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Metabolite Profiling of Plastidial Deoxyxylulose-5-Phosphate 
Pathway Intermediates by Liquid Chromatography and Mass 
Spectrometry

Edward E.K. Baidoo, Yanmei Xiao, Katayoon Dehesh, and Jay D. Keasling

Abstract

Metabolite profiling is a powerful tool that enhances our understanding of complex regulatory 

processes and extends to the comparative analysis of plant gene function. However, at present, 

there are relatively few examples of metabolite profiling being used to characterize the regulatory 

aspects of the plastidial deoxyxylulose-5-phosphate (DXP) pathway in plants. Since the DXP 

pathway is one of two pathways in plants that are essential for isoprenoid biosynthesis, it is 

imperative that robust analytical methods be employed for the characterization of this metabolic 

pathway. Recently, liquid chromatography-mass spectrometry (LC-MS), in conjunction with 

traditional molecular biology approaches, established that the DXP pathway metabolite, 

methylerythritol cyclodiphosphate (MEcPP), previously known solely as an intermediate in the 

isoprenoid biosynthetic pathway, is a stress sensor that communicates environmental perturbations 

sensed by plastids to the nucleus, a process referred to as retrograde signaling. In this chapter, we 

describe two LC-MS methods from this study that can be broadly used to characterize DXP 

pathway intermediates.
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1 Introduction

The DXP pathway, also known as the methylerythritol 4-phosphate (MEP) pathway, 

consists of seven enzymes that transform glyceraldehdye-3-phosphate (G3P) and pyruvic 

acid to intermediates and the final products namely, isopentenol diphosphate (IPP) and 

dimethylallyl diphosphate (DMAPP) (Fig. 1), from which all isoprenoids are synthesized 

[1–4]. DXP pathway intermediates can be anionic in nature and, therefore, carry net 

negative charges. This means that they are detected as deprotonated ions [M–H]− in the 

negative mode of mass spectrometry. However, when profiling metabolites, it is better to 

separate them in real-time prior to their detection. The addition of this separation step 

reduces ion suppression effects (in electrospray ionization, ESI) caused from interfering 

compounds and, thus, improves upon quantitation.

20Each instrument manufacture will have a particular time frame for an auto-tune of the ion optics (i.e., the components required to 
focus and transmit ions efficiently to the mass analyzer) and mass analyzer to be carried out. A successful completion of the auto-tune 
may be compromised by using an expired tuning mixture and/or by having a dirty ion source and ion optics.
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Separation of hydrophilic compounds such as the intermediates of the DXP pathway is 

generally best achieved by ion exchange chromatography (IXC), ion exclusion 

chromatography (IEC), and hydrophilic interaction liquid chromatography (HILIC). In IXC, 

retention is based on the interaction between the charged analyte and the charged functional 

groups bound to the stationary phase [5, 6]. This retention property enables anionic 

metabolites, such as the DXP pathway intermediates, to be retained by their interaction with 

the positively charged groups on the stationary phase. In IEC, ions with the same charge as 

the stationary phase (such as those from the mobile phase) are not permitted to penetrate it 

as they are excluded through repulsion [5, 6]. Here, only the analyte is allowed to interact 

with the stationary phase. A stationary phase that employs both mechanisms is normally 

composed of a resin. The charged groups on the resin allow for IXC and IEC to take place, 

and the polystyrene backbone of the resin allows for hydrophobic interactions. The resin, 

therefore, permits the retention mechanisms of reversed phase, normal phase partitioning, 

and size exclusion to occur. These multiple modes of interaction provide resin-based HPLC 

columns with added selectivity under isocratic conditions [5, 6]. However, a major 

drawback to using this approach with mass spectrometry (MS) is that analyte separation is 

normally achieved via aqueous mobile phases.

HILIC retention is achieved through hydrogen bonding between the analyte and water 

bound to the silica stationary phase [7]. Consequently, analytes are best retained by the 

stationary phase when the organic content (e.g., acetonitrile) of the mobile phase is high and 

they are eluted from the column when the aqueous content of the mobile phase is high. 

Secondary interactions can be achieved through the addition of charged groups (e.g., zwitter 

ions) to the silica stationary phase to further improve upon the selectivity of the HILIC 

method [8]. The volatile nature of HILIC mobile phases makes this separation technique 

ideally suited to electrospray mass spectrometry (ESI-MS).

Once the separated metabolites have been eluted from the column they are delivered to the 

ion source. Here, they are converted to gaseous ions by the combination of a nebulizer gas 

and a heated drying gas during ESI. This ionization technique is established via the 

application of a strong electric field, under atmospheric pressure, to the eluent passing 

through a narrow stainless steel capillary, where the accumulation of charge at the liquid 

surface at the tip of the capillary leads to the formation of highly charged droplets. As the 

droplets become increasingly smaller the accumulation of destabilizing like-charges, 

through natural repulsion, causes the release of ions. Consequently a cascade of coulombic 

repulsions eventually give rise to either an ion contained within a single droplet and/or the 

emission of solvated ions from charged droplets, which lead to the formation of gas phase 

ions upon evaporation [9–14].

Ions from the ESI source are electrostatically drawn towards the entrance of the MS, where 

they pass through a heated sampling capillary until they reach a metal skimmer. From there, 

they pass through an ion guide (e.g., an octapole) under a specified radio frequency (rf) 

voltage. The application of a high vacuum at this stage reduces the number of collisions 

between ions and gas molecules. Before entering the mass analyzer, ions are further focused 

by a series of lenses [15]. For the purpose of this chapter, only the quadrupole (quad; Fig. 2) 

and the time-of-flight (TOF; Fig. 3) mass analyzer will be discussed.
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A single quad is a low resolution, low cost, highly robust mass spectrometer that consists of 

four parallel cylindrical or hyperbolic rods that are equally spaced around a central axis [16], 

with each rod serving as an electrode. Opposing sets of rods have both direct current (dc) 

and radio frequency (rf) voltages applied to them. As ions transit the rods both dc and rf 

voltages are increased at a constant ratio [17]. The application of these voltages creates an 

area of mutual stability at the center of the rods, where only ions with certain m/z ratios are 

transmitted through the quadrupole, whereas ions exhibiting different m/z ratios collide with 

the rods as result of their unstable trajectories [16]. Thus, the quadrupole forms a low and 

high mass filter. The relationship of m/z to these potentials is described in following 

equations:

where au and qu are the stability parameters and e is the charge of an electron [9]. The other 

parameters ω2 and  are related to the angular frequency and radius, respectively [9]. The 

output of the dc generator is described by the V voltage and the rf generator is described by 

the U voltage [9]. To scan a mass spectrum, both voltages are increased at the same time 

from zero to some maximum value while their ratio is maintained constant [17–19]. A scan 

is, therefore, achieved in sequential steps, from the lowest to the highest m/z ratio.

In the most sensitive operating mode of the single quadrupole, selected ion monitoring 

(SIM), the mass analyzer is programmed to allow the passage of ions with specific m/z ratios 

(typically ±0.5 m/z) through to the detector. In this way, the mass spectrometer spends more 

time collecting information on preselected ions rather than scanning across a wide mass 

range. This leads to a reduction in background noise and, by extension, a significant increase 

in signal-to-noise (see Note 1). The quad mass analyzer is ideally suited to targeted 

metabolite analyses, especially when the SIM mode is employed (Fig. 2).

A TOF is a medium to high resolution mass analyzer with an extremely high scan rate (see 

Note 2). The TOF mass analyzer consists of a flight tube under a high vacuum. The 

principle of TOF is based on the assumption that ions with the same initial kinetic energy 

(Ekin) travel at different velocities ν that are proportional to their m/z ratios and inversely 

proportional to their masses (m):

For a given energy (E) and distance (L), the mass is proportional to the square of the flight 

time (t) [15]:

1In the SIM mode, sensitivity can be enhanced by grouping analyte ions in scheduled time segments.
2The scan rate is the time taken for a mass analyzer to scan a given mass range (atomic mass units/s) and can significantly influence 
its qualitative and quantitative performance [15, 16].
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The m/z ratio of a given ion can, therefore, be calculated by measuring the time it takes to 

travel a certain distance [15]:

where ions are selected by a potential V and e is the charge of an electron [9, 15, 20, 21].

As ions enter the TOF they are subjected to a pulsed electric field, which is applied at the 

entrance of the TOF. Lighter, multiple-charged ions reach the detector before heavier single-

charged ions [15]. Once ions are pulsed up the flight tube, they enter the reflectron region 

which, as the name suggests, is responsible for repelling ions towards the detector based on 

their forward kinetic energies (see Notes 3 and 4). A consequence of this is that the same 

ions arrive at the flight tube at the same time (see Note 5). In this way, the reflectron region 

improves mass resolution and accuracy by minimizing variations in the flight times of ions 

(resulting from different spatial and kinetic energy distributions) [15]. The reflectron region 

also helps to double the flight path, giving ions more time to separate and, hence, increases 

the overall resolution (the mass difference, Δm, between two adjacent masses) of the mass 

analyzer (see Note 6).

The monoisotopic mass is used to determine the mass accuracy of analyte ions, which is the 

difference between the theoretical m/z ratio and the measured (see Note 7).

In the above equation mTheo is the theoretical m/z ratio and mMeas is the measured m/z 

ratio [22]. The high acquisition rate, high sensitivity, high mass resolution, and high mass 

accuracy of TOF make this mass analyzer ideally suited to targeted metabolomics analyses 

(Fig. 3).

Information obtained from MS (i.e., a measure of the characteristics of charged molecules 

based on the mass-to-charge ratio, m/z, of an ion) is commonly used to deduce elemental 

composition and elucidate the chemical structure of a compound. A mass spectrometer can, 

3TOF measurements are the summations of transients (the movement of ions from the pulser region to the detector) resulting from 
many pulses [15, 16].
4The forward motion of the ions ensures that they do not return to the pulser region after being reflected.
5The next set of ions is pulsed only after the previous set has reached the detector.
6Resolution is often wrongly referred to as resolving power (Rp), which is a measure of the ability of a mass analyzer to resolve two 
distinct signals with a small difference and is calculated by Rp = m/Δm.
7High mass accuracy is considered for ions whose m/z ratios are ≤2 ppm. To ensure high mass accuracy, most TOF instruments 
employ reference masses to recalibrate the m/z axis after a certain number of mass spectra have been averaged. Such compounds are 
commonly delivered to the mass spectrometer through an automated calibrant delivery system.
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therefore, be used to produce a mass spectrum (a plot of m/z vs. intensity) or used as a 

detector (a plot of peak intensity vs. time) [6, 16, 17]. An analyte ion is generally quantified 

by the area under the corresponding chromatographic peak. The TOF utilizes extracted ion 

chromatograms (EIC) for accurate peak integration, whereas the quad utilizes either EIC (in 

the full scan mode) or SIM chromatograms, with each data point across the chromatographic 

peak corresponding to the m/z ratio of the analyte ion (see Note 8). The added selectivity 

that the mass spectrometer brings allows LC-MS to be used to quantify metabolites from 

complex biological matrices such as plant biomass. For a more comprehensive study of IXC, 

IEC, HILIC, ESI, quad and TOF mass spectrometry, the reader is kindly referred to other 

sources for this information [5–21]. In this chapter we describe IXC-IEC-ESI-TOF MS and 

HILIC-ESI-quad MS methods for the measurement of plastidial DXP pathway 

intermediates.

2 Materials

It is recommended that solvents used for LC-MS experiments are of HPLC grade (99.9 % 

chemical purity) or greater, and that the chemicals used are of analytical grade (with a 

chemical purity >90 %). Chemical standard and sample solutions are prepared in 

acetonitrile–water (1:1, v/v) [1]. Alternatively, they can also be prepared in the appropriate 

reconstitution medium (i.e., the initial mobile phase solvent composition) (see Note 9). Filter 

and degas all HPLC eluents (i.e., with a 0.2- or 0.45-μm membrane pore size filter) prior to 

use. It is also recommended that a guard column is used as it can prolong the lifetime of the 

analytical column. Use nitrogen as both the nebulizer and heated drying gas for ESI (see 

Note 10). Please remember to follow your institution’s or company’s waste disposal 

regulations when disposing of waste materials. Also remember to follow your institutes or 

company’s regulations and guidelines for handling cryogens.

2.1 Sample Preparation

1. Flash freezing of plant tissue is carried out with liquid nitrogen.

2. Cryogen resistant gloves are worn during the flash freezing and pre-chilling stages 

of sample preparation.

3. Arabidopsis plants are grown at 22 °C in the presence and absence of light 

depending on the experiment.

4. Quenching is performed by flash freezing with liquid nitrogen.

5. Plant material is ground with the appropriate homogenizer (a pestle and mortar or a 

ball mill) (see Note 11).

8There must be enough data points across a chromatographic peak in order to accurately quantify the amount of an analyte. The 
acquisition rate of the mass analyzer must be high enough to achieve this.
9Chemical standard and sample solutions are often prepared in the initial mobile phase solvent composition to improve 
chromatographic separation.
10Nitrogen is generally preferred to air for drying and nebulizing ions in the ESI process as the latter can degrade compounds that are 
prone to oxidation.
11The ball mill is a more precise cell disruption method than the traditionally used pestle and mortar. The former can be easily 
automated. The latest designs of the ball mill are comprised of 2 mL centrifuge tubes containing plant material and agitating elements 
(such as metallic beads), which are placed a tube holder that is situated in either a horizontal or vertical milling chamber.
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6. Liquid nitrogen-resistant 2-mL centrifuge tubes are used for sample processing.

7. A liquid nitrogen resistant open centrifuge tube holder (where only the base is 

exposed to liquid nitrogen) is used for flash freezing.

8. The extraction buffer used is 13 mM ammonium acetate in water (adjusted to pH 

5.5 with acetic acid).

9. A refrigerated microcentrifuge is used to separate the extract from plant material.

10. The extract is dried via by freeze drying.

11. The reconstitution solution is composed of the appropriate internal standards in 

acetonitrile–water (1:1, v/v). It is best to use structural analogs of DXP pathway 

intermediates as internal standards. Such internal standards accurately account for 

any variation in LC separation performance and MS detection.

12. DXP pathway chemical standards are stored at −20 °C in methanol.

13. Calibration curves for DXP pathway intermediates are prepared in acetonitrile–

water (1:1, v/v) and the calibration range is 0.78–200 μM.

2.2 IXC-IEC-ESI-TOF MS

1. A HPLC system equipped with an autosampler, column compartment and 

degassing unit is used to deliver the LC eluent, which is 0.1 % formic acid in water 

(see Note 12).

2. Sample and standard solutions are analyzed via HPLC vials with inserts.

3. Chromatographic separations of analytes are carried out on an Aminex HPX-87H 

ion exclusion column (300 × 7.8 mm, Biorad) (see Note 13).

4. A TOF mass spectrometer, equipped with a heated ESI source, is used for detection 

(see Note 13).

5. The MS is controlled by the relevant software, which is provided by the instrument 

manufacturer.

2.3 HILIC-ESI-quad MS

1. A HPLC system equipped with an autosampler, column compartment and 

degassing unit is used to deliver the LC eluents, which are 50 mM ammonium 

carbonate in water and acetonitrile (see Note 14).

12The volatile nature of formic acid ensures that there is hardly any residue deposited on the spray shield. As a result, analysis can be 
conducted for an extended period of time without a significant impact on instrument performance.
13Alternatively, the shorter Fermentation monitoring column (150 × 7.8 mm, Biorad) can be used for increased throughput. A flow 
rate of 0.5 mL/min is used with this column at a temperature of 50 °C. It should be noted that ESI is not ideal for aqueous eluents. For 
more efficient electrospray it is recommended that the nebulizer is orthogonal to the axis of the ESI sampling capillary (which is 
situated at the entrance of the MS). The orthogonal nature of the nebulizer improves the sampling of dried ions while reducing noise 
related to incomplete desolvation. Another benefit of orthogonal nebulization is that the sampling orifice and ion optics require only 
occasional cleaning.
14The volatile nature of ammonium carbonate ensures that there is hardly any residue deposited on the spray shield. As a result, 
analysis can be conducted for an extended period of time without a significant impact on instrument performance. In addition to this, 
the use of acetonitrile as the organic mobile phase leads to increased evaporation of the nebulized droplets and, hence, a more efficient 
ESI process.
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2. Sample and standard solutions are analyzed via HPLC vials with inserts.

3. Chromatographic separations of analytes are carried out on a ZIC-pHILIC column 

(150 × 2.1 mm, 3 μm particle size, Sequant-Nest Group).

4. A quadrupole mass spectrometer, equipped with a heated ESI source, is used for 

detection (see Note 15).

5. The MS is controlled by the relevant software, which is provided by the instrument 

manufacturer.

3 Methods

3.1 Sample Preparation (Method A)

A schematic presentation of the method is shown in Fig. 4.

1. Harvest the plant tissue and flash freeze it in liquid nitrogen.

2. Grind the plant tissue in liquid nitrogen with a pestle and mortar.

3. Weigh out 50 mg of the homogenized/ground plant tissue in a centrifuge tube.

4. Add 500 μL of 13 mM ammonium acetate buffer in water (adjusted to pH 5.5 with 

acetic acid) to the plant tissue and mix thoroughly by vortexing.

5. Centrifuge at the highest speed of the bench-top microcentrifuge for 5 min at 4 °C.

6. Transfer the supernatant to a new centrifuge tube.

7. Repeat steps 4–6 twice (these are performed on ice). Molecular weight cut-off 

filters may be employed to reduce the complexity of the sample.

8. Combine the three extracts together, freeze with liquid nitrogen and freeze dry.

9. Reconstitute the extract in 100 μL of the appropriate deuterated standards in 

acetonitrile–water (1:1, v/v).

3.2 Sample Preparation (Method B)

A schematic presentation of the method is shown in Fig. 5.

1. Pour liquid nitrogen into an appropriately sized freezer box until it is approximately 

a quarter full.

2. Immerse the cryogenic centrifuge tube holder (which is open at the base) in the 

liquid nitrogen. The holder will be pre-chilled when the nitrogen bath is no longer 

bubbling. Leave about a cm gap from the top of the centrifuge tube holder.

3. Pre-chill the stainless steel grinding balls (typically a 2 mm and a 4 mm ball are 

used) in liquid nitrogen that is housed in a clean cryogenic container.

15It is important that to follow the LC-MS manufacturer’s instrument maintenance guidelines and cleaning practices. This will 
prolong the lifetime of the LC-MS system.
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4. Transfer a centrifuge tube to the pre-chilled centrifuge tube holder in the nitrogen 

bath. It should be noted that there will be liquid nitrogen in the holes of the 

centrifuge tube holder (as liquid nitrogen will enter from the base of the holder).

5. Wait until the nitrogen bath is no longer bubbling.

6. Quickly transfer the stainless steel grinding balls to a centrifuge tube in the pre-

chilled centrifuge tube holder.

7. Harvest the plant tissue and flash freeze in liquid nitrogen.

8. Transfer the plant tissue to a centrifuge tube (containing the stainless steel grinding 

balls) in the pre-chilled centrifuge tube holder.

9. Place the centrifuge tube holder in the mixing chamber of the ball mill.

10. Start the grinding cycle and leave for 1 min.

11. Transfer the centrifuge tube holder to a freezer box containing dry ice.

12. Remove the steel grinding balls from the centrifuge tube.

13. Weigh out 50 mg of the homogenized/ground plant tissue in a centrifuge tube.

14. Add 500 μL of 13 mM ammonium acetate buffer in water (adjusted to pH 5.5 with 

acetic acid) to the plant tissue and mix thoroughly by vortexing.

15. Centrifuge at the highest speed of the bench-top microcentrifuge for 5 min at 4 °C.

16. Transfer the supernatant to a new centrifuge tube.

17. Repeat steps 14–16 twice (steps 14–16 are performed on ice).

18. Combine the three extracts together, freeze with liquid nitrogen and freeze dry.

19. Reconstitute the extract in 100 μL of the appropriate internal standards in 

acetonitrile–water (1:1, v/v).

3.3 IXC-IEC-ESI-TOF MS

A new column is flushed with 0.1 % formic acid in water overnight at a flow rate of 0.1 

mL/min and at a temperature of 50 °C. This is to remove any contaminants from the 

previous mobile phase and to equilibrate the column(see Note 15). Before LC-ESI-TOF MS 

analysis, the column is flushed with 0.1 % formic acid for 30 min at a flow rate of 0.1 

mL/min and at a temperature of 50 °C. The LC column compartment and autosampler 

thermostat temperatures are maintained at 50 °C and 4 °C, respectively. The sample 

injection volume used is 5–10 μL. The mobile phase is composed of 0.1 % formic acid in 

water and a flow rate of 0.6 mL/min is used throughout the analysis. The maximum 

backpressure that the LC column is able to tolerate is normally 200 bar (see Note 16). The 

HPLC system is coupled to a TOF MS with a 1:6 post-column split (see Notes 17 and 18). In 

16The backpressure is a good indicator of the working state of the HPLC system. An increase in pressure may suggest problems with 
the HPLC pump, frit, connection tubing, HPLC sample injection mechanism, guard column, or analytical column. Troubleshooting is 
normally conducted by the process of elimination.
17A 1:6 post-column split is employed to ensure that ~83 % of the column effluent goes to waste in order to prolong the working 
performance of the LC-MS analysis.
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this experiment, LC-ESI-MS coupling is achieved using an orthogonal interface. Nitrogen 

gas is used as both the nebulizing and drying gas to facilitate the production of gas-phase 

ions. The drying and nebulizing gases are set to 11 L/min and 30 psi, respectively, and a 

drying gas temperature of 330 °C is used throughout. Fragmentor, skimmer and ion-guide rf 

voltages are set to 150 V, 50 V, and 170 V, respectively. ESI is conducted in the negative-

ion mode with a capillary voltage of 3.5 kV. MS experiments are carried out in the full-scan 

mode (m/z 145–605) at 0.86 spectra per second for the detection of [M–H]− ions. The 

instrument is tuned for a range of m/z 50–1,700. Prior to LC-ESI-TOF MS analysis, the TOF 

MS is calibrated with the manufacturers TOF tuning mix. Internal calibration of the TOF 

m/z axis is performed with the relevant reference masses provided by the instrument 

manufacturer (see Notes 19–21). A typical autosampler sequence consists of: blank → 

calibration curve → blank → samples → blank → calibration curve → blank. If the 

background noise (observed via the total ion chromatogram) is high, then more than one 

blank may be used at the start of the run.

1. Enter the required LC and MS parameters as well as the run sequence in the 

acquisition software. Normally the acquisition software will not allow the run 

sequence to be activated unless these parameters are saved. Once saved, the 

resulting method and the sequence work list can be used for future experiments.

2. Connect the mobile phase reservoir to the HPLC system.

3. Switch on the purge valve system.

4. Turn on a single HPLC pump.

5. Set the flow rate of the HPLC pump to 5 mL/min for 2 min. Purge the HPLC pump 

with the new mobile phase. Here the flow is directed to waste.

6. Turn off the HPLC pump.

7. Switch off the purge valve system. The flow is now directed to the column.

8. Change the flow rate to 1 or 2 mL/min depending on the HPLC system used (see 

Note 22).

9. Turn on the column compartment. The temperature is set to 50 °C.

10. Turn on the HPLC pump and observe the mobile phase emerging from the column 

compartment-to-column connection tubing.

11. Wait until the previous mobile phase has been completely replaced. One way of 

determining this is to test the pH of the emerging droplets (with a pH strip). If the 

pH is ≤3 then the previous mobile phase has been replaced. Another way is to 

observe the backpressure. That is, the stabilization of the back-pressure is a good 

indication that the previous mobile phase has been replaced.

18The added robustness and selectivity that the IXC-IEC method provides simplifies sample preparation methods.
19Each instrument manufacturer will have its own version of a calibrant delivery system.
21It should be noted that the m/z axis for both the quad and TOF are calibrated during the auto-tune procedure for the mass analyzer. 
However, the TOF is generally calibrated daily, independent of the auto-tune.
22HPLC systems that are used for fast separations can withstand higher backpressures. Such HPLC systems generally have smaller 
void volumes and so require less time to replace the previous mobile phase.
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12. Connect the guard and analytical column to the column compartment.

13. Set the flow rate to 0.1 mL/min.

14. Turn on the HPLC pump and collect the column effluent for waste disposal.

15. Wait until the backpressure has stabilized.

16. Increase the flow rate to 0.2, 0.3, 0.4, 0.5, and finally to 0.6 mL/min (waiting for 

the backpressure to stabilize after each incremental increase in flow rate).

17. Once the back pressure has stabilized, connect the calibrant delivery system to the 

MS.

18. Turn on the MS and calibrate the time-of-flight mass axis.

19. Then connect the HPLC system to the ESI-MS sprayer via connection tubing.

20. Start the run sequence.

21. The total run time is 20 min.

22. Representative results are shown in Fig. 6. Once the analysis is completed flush the 

column with the mobile phase at 0.1 mL/min for 30 min (at 50 °C). The column 

can now be stored for future use. Please refer to the manufacturer’s guidelines for 

the appropriate column cleaning and regeneration procedures.

3.4 HILIC-ESI-quad MS

LC column compartment and autosampler thermostat temperatures are maintained at 30 °C 

and 4 °C, respectively. The sample injection volume used is 4 μL. The mobile phase is 

composed of (A) 50 mM ammonium carbonate in water (see Note 23) and (B) acetonitrile. 

Isocratic elution is achieved at 70 % B at a flow rate of 0.2 mL/min. The maximum 

backpressure that the LC column is able to tolerate is 200 bar. The HPLC system is coupled 

to a single quadrupole mass spectrometer MS with a 1:3 post-column split. In this 

experiment, LC-ESI-MS coupling is achieved using an orthogonal interface. Nitrogen gas is 

used as both the nebulizing and drying gas to facilitate the production of gas-phase ions. The 

drying and nebulizing gases are set to 10 L/min and 30 psi, respectively, and a drying gas 

temperature of 330 °C is used throughout. ESI is conducted in the negative-ion mode with a 

capillary voltage of 3.5 kV. MS experiments are carried out in the SIM mode (87, 169, 213, 

215, 261, 277, and 520 m/z) at 3 s/cycle at a dwell time of 500 ms (or ≤1.2 s/cycle at a dwell 

time of 200 ms if faster scanning is required) for the detection of [M–H]− ions. The 

instrument is tuned for a range of m/z 50–1,700 with the appropriate tuning mix provided by 

the manufacturer. A typical autosampler sequence consists of: blank → calibration curve → 

blank → samples → blank → calibration curve → blank.

1. Enter the required LC and MS parameters as well as the run sequence in the 

acquisition software.

23The HILIC separation method achieves lower LODs (due to improved separation and the basic nature of its mobile phase) and 
better separation than IXC-IEC, but the latter is more robust as its performance is not severely affected when analyzing extremely 
crude extracts. Furthermore, the Aminex HPX-87H column appears to be easier to regenerate than the ZIC-pHILIC column.
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2. Connect the mobile phase reservoir to the HPLC system.

3. Switch on the purge valve system.

4. Turn on both HPLC pumps.

5. Set the flow rate of HPLC pump A to 5 mL/min for ~2 min (i.e., until the 

backpressure stabilizes). Purge the HPLC pump with the new mobile phase. Here 

the flow is directed to waste.

6. Repeat step 5 for HPLC pump B.

7. Turn off both HPLC pumps.

8. Switch off the purge valve system. The flow is now directed to the column.

9. Reenter the appropriate mobile phase composition in the acquisition software (i.e., 

30 % A and 70 % B).

10. Change the flow rate to 1 or 2 mL/min depending on the HPLC system used.

11. Turn on the column compartment. The temperature is set to 30 °C.

12. Turn on both HPLC pumps and observe the mobile phase emerging from the 

column compartment-to-column connection tubing.

13. Wait until the previous mobile phase has been completely replaced. To determine 

whether the previous mobile phase has been replaced, observe the pH of droplets 

(the pH should be ~9) and/or monitor the backpressure of the HPLC system.

14. Connect the guard and analytical column to the column compartment.

15. Set the flow rate to 0.1 mL/min.

16. Turn on the HPLC pump and collect the column effluent for waste disposal. The 

column can now be equilibrated with the starting mobile phase composition (i.e., 

30 % A and 70 % B).

17. Once the backpressure has stabilized increase the flow rate to 0.2 mL/min.

18. Turn on the MS. Then connect the HPLC system to the ESI-MS sprayer via 

connection tubing.

19. Start the run sequence.

20. The total run time is 19 min.

21. Representative results are shown in Fig. 7. Once the analysis is completed flush the 

column with 5 mM ammonium acetate in acetonitrile–water (8:2, v/v) at 0.1 

mL/min for 20 min (at room temperature). The column can now be stored for future 

use. Please refer to the manufacturer’s guidelines for the appropriate column 

cleaning and regeneration procedures.
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Fig. 1. 
Overview of the DXP pathway. Intermediates of the DXP pathway are as follows: Pyruvate 

(pyr) and glyceraldehyde 3-phosphate (G3P) are condensed to DXP with a loss of carbon 

dioxide, a reaction performed by DXP synthase (DXS); DXP is reduced to methylerythritol 

phosphate (MEP) by DXP reductoisomerase (DXR); MEP reacts with cytidine triphosphate 

to produce diphosphocytidylyl methylerythritol (CDP-ME), a reaction catalyzed by MEP 

cytidylyltransferase (MCT); CDP-ME is phosphorylated to CDP-ME phosphate (CDP-

MEP) by CDP-ME kinase (CMK); CDP-MEP is converted to MEcPP via a loss of cytidine 
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monophosphate, a reaction catalyzed by MEcPP synthase (MDS); MEcPP is converted to 

hydroxymethylbutenyl diphosphate (HMBPP) by HMBPP synthase (HDS); HMBPP is 

converted to IPP and DMAPP by HMBPP reductase (HDR); IPP can be reversibly 

isomerized to DMAPP via IPP isomerase (IDI). MEcPP is thought to undergo reduction and 

elimination to HMBPP [4]
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Fig. 2. 
LC-ESI-quad MS. After analyte ions are delivered to the ion source, ESI facilitates their 

transfer (from the liquid to the gas phase) to the entrance of the MS. From there they are 

transmitted to the quadrupole (via a glass capillary, a skimmer, and focusing lenses) and 

transit this mass analyzer in a stable spiral like trajectory at its center (while dc and ac/rf 

voltages are alternated), en route to the detector. This illustration is based on an Agilent 

Technologies LC-ESI-quad MS system
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Fig. 3. 
LC-ESI-TOF MS. After analyte ions are delivered to the ion source, ESI facilitates their 

transfer (from the liquid to the gas phase) to the entrance of the MS. From there they are 

transmitted to the TOF (via a glass capillary, a skimmer, an ion guide and focusing lenses) 

and are pulsed up the flight tube and reflected down (by specific voltages) en route to the 

detector. Lighter ions arrive at the detector first. This illustration is based on an Agilent 

Technologies LC-ESI-quad MS system
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Fig. 4. 
Sample preparation method A. (1) Grind the frozen plant tissue, (2) weigh out 50 mg of 

plant tissue, (3) add 500 μL of 13 mM ammonium acetate solution and mix thoroughly, (4) 

centrifuge and transfer the supernatant to a separate centrifuge tube, (5) repeat steps 3 and 4 

twice and combine the three extracts, (6) freeze, freeze dry, then reconstitute the dried 

extract in 100 μL acetonitrile–water (1:1, v/v)

Baidoo et al. Page 17

Methods Mol Biol. Author manuscript; available in PMC 2016 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Sample preparation method B. (1) Flash freeze the plant tissue in liquid nitrogen, (2) transfer 

the plant tissue to a centrifuge tube containing the pre-chilled grinding balls, (3) transfer the 

centrifuge tube to a pre-chilled centrifuge tube holder in a liquid nitrogen bath, (4) place the 

centrifuge tube holder in the mixing chamber of the ball mill and start the grinding cycle, (5) 

weigh out 50 mg of the plant tissue, (6) add 500 μL of 13 mM ammonium acetate solution 

and mix thoroughly, (7) centrifuge and transfer the supernatant to a separate centrifuge tube, 

(8) repeat steps 6 and 7 twice and combine the three extracts, (9) freeze, freeze dry, then 

reconstitute the dried extract in 100 μL acetonitrile–water (1:1, v/v)
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Fig. 6. 
IXC-IEC-ESI-TOF MS analysis of DXP pathway intermediates. Counts versus time (min). 

The data was acquired from 80 to 605 m/z
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Fig. 7. 
HILIC-ESI-quad MS analysis of DXP pathway intermediates. Counts versus time (min). 

The data was acquired in the SIM mode with pre-selected ions of 87, 169, 213, 215, 261, 

277, and 520 m/z
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