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ABSTRACT (153 words)

Polyamines are a class of poly-cationic aliphatic amines, playing a role in different cellular
processes such as maintaining intracellular pH and membrane potential that are relevant for
general cellular physiology and ageing. The development of analytical methods for detection
and guantitation of this class of compounds has been challenging due to the basic nature of
these species. Both liquid chromatography (LC) and gas chromatography (GC) have been
applied for separation, mostly coupled to mass spectrometry (MS) for detection. However,
current methodologies suffer from lengthy extraction protocols and limitations in separation
and detection levels. Here, we present a simplified and optimised method for straightforward
extraction of polyamine metabolites including spermine, spermidine, norspermidine,
cadaverine and putrescine from cellular and tissue material. We demonstrate that strong
acid-based extraction and chemical derivatisation not only improves isolation, but also
recovery. Combined with two-dimensional gas chromatography, this method provides clear

separation and femtomole sensitivity for the profiling of polyamines.
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INTRODUCTION

Polyamines, such as spermidine, are polycationic aliphatic amines with multifunctional vital
roles in general cell physiology and survival [1]. Polyamines have attracted attention for their
specific involvement in stabilising DNA/RNA, regulating intracellular pH, autophagy and
aging [2]. The biosynthetic pathway involves spermidine synthase (SPDS) which catalyzes
the formation of spermidine from putrescine, which is synthesized from ornithine [3].
Spermidine is a precursor to further polyamines, such as spermine and its

structural isomer thermospermine. Spermidine synchronizes an array of biological processes
such as the activity of Ca®*, Na*, K* -ATPases, thus maintaining membrane potential and
controlling intracellular pH and volume. Spermine is essentially responsible for the odour of
semen, but has other biological functions such as association with nucleic acids to stabilize
helical structure, particularly in viruses [4]. Putrescine and cadaverine are both breakdown
products of amino acids, responsible for the foul odour of putrefying flesh, but also found to
be produced in the context of normal physiology, together with spermine and spermidine [5].
Due to the general role of polyamines in attenuating aging, inflammation, and its neuro- and
cardioprotective effects [1], the analytical detection of polyamines has again attracted
interest in recent years. Liquid chromatography (LC) [6,7] and one- or two-dimensional
(1D/2D) gas chromatography (GC, GCxGC) based methodologies have been developed, in
most cases, coupled to mass spectrometry (MS) [8—12]. Due to the basic nature of
polycations (polyamines), extraction methods out of biological material include acid-based
reagents in combination with chemical derivatisation. For instance, 0.2% perfluoroheptanoic
acid in methanol were shown to improve extraction efficiency by precipitating proteins, and
0.0125% perfluoroheptanoic acid in the mobile phase enhanced separation when used in
combination with liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
[6]. Other approaches made use of solid phase extraction (SPE) coupled online to LC-
MS/MS [7] or GC triple quadrupole MS [13]. Combined ion-pair extraction and GC-MS was
successfully applied to the simultaneous detection of diamines, polyamines and aromatic
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amines in port wine and grape juice [14]. In this method, sample clean up consisted of the
extraction of the amines with the ion-pairing reagent bis-2-ethylhexylphosphate dissolved in
chloroform followed by a back-extraction with 0.1 M hydrochloric acid (HCI). The
hydrochloric extract obtained was dried, and the amines were further derivatised with
heptafluorobutyric anhydride and analysed by GC-MS in a selected ion-monitoring mode. A
similar study used HCI extraction, ion-exchange resin catch and N-methyl-N-tert-
butyldimethylsilyltrifluoroaceamide (MTBSTFA) derivatisation combined with GC-MS
analysis [10]. Another study applied N-ethoxycarbonyl-N-pentafluoropropionyl derivatisation
to detect hair polyamines by gas chromatography—mass spectrometry [9]. A recent report
examined a range of acids for extraction efficiency of different polyamines [15]. However, in
general, all these methods suffer from a lengthy extraction and chemical derivatisation

procedure with some limitation in the sensitivity of detection.

In the present study, we describe a simplified extraction procedure based on a single-step
trifluoroacetic acid (TFA) based extraction, followed by derivatisation and analysis by two-
dimensional (2D) GCxGC-MS. We demonstrate femtomole range detection and quantitation

of a panel of polyamines isolated from tissue, cell extract and urine material.

MATERIALS AND METHODS

Biological samples and chemicals

2-Propanol and tert-butyl methyl ether were purchased from Fisher Scientific. Myristic acid-
14,14,14-d; used as an internal standard (Cambridge isotope Laboratories). Methanol,
hydrochloric acid (37%), trifluoroacetic acid (TFA) and trifluoroacetic acid anhydride (TFAA)
were from Sigma-Aldrich. Polyamine standards: spermidine (SPD), spermidine-dg,
norspermidine (NSP), putrescine (PUT), cadaverine (CAD), spermine (SPM) and the non-
natural derivatives 1,7-diaminoheptane (DAH) and 1,3-dimaninopropane (DAP) were also

purchased from Sigma Aldrich. A stock solution was prepared at 0.1 M final concentration in
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0.5 M HCI for each polyamine standard. Four standard solutions (0.01, 0.1, 1, 10 mM) were
made and used for the quantitation measurements by dilution of the stock solutions. Jurkat T
lymphoblastoid cell line (ATCC TIB-152) was cultured in RPMI 1640 medium (Gibco)
supplemented with 10% fetal calf serum (Sigma-Aldrich), 1% glutamine and 1%
penicillin/streptomycin (Sigma-Aldrich). C57/B6 mice were held at the Wellcome Centre for
Human Genetics, (Oxford University), and the animal material used in this study was
obtained in accordance with Home Office guidance on operation of animals (ethics number

PPL 30/2750).

Polyamine extraction protocol

For brain tissue or cell samples, ~50 mg of wet brain tissue or 5 million Jurkat cells were
used for the extraction. Cells were collected by centrifugation for five minutes at 1,500 g,
followed by one round of washing using PBS. Brain tissue or cell pellet was re-suspended in
800 pL of lysis buffer (5% TFA, 15% H,O and 80% methanol) spiked with 5 uL of DAH or
spermidine-dg in methanol (1 mg/mL). In the recovery experiments, these samples were
spiked with SPD, SPM, DAP, DAH, CAD, NSP and PUT (10 uL of each polyamine standard
(210 mM solution — 10 nmol/sample), from which 1/20-1/100 was analysed by GCxGC-gMS.
The suspensions were homogenised in a bead beater (Precellys 24, Bertin Technologies) for
four cycles (6500 Hz, 45 s) with one minute of dry ice incubation between cycles. After kept
at —80 °C for one hour, the samples were centrifuged at 13,000 g for 20 minutes at 4 °C. The
supernatant was collected and dried overnight. The dried samples were stored at —-80 °C
until use. In case of pig urine samples, 150 uL of biofluid was re-suspended in 850 uL of
lysis buffer (5%TFA, 15% H,0, 80% methanol) spiked with 5 pl of DAH or spermidine-dg in
methanol (1 mg / mL). In the recovery experiments, 10 yL of each polyamine standard (10
mM — 10 nmol / sample) was spiked into the samples, from which 1/20-1/100 was analysed
by GCxGC-gMS. The extraction was performed as described for brain tissue and cell

samples.
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Derivatisation protocol

Chemical derivatisation was performed in a simplified version as to a protocol reported
previously [16]. In brief, samples were resuspended in 100 uL of ethyl acetate and 200 pL
TFAA. The tubes were sealed and incubated for 1 h at 60 °C. The mixture was subsequently
evaporated to dryness by vacuum centrifugation. Derivatised samples were then
resuspended in 30 uL of 2-propanol per 100 pL urine, 5*10° cells or 30 mg tissue and

subsequently analysed by GCxGC-qMS.

Analysis by GCxGC-qMS and data analysis

Samples were directly injected into a Shimadzu 20i/s auto sampler / two-dimensional gas
chromatograph system coupled to a single quadrupole mass spectrometer GCxGC-gMS
(Shimadzu QP2010 Ultra) as described previously [17]. Raw GCxGC-MS data were
analysed using GCMSsolution software (v2.72/4.20) and Chromsquare software (v2.1.6,
Shimadzu) and GC Image (v2.3), and metabolite identification was performed using the
NIST 11/s, OA_T, FA_ME and YUTIDI in-house libraries. Annotation of metabolites was
carried out by comparing electron impact (EIl) spectra and retention times to polyamine

standards.

RESULTS & DISCUSSION

Traditional protocols established for metabolite analysis based on the extraction of the
mixture of methanol and water followed by trimethylsilylation are suboptimal for the detection
of polyamines, including spermidine and spermine, due to their charged state at
physiological pH that renders them less soluble in organic solvent [16,17]. With the aim to
establish a simple, more effective extraction protocol applicable to biological material, we

reasoned that a strong acid such as TFA in water / methanol would be applicable in a
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simplified experimental workflow combined with a trifluoroacetic anhydride (TFAA)-based
derivatisation approach as shown in Figure 1A. TFAA-based derivatives are more stable
than silylated functional groups. To test this and to ensure appropriate identification, we
spiked a human Jurkat cell line extract with a mixture of standards including spermidine
(SPD), spermine (SPM), putrescine (PUT), cadaverine (CAD), norspermidine (NSP), 1,3-
dimaninopropane (DAP) (exists in plants and microorganisms, useful reference compound in
the context of plant extractions [18]) and the non-natural derivative 1,7-diaminoheptane
(DAH) as an internal synthetic standard. We found that polyamine standards can be clearly
separated and identified by one- and two-dimensional gas chromatography coupled to single
guadrupole mass spectrometry (GCxGC-gMS) (Figures 1B, S1A). We were able to define
diagnostic fragment ion panels unique to each polyamine for single ion monitoring (SIM)
based detection and quantitation (Table S1) based on electron impact mass spectrometry
(EI-MS) spectra of sufficient quality for the characterisation of and distinction between
individual polyamines (Figures S1B-H). The amount of TFA in the water/methanol extraction
buffer (1.25% - 10%) did not affect extraction efficiency to a great extent, although we
observed yellow precipitate material at the lowest TFA levels (Figure S2A). 5% TFA was
considered optimal, and we further compared the efficacy of polyamine extraction between
increasing proportions of methanol present in the extraction buffer. We found that using 80%
methanol yielded in the best extraction efficiency of all polyamines (Figure S2B). To extend
this, we examined polyamine metabolite recovery from complex biological matrices such as
mouse brain and Jurkat human T-cell extracts. A recovery test in which we spiked the
extract material with known amounts of the polyamines diaminopropate (DAP), putrescine
(PUT), cadaverine (CAD), diaminoheptane (DAH), norspermidine (NSP), spermidine (SPD)
and spermine (SPM) revealed recovery yields between 87% - 99% when compared to direct
injection of standards after TFA derivatisation (Figure 2A). To further examine efficiency and
to compare the extent of improvement over a conventional extraction protocol, we performed
two subsequent extraction steps to measure left over material after each round of extraction.
When an extraction buffer containing 5% TFA, 15% H,O and 80% methanol was used as the
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first step, a nearly complete recovery of all polyamine material was achieved, tested here
with putrescine, spermidine and spermine spiked into Jurkat T cell extracts. In contrast,
when a conventional extraction buffer (80% methanol in water) was used as the first step,
followed by a TFA containing buffer, recovery rates were markedly inferior (Figure 2B).
Finally, the first extraction step yielded in > 99% recovery of spermidine and spermine as
subsequent extractions did not result in the isolation of remaining material (Figure S2C).
Taken together, we conclude to have optimised a single-step extraction protocol for the
robust and quantitative isolation of polyamines from a variety of biological materials. We next
explored the sensitivity and dynamic range of linear quantitation that can be achieved with
our method when analysed with GCxGC-gMS. To this end, standard dilution series were
prepared and analysed by GCxGC-gMS. We detected all polyamines with a limit of detection
(L.O.D.) in the range of 140 fmol (SPD) and 670 fmol (DAP) which were calculated
according to previous studies [17,19,20] (Figure S3A-G). The linear dynamic range was
greatest for SPD (2*10% and between 1*10° and 1*10° for all other polyamines. Having
established this protocol, we applied our method to profile the natural abundance of
polyamines in human and animal sample specimens. 2D-GCxGC-gMS analysis detected
putrescine, spermine and spermidine (DAH internal standard) in human Jurkat T-cells that
can be clearly distinguished as single blobs, indicating that although the polyamines showed
distinct retention times using one dimension, the second dimension GCxGC further
separated them from other endogenous metabolite species (Figure 3A). In addition, analysis
of brain extracts obtained from C57/B6 mice and pig urine material also revealed detection
of endogenous levels of polyamines such as putrescine, spermidine and spermine (Figure
3B). The natural abundance levels of putrescine PUT, spermidine SPD and spermine SPM
were calculated to be in the range of 32.5-1200.6 pmol /10° cells and 12.6-159.2 pmol/mg
wet brain tissue (Table 1) in agreement with previous studies [21-23], whereas it was
borderline for detection in pig urine (Figure 3B).

In summary, this method is simple, robust and orthogonal to classical extraction protocols
used in GC- based metabolomics studies. We have demonstrated its usefulness for the

8
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analysis of cellular and tissue extracts as well as urine material, thereby expanding the

metabolic coverage achievable by this analytical platform.
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FIGURE LEGENDS

Figure 1. Simple and robust workflow for profiling polyamines via GCxGC-gqMS.

(A) Schematic representation of the experimental procedure described in this study. (B) A
representative one-dimensional gas chromatography coupled to single quadrupole mass
spectrometry (GCxGC-gMS) analysis of polyamine standards spiked into a Jurkat cell
extract. The blobs characterised as 1,3-diaminopropane-2TFA (DAP-2TFA), putrescine-
2TFA (PUT-2TFA), cadaverine-2TFA (CAD-2TFA), 1,7-dimaninoheptane-2TFA (DAH-
2TFA), norspermidine-2TFA (NSP-3TFA), spermidine-3TFA (SPD-3TFA) and spermine-
ATFA (SPM-4TFA) are labelled with rectangles (see Figure S1A-G for the El spectra used
for identification). Insert: 2-dimensional GCxGC-gMS analysis; colours reflect peak
intensities.
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Figure 2. Single-step complete polyamine recovery from cellular & brain extracts and
pig urine.

(A) Recovery of polyamines DAP, PUT, CAD, DAH, NSP, SPD and SPM spiked into extracts
prepared from mice brain and Jurkat T cells. TFA/methanol extractions were performed
using 5% TFA, 15% H,O and 80% methanol, followed by chemical derivatisation using
TFAA and analysis by GCxGC-qMS. MS signal intensities were compared to metabolite
standards alone to calculate % recovery. (B) Recovery test using two consecutive extraction
steps with a conventional (80% methanol in water - method A) and the new extraction buffer

(5% TFA, 15% H,0O and 80% methanol - method B).

Figure 3. Profiling endogenous polyamines in Jurkat cell lysates, brain extracts and
pig urine.

(A) TFA/methanol extraction was performed on Jurkat T cell extracts, followed by TFAA
chemical derivatisation and analysis by GCxGC-gMS. A representative 2D-GCxGC
chromatogram is shown, and the identified TFA derivatised polyamines putrescine,
spermidine and spermine are indicated (diaminoheptane used as internal standard). (B) 1D-
SIM (single ion monitoring) chromatograms are shown for the detection of endogenous
spermine (top panel), spermidine (middle panel) and putrescine (lower panel). Endogenous
polyamines were detected in human Jurkat T-cell extracts (black), C57/B6 mouse brain

extracts (red) and in trace amounts in pig urine (blue).

Table 1. Detection of endogenous polyamines by GCxGC-gMS.

13



Table

Table 1: Detection of endogenous polyamines by GCxGC-qgMS

Polyamines Putrescine Spermidine Spermine

Jurkat Cell Extracts ~ 32.5+2.6 859.6 £71.4 1200.6 £ 125.8
(pmol/108 cells)

Mouse Brain Extracts 12.6+1.3 215.1+16.2 159.2 £10.7
(pmol/mg wet tissue)
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