraacetic acid (EDTA) was 

used to create gaps in the tight monolayer to facilitate the diffusion of Trypsin 

through the layers and the degradation of proteins, that support cells to adhere to the 

flask, in the basolateral domain. 

Protocol:  

 Remove medium from the bottle.  

 Wash cells with 10 mL Phosphate-buffered saline (PBS) containing EDTA.  

 Add 5 mL Trypsin-EDTA to each bottle. Remove after 3-5 min, or when cells 

are beginning to round up.  

 Add 2 mL Trypsin-EDTA and leave the cells in incubator for 10-15 min, or 

until all the cells have detached.  

 Add 10 mL of complete growth medium to the flask, and resuspend the cells.  

 Transfer cells to new bottles. If transferring to new 75 cm
2
 flasks, then transfer 

2 mL of the cell suspension to each flask containing 20 mL of fresh complete 

growth medium.  
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6.2.2 Cell viability assays  

To prove this thesis, cells were killed or had apoptosis because of the intentional use 

of chemical destructive agents in high concentrations that had a potential to ruin the 

DNA [96-98]. Another important matter was considered is the use of whole 

populations of cells grown in a dish or on a filter in order to determine the cell 

viability assay, which was required to ensure the suitable and reproducible conditions 

for the biochemical experiments. 

Trypan blue stain  

To conduct the cell viability assay, Trypan blue exclusion test was performed. Trypan 

blue works on penetrating the broken permeable membranes in the dead cells and 

colouring the interior of cells in a blue colour while it is not able to do that for viable 

cells that will appear as a solid non-blue core. Then, by a manual or automatic 

counting under a microscope, the number of living cells will be determined. 

CountessTM automated cell counter was used for this experiment. 

Protocol:  

 Wash cells with 1 mL of PBS with EDTA.  

 Add 0.5 mL of Trypsin-EDTA.  

 Incubate for 15 min, or until all cells have detached from the substratum.  

 Add 2 mL of cell growth medium, then transfer to centrifugal tubes.  

 Centrifuge at 1500 rpm for 5 min.  

 Remove supernatant and resuspend pellet in 1mL of cell growth medium  

 Add 10 μL of the cell suspension to a new tube.  

 Add 10 μL of Trypan blue (0.4 %) and mix well by pipetting.  

 Remove 20 μL of Trypan blue stained cell suspension and add to Countess
TM

 

cell counter slide.  

 Insert slide into Countess
TM

, focus the counter properly (live cells have           

a bright center, dead cells have a dark center) and count the cells.  

 

Solutions: 

10 x PBS: 2.62 g NaH2PO4 x H2O, 14.42 g NaH2PO4 x 2H2O, 87.66 g NaCl. Mix 

NaH2PO4 x H2O and NaH2PO4 x 2H2O with 300 mL dH2O while stirring. Add 

NaCl stepwise. At the end, add dH2O to 1 L. Adjust pH to 7.4 before autoclaving.  
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10 x PBS with EDTA: 2.62g NaH2PO4 x H2O, 14.42 g NaH2PO4 x 2H2O, 87.66 g 

NaCl and 18.64 g EDTA. Mix NaH2PO4 x H2O and NaH2PO4 x 2H2O with 300 mL 

dH2O while stirring. Add NaCl stepwise, then EDTA. At the end, add dH2O to 1 L. 

Adjust pH to 7.4 before autoclaving. 

Making Cell pellets for PAPS quantification: 

After the confluence of the cell lines of MDCK I, MDCK II, B22, B10, and B2, each 

cell line was divided into 6 different T 75cm
2
 flasks. When the cells reach confluence, 

the old medium was removed and cells washed one time with 20 mL of serum-free 

DMEM with glutamate. More additions of serum-free DMEM with glutamate were 

performed and flasks were incubated for one hour. At the end of the incubation 

process, flasks were washed with a serum-free medium one time only.  

Three flasks washed one time with 5 mL trypsin for 5 minutes. Then, the old medium 

was removed and added fresh 2 mL of trypsin for cells to detach them. Later, serum-

free medium was added to dilute the medium and the solution was centrifuged for      

5 minutes at low rpm. The supernatant was discarded and the pellet was diluted with 

14 mL of PBS-EDTA. 

The other three flasks of each group were washed one time with 10 mL of cold PBS 

with EDTA. To perform cells scraping, 10 mL of the same PBS with EDTA was 

replaced. Then Rinse with additional 4 mL of PBS-EDTA was done. Solutions were 

transferred into 15 mL centrifuge tubes and centrifuged for 5 minutes. Supernatant 

removed and new 10 mL of PBS-EDTA added, and again another one round of 

centrifugation was conducted. The process of washing was repeated and supernatant 

removed. MDCK I, II, B22, B10 and B2 pellets stored at -80 °C. 

6.2.3 Isolation of Golgi vesicles 

Golgi fraction was isolated by sucrose gradient method. The cells were scraped and 

collected into 50 mL falcon tubes and centrifuged at 1000 rpm, 12 °C for 5 minutes. 

The cell pellets were diluted with 2 mL homogenisation buffer. The cell suspension 

was squeezed by using 22 G syringe and centrifuged at 2600 rpm for 10 minutes. The 

supernatant was collected and the pellets were diluted with 2 mL homogenisation 

buffer. This was repeated 1-2 times. Collected post-nuclear supernatant (PNS) 
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solution was transferred to a 15 mL Falcon tube and diluted with homogenisation 

buffer to 8.4 mL. 6.6 mL of 2 M sucrose was added to a total volume of 15 mL. The 

gradient tube was placed in SW 32 swing-out rotor and centrifuged at 28000 rpm, 

4 °C for 4.20 hours. The white portion of the upper and lower bands was transferred 

into labelled tubes. The upper and lower bands were diluted with 1X PBS, and placed 

in MLA 80 fixed angel rotor. The tubes were centrifuged at 50000 rpm, 4 °C for        

1 hour. The supernatant was discarded. The gel (like pellets) was diluted with 1X PBS, 

transferred to Eppendorf tube and centrifuged at maximum speed by using bench top 

ultracentrifuge. The pellets were collected, 200 µL of 1X PBS was added. The tubes 

were stored at -80 °C for HPLC analysis. 

 

Figure 39: Isolation of Golgi fraction. The figure was provided by Ravi Adusumalli (PhD 

student at the Section for Physiology and Cell Biology, Department of Biosciences, UiO). 
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6.3 Linearity in the mobile phases 

The linearity was investigated in mobile phases that were used during the 

optimization of the method. All mobile phases show good linearity (R
2
 > 0.99). 

 

Figure 40: Linearity of the mobile phases. PAPS standard solutions of 10, 50 and 100 µg/mL 

were used with mobile phases contain 50, 55, 60 and 65 % ACN in the mobile phase. Other 

chromatographic conditions were as described in Figure 16.   
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6.4 Variation in the retention time with 70 % ACN in the MP 

A variation in the retention time when 70 % ACN was used in the mobile phase was 

observed during the optimizing of the method (Figure 41). 

 

Figure 41: Retention time variation. Chromatograms of 100 µg/mL standard solutions, the 

mobile phase consisted of ACN/100 mM (NH4)2CO3 (70/30, v/v). The chromatographic 

conditions are described in Figure 16. 
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6.5 ESI-MS spectra of IS 

 

 

Figure 42: ESI-MS of 100 µg/mL standard solution of the internal standard. Direct injection, 

negative mode, and full scan data acquisition in range of m/z 300 – 900. 
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6.6 Evaluation calculations 

6.6.1 Between replicates and between day repeatability 

Table 8 and Table 9 shows data used to calculate repeatability between replicates 

(n=6) and repeatability between days (n=5), respectively. 

 

Table 8: Between replicate repeatability calculations. 

Concentration µg/mL 2 10 100 200 

Replicate A/AIS A/AIS A/AIS A/AIS 

1 0,1934 0,7885 9,4142 18,0848 

2 0,1849 0,7541 13,4148 19,7043 

3 0,1788 0,7242 10,5275 18,7106 

4 0,2440 0,8561 10,9881 20,5591 

5 0,1874 0,8111 11,1532 21,6910 

6 0,1504 1,1636 8,5254 18,6344 

Average 0,1898 0,8496 10,6705 19,5641 

STDEV 0,0305 0,1604 1,6772 1,3649 

RSD (%) 16,0757 18,8831 15,7181 6,9764 

 

 

Table 9: Between day repeatability calculations. 

Concentration µg/mL 2 10 100 200 

Day A/AIS A/AIS A/AIS A/AIS 

1 0,1857 0,8186 10,2222 18,8333 

2 0,1044 0,9304 9,8647 17,8020 

3 0,1501 1,2269 10,4104 18,4412 

4 0,1728 0,9652 9,5619 17,1135 

5 0,1558 1,0448 9,6224 17,2889 

Average 0,1538 0,9972 9,9363 17,8958 

STDEV 0,0310 0,1520 0,3709 0,7358 

RSD (%) 20,1568 15,2421 3,7331 4,1114 

 

 


