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RATIONALE:

3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol  and  2,8,12-trimethyl-5-(1,5-
dimethylhexyl)-tridecanoic acid appear to be produced during the bacterial metabolism of 1P2s,
a highly branched isoprenoid lipid often employed for past Arctic sea ice reconstruction.
Characterization and quantification of these metabolites in sediments is essential to determine
if bacterial degradation may exert a significant influence on IP2s-based palaeo sea ice
reconstructions.

METHODS:

EIMS fragmentation pathways of 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol
and 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid TMS derivatives were
investigated. These pathways were deduced by: (i) low energy CID-GC/MS/MS, (ii) accurate
mass measurement and (iii) deuterium labelling.

RESULTS:

CID-MS/MS analyses, accurate mass measurement and deuterium labelling experiments
enabled us to elucidate EIMS fragmentations of 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-
tetradecan-1,2-diol and 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid TMS
derivatives. Some specific fragment ions useful in addition to chromatographic retention times
for further characterization could be identified. As an application of some of the described
fragmentations, TMS derivatives of these metabolites were characterized and quantified in
MRM mode in different Arctic sediments.

CONCLUSIONS:

EIMS fragmentations of 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol and

2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid TMS derivatives exhibit specific
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fragment ions, which appear to be very useful for the quantification of these bacterial

metabolites of the palaeo tracer IP2s in sediments.

RUNNING TITLE: Mass fragmentation of 1P2s bacterial metabolites

KEYWORDS: EIMS fragmentation; 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid;
3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol; TMS derivatives; IP»s; Bacterial

metabolites.
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The reconstruction of sea ice conditions in the polar regions represents a key objective within
palaeoceanography and palaeoclimatology.™™ Performing such reconstructions requires the use
of so-called proxies and, notably, of molecular biomarkers of ice algae.[?! Among these, the Cas
highly branched isoprenoid alkene IP2s (3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradec-1-
ene) (1) (Scheme 1) produced selectively by certain sea ice diatoms®! has become a well-
established proxy for palaeo sea ice reconstruction in the Arctict! and appears relatively stable
in the recent and long-term sedimentary record®>"l. However, the extent to which IP2s
distributions may be significantly altered by degradative processes in sediments has remained
a largely unexplored research question.

Recently, we showed that IP2s may indeed be susceptible to autoxidative degradation
processes in near-surface oxic sediments.[! As part of this previous study, two bacterial
metabolites of I1P2s: 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol (2) and 2,8,12-
trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid (3), produced under oxic and anoxic
conditions (Scheme 1), were also detected.

In the present work, we aimed to: (i) elucidate the electron ionization (El) fragmentation
pathways of trimethylsilyl (TMS) derivative of diol 2 and acid 3 by using low-energy collision-
induced dissociation (CID) GC/MS/MS, isotopic labelling and accurate mass measurements
and (ii) quantify these compounds in different Arctic sediment samples in multiple reaction
monitoring (MRM) mode using transitions based on the main fragmentation pathways

elucidated.

EXPERIMENTAL

Chemicals
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Unlabelled and perdeuterated (99.0 atom% D) N,O-bis(trimethysilyl) trifluoroacetamide
(BSTFA) were obtained from Supelco (St. Quentin Fallavier, France) and Campro Scientific
(Veenendaal, The Netherlands), respectively.

A sample of IP2s (ca. 99%) was obtained by extraction of a multi-kg quantity of
sediment from Barrow Strait in the Canadian Arctic (Station 4) and purification by a
combination of open column chromatography (SiO2; hexane) and Ag-ion HPLC as described
previously in detail by Belt et al.[l,

Os0O4 oxidation of 1P2s (1) in anhydrous dioxane/pyridine afforded 3,9,13-trimethyl-6-
(1,5-dimethylhexyl)-tetradecan-1,2-diol (2). [ Treatment of this diol with lead tetraacetate in
refluxing toluenel'® and subsequent oxidation of the foregoing aldehyde with AgNOs/NaOH!*!
yielded 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid (3).

Due to the very low amounts of IP2s available, compounds 2 and 3 could not be produced
in sufficient amounts to permit quantification, although comparison of their mass
fragmentations and retention times with compounds detected in sediments allowed their
unambiguous identification. Quantification was thus carried out with standards of two highly
structurally related compounds. Diol 2 was quantified using an external standard of 3,7,11,15-
tetramethylhexadecan-1,2-diol (4) produced by Pd/CaCOs-catalysed hydrogenation of 3-
methylidene-7,11,15-trimethylhexadecan-1,2-diol (5) whose synthesis was described
previously,l*2 while quantification of acid 3 was carried out with 2,6,10,14-
tetramethylpentadecanoic acid (pristanic acid) (6) (Sigma Aldrich, St. Quentin Fallavier,

France).

Sampling and treatment of sediments

Sampling locations correspond to Barrow Strait (Station 4, 74°16'12”N, 31°46'12"W) and
Viscount Melville Sound (Station 308, 74°7'43”N, 103°4’12"W) in the Canadian Arctic. In each

case, box cores were collected, sectioned on board, with sub-samples (1-cm resolution) then



“ Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published
version for accuracy and citation.”

being freeze-dried before storage (< 4°C) prior to analysis. Sediment sub-samples from
sectioned box cores were placed in methanol (MeOH) (15 mL) and hydroperoxides were
reduced to the corresponding alcohols with excess NaBH4 (70 mg, 30 min at 20°C). Following
the reduction step, water (15 mL) and KOH (1.7 g) were added and the mixture saponified by
refluxing (2 h). After cooling, the contents of the flask were acidified (HCI, to pH 1) and
extracted three times with dichloromethane (DCM) (30 mL). The combined DCM extracts were
dried over anhydrous Na>SOg, filtered and concentrated to give the total lipid extract (TLE).
Since IP2s oxidation product content was quite low relative to other lipids, accurate
quantification required further separation of the TLE using column chromatography (silica;
Kieselgel 60, 8 x 0.5 cm). IP25 was obtained by elution with hexane (10 mL) and its oxidation

products by subsequent elution with DCM (10 mL) and MeOH (10 mL).

Silylation

DCM and MeOH eluates (evaporated to dryness) and standards were derivatized by dissolving
them in 300 pL pyridine/bis-(trimethylsilyl)trifluoroacetamide (BSTFA; Supelco; 2:1, v/v) and
silylated (50 °C, 1 h). After evaporation to dryness under a stream of N2, the derivatized residue
was dissolved in hexane/BSTFA (to avoid desilylation) and analysed by mass spectrometric

methods.

Gas chromatography/electron ionization tandem mass spectrometry

GC/EIMS and GC/EIMS/MS experiments were performed using an Agilent 7890A/7000A
tandem quadrupole gas chromatograph system (Agilent Technologies, Parc Technopolis - ZA
Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent; HP-
5MS) (30 m x 0.25 mm, 0.25 um film thickness) capillary column was employed. Analyses

were performed with an injector operating in pulsed splitless mode set at 270°C and the oven
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temperature programmed from 70°C to 130°C at 20°C min', then to 250°C at 5°C min™ and
then to 300°C at 3°C min™. The pressure of the carrier gas (He) was maintained at 0.69 x 10°
Pa until the end of the temperature program and then programmed from 0.69 x 10° Pa to 1.49 x
10° Pa at 0.04 x 10° Pa min™. The following mass spectrometric conditions were employed:
electron energy, 70 eV, transfer line, 300°C; source temperature, 230°C; quadrupole 1
temperature, 150°C; quadrupole 2 temperature, 150°C; collision gas (N2) flow, 1.5 mL min™;
quench gas (He) flow, 2.25 mL min; mass range, 50-700 Dalton; cycle time, 313 ms. Collision
induced dissociation (CID) was optimized by using collision energies at 5, 10, 15 and 20 eV.
Quantification of diol 2 and acid 3 was carried out with external standards in multiple reaction
monitoring (MRM) mode. Precursor ions were selected from the more intense ions observed in

El mass spectra.
Gas chromatography/electron ionization quadrupole time of flight mass spectrometry

Accurate mass measurements were carried out in full scan mode with an Agilent 7890B/7200
GC/QTOF System (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf, Les Ulis,
France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent; HP-5MS ultra inert) (30 m x
0.25 mm, 0.25 um film thickness) capillary column was employed. Analyses were performed
with an injector operating in pulsed splitless mode set at 270°C and the oven temperature
programmed from 70°C to 130°C at 20°C min* and then to 300°C at 5°C min™. The pressure
of the carrier gas (He) was maintained at 0.69 x 10° Pa until the end of the temperature program.
Instrument temperatures were 300°C for transfer line and 230°C for the ion source. Nitrogen
(1.5 mL min'!) was used as collision gas. Accurate mass spectra were recorded across the range
m/z 50-700 at 4 GHz. The QTOF-MS instrument provided a typical resolution ranging from
8009 to 12252 from m/z 68.9955 to 501.9706. Perfluorotributylamine (PFTBA) was utilized for

daily MS calibration.
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RESULTS AND DISCUSSION

EIMS fragmentations of 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradecan-1,2-diol (2)
TMS ether derivative

As expected, the EI mass spectrum of the TMS derivative of compound 2 exhibits intense ions
a* and b* at m/z 425 and m/z 103, respectively (Fig. 1A) resulting from cleavage between the
two carbon atoms bearing the TMS ether groups (Scheme 2). It also shows less specific
CnHan+1" and CnHzn1* ion series typical of branched carbon chains,** while fragment ions at
m/z 147 and m/z 205 are characteristic of interactions between the two silylated
functionalities.[**! Since one of the aims of this current study was to develop a MRM method to
permit quantification of compound 2, we therefore focused on the fragmentation of the specific
ion a*. Among the numerous product ions resulting from CID analysis of this ion (Table 1),
ions ¢c* at m/z 335 and d™* at m/z 334 appeared to be the most specific. In order to explain the
formation of these ions we propose the fragmentation pathways described in Scheme 2. The
loss of a neutral molecule of trimethylsilanol by the ion a*, which is at the origin of the
formation of ion c*, could be initiated by hydride transfer from the tertiary carbon-7 to carbon-
23 via a six-membered transition state and subsequent cyclisation (Scheme 2). This hypothesis
is well supported by the complete absence of such a process during CID analysis of ion e* at
m/z 355, which results from cleavage between the two ether groups of the 3,7,11,15-
tetramethylhexadecan-1,2-diol TMS derivative (Table 1, Fig. 4). Subsequent loss of a hydrogen
atom by ion c* affords the monounsaturated ion d™ at m/z 334 (Scheme 2). CID analyses
confirmed that ion c* is the source of ion d™ (Table 1) and the structures of these ions were

further verified by accurate mass measurement (Table 2).

EIMS fragmentations of 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-tridecanoic acid (3) TMS

ester derivative
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Peaks at m/z 440 (molecular ion ) and m/z 425 (g*) resulting from the classical loss of a
methyl radical from the ionized TMS group are present in weak abundance in the EI mass
spectrum of the TMS derivative of compound 3 (Fig. 1B). This spectrum is strongly dominated
by a peak at m/z 146 corresponding to classical y-hydrogen rearrangement of the ionized
carboxylic ester group (MacLafferty cleavage with charge retention(*®! (ion h**)) (Scheme 3).
Subsequent loss of a methyl radical by the TMS group of this ion h** affords ion i* at m/z 131,
while 8-hydrogen rearrangement of the ionized ester group*® yields ion j* at m/z 159. Two
other significant peaks at m/z 130 and 143 (ions k** and I*) are also noted (Fig. 1B) and are
attributed to the loss of a neutral molecule of methane from ions h*and j*, respectively. Indeed,
the loss of methane is often observed in the EI mass spectra of trimethylsilyl derivatives.['4-16]
Examination of the mass spectrum of the perdeuterated TMS derivative of the acid 3 (Fig. 1C)
showed unambiguously that there is a contribution of only three hydrogen atoms of the silyl
group to the neutral methane molecule (i.e. a shift of ions I* and k** by 6 m/z units). To
rationalise the formation of ion I* (m/z 143) from ion j* (m/z 159), we thus propose a
fragmentation mechanism involving the concerted loss of a silyl methyl group and of the
hydrogen atom which originally migrated from the 5-position to the carbonyl group*®! (Scheme
3), as previously proposed by Tulloch!*™ in the case of linear TMS esters. In contrast, in the
case of ion h** (m/z 146), another fragmentation mechanism involving the loss of a silyl methyl
group and of one hydrogen atom from the allylic carbon-3, and resulting in the formation of the
cyclic ion k** (m/z 130) was proposed (Scheme 3). The participation of a hydrogen atom from
carbon-3 is further supported by the absence of an ion corresponding to the loss of methane by
ion h** in the case of linear TMS esters.[*”] CID analyses also confirmed that ions h* and j* are
the sources of ions k*™ and I*, respectively (Table 1). Two interesting additional peaks at m/z
327 and 237 could be also observed in the EI mass spectrum of the TMS derivative of compound

3 (Fig. 1B). The fragment ion m* at m/z 327 corresponds to the loss of the 1,5-dimethylhexyl
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chain by the ionized molecule (Fig. 1B). The structure of ion m* was confirmed by accurate
mass measurement (GC-QTOF) (Table 2) and is further verified by the shift of this ion by 9
m/z units in the EI mass spectrum of the perdeuterated TMS derivative of acid 3 (Fig. 1C). As
confirmed by CID analyses of ion m* (Table 1), the formation of ion n*at m/z 237 results from
the loss of a neutral molecule of TMSOH from ion m*.

The accurate masses of ions h-n (charges not shown) showed only minor deviations
(ranging from 1.9 to 9.1 ppm) from the calculated masses (Table 2), thus confirming the
elemental composition of the fragment ions in each case.

Interestingly, the abundance of ions k™ and I* appeared to be considerably higher in the
TOF mass spectrum of the TMS derivative of compound 3 reported previously® compared to
that in its EI mass spectrum (Fig. 1B). We attribute this difference to the collision of parent ions
h**and j* with nitrogen (TOF analyses carried out with collision gas opened), which may favour
the loss of neutral methane. This conclusion is supported by the production of ion k** during

CID analysis of ion h* carried out with a collision energy of 0 eV (Table 1).

MRM quantification of compounds 2 and 3 in sediment samples

The fragmentation pathways described in the previous sections were employed together with
retention times to identify and quantify compounds 2 and 3 in the DCM- and MeOH-eluted
fractions of TLE of several Arctic sediment samples, respectively. Specifically, the mass
spectral transitions m/z 425 — 335, m/z 425 — 334 and m/z 425 — 111 were employed in the
case of diol 2, while the transitions m/z 146 — 130, m/z 146 — 131, m/z 159 — 143 and m/z
327 — 237 were used for acid 3 (Figs. 2 and 3). The presence of only one pair of enantiomers
of the diol 2 in sediments (Fig. 2) further supports its enzymatic production. As described in
the Experimental section, quantification of 2 and 3 involved the use of TMS derivatives of

structurally similar compounds as external standards. Diol 2 was quantified with the 3,7,11,15-

10
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tetramethylhexadecan-1,2-diol (4) TMS derivative. The transitions employed for quantification
were m/z 425 — 111 for diol 2 and m/z 355 — 111 for the external standard 4. A correction
factor that took into account the proportion of the selected precursor ion (a* at m/z 425 or e* at
m/z 355) in the EIMS of each compound (Figs. 1A and 4A) and that of the selected MRM
transition in each CID-MS (Table 1) was employed. Similarly, acid 3 was quantified with a
standard of the TMS derivative of pristanic acid (5), which exhibits a very similar EI mass
spectrum to acid 3 (Fig. 4B) and exactly the same m/z 146 — 130 transition. The limits of
detection (10 pg for the diol 2 and 40 pg for the acid 3) were determined according to a signal-
to-noise ratio greater than 5. The linear range was determined using values that met the standard
analysis criteria of less than 15% deviation across the concentration range. Linear responses
were obtained over 2 to 3 orders of magnitude. The results of this quantification are summarized
in Table 3 and Fig. 5. The very low concentrations of diol 2 detected in sediments likely reflect
its rapid enzymatic conversion to acid 3, especially as concentrations of the latter are much
higher than the former. The proportion of acid 3 relative to the parent lipid IP2s clearly appeared
to be highest in the oxic zone of sediments, suggesting that bacterial degradation of this
biomarker in Arctic sediments is mainly driven by aerobic bacteria (Scheme 1). As suggested
previously,® the susceptibility of IP2s towards biotic and abiotic degradation seems thus to be
especially prevalent in cases where sequestered ice algal material experiences long residence
times in the oxic layer of sediments. Further, the apparent good preservation of acid 3 in anoxic
sediments (Fig. 5A) supports the use of this metabolite as a tracer of IP2s bacterial degradation

in overlying and relatively shallow oxic sedimentary environments.

Conclusions
A combination of CID-MS/MS, deuterium labelling and accurate mass measurements was

employed to elucidate EI mass fragmentations of the TMS derivatives of 3,9,13-trimethyl-6-

11
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(1,5-dimethylhexyl)-tetradecan-1,2-diol  (2) and 2,8,12-trimethyl-5-(1,5-dimethylhexyl)-
tridecanoic acid (3): bacterial metabolites of the Arctic sea ice proxy IP2s. On the basis of these
fragmentations, some MRM transitions were selected and applied to lipid extracts of several
Arctic sediment samples. These transitions appear to be very useful in identifying and
quantifying relatively low amounts of these bacterial metabolites in natural samples. While
anaerobic biodegradation of IP2s in anoxic sediments cannot be totally excluded, the results
obtained here strongly suggest that its biodegradation is mainly driven by aerobic bacteria in

the oxic layers of Arctic sediments.
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Figure and scheme captions

Figure 1. El mass spectra of diol 2 TMS derivative (A) and acid 3 TMS (A) and perdeuterated

TMS (C) derivatives.

Figure 2. MRM chromatograms (m/z 425 — 111, m/z 425 — 334 and m/z 425 — 335) of
silylated standard diol 2 (A) and DCM fraction obtained from the 4-5 cm layer of the core

sediment from Barrow Strait (STN 4) (B).

Figure 3. MRM chromatograms (m/z 146 — 130, m/z 146 — 131, m/z 159 — 143 and m/z 327
— 237) of silylated standard acid 3 (A) and MeOH fractions obtained from the 2-3 cm layer of

the core sediment from Barrow Strait (STN 4) (B) and Viscount Melville Sound (STN 308) (C).

Figure 4. El mass spectra of 3,7,11,15-tetramethylhexadecan-1,2-diol (4) (A) and pristanic acid

(5) (B) TMS derivatives used as standards.

Figure 5. Downcore plots of the concentrations of IP2s (@) and acid 3 (W) in sediments from

the two stations investigated. (The dashed lines represent the redox boundaries).

Scheme 1. Proposed mechanisms for the aerobic and anaerobic bacterial degradation of 1Pzs.
(* Note we use the IUPAC nommenclature in this paper, which contrasts with carbon
numbering often used for IP2s and other HBIs in the literature based on the structure of the

parent saturated Czs alkane.
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Scheme 2. Proposed fragmentation mechanisms of diol 2 TMS derivative.

Scheme 3. Proposed fragmentation mechanisms of acid 3 TMS derivative.
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Table 1. CID analyses of labelled and unlabelled fragment ions.

Code m/z Collision Product ions
energy
(eV)

at 425 2 425(100), 335(8), 334(13), 279(10), 223(12), 209(37), 195(24),
181(25), 167(20), 155(17), 141(23), 125(95), 111(99), 97(76),
85(61), 71(61)

c* 335 2 335(73), 334(100), 263(12), 249(23), 209(28), 137(69), 124(41),
111(41), 110(27), 97(44),57(37)

et 355 2 355(100), 209(4), 199(2), 181(3), 139(20), 125(43), 113(11),
111(77), 103(11), 99(18), 97(59), 85(34), 83(42), 71(42), 57(35)

h* 146 5 146(7), 131(56), 130(100), 129(12), 86(66), 75(36), 73(43), 56(61)

h* 1552 0 155(82), 137(14), 136(100), 92(16), 82(6), 81(11), 56(17)

h* 1552 5 155(11), 137(15), 136(100), 135(10), 92(61), 82(21), 81(32),
56(57)

j* 159 5 159(12), 143(100), 99(4), 73(20), 69(75)

j* 1682 5 168(8), 149(100), 97(5), 82(13), 69(76)

m* 327 10 327(48), 311(57), 237(43), 219(27), 163(41), 137(23), 125(39), 111
(62), 97(67), 83(82), 73(100)

m* 3362 10 336(43), 317(69), 237(100), 219(37), 163(29), 149(14), 111(40), 97

(84), 82(72)

& Fragments with perdeuterated TMS
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Table 2. High-accuracy mass spectral data for ions a*-n*

Code Formula m/z observed m/z calculated A (ppm)
b* C4H1,0Si 103.0571 103.0574 -2.9
k* CsH1002Si 130.0440 130.0445 -3.8

i CsH1102Si 131.0511 131.0523 -9.1
k* CsH4DeO:Si 136.0830 136.0821 +6.6
I CeH1102Si 143.0519 143.0523 -2.8
h* CeH1402Si 146.0755 146.0758 -3.4
I* CeHsDsO2Si 149.0907 149.0899 +5.4
h* CeHsDyO2Si 155.1330 155.1322 +5.2
it C7H150:Si 159.0832 159.0836 -2.5
J C7HeDyO,Si 168.1407 168.1398 +5.3
n* Ci6H200 237.2207 237.2218 -4.6
m* C19H390:Si 327.2714 327.2719 -2.4
d* Ca4Has 334.3593 334.3595 -0.6
c’ CaaHa7 335.3667 335.3673 -1.8
m* C19H30D905Si 336.3290 336.3279 +3.3
g* Ca26Hs302Si 425.3802 425.3810 -1.9
a’ C27Hs70Si 425.4172 425.4174 -0.5

f C27Hs602Si 440.4035 440.4045 -2.3
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Table 3. Concentration and proportion of 1P2s metabolites in the sediments investigated.

Sediments IP25 concentration Diol 2 concentration Acid 3 concentration Acid 3 vs residual 1P25
(hg g™ (ngg?) (hg g™t (%)
STN 4 (Barrow Strait)
1-2 cm 1.229 0.933 0.229 18.6
2-3cm 1.498 1.185 0.110 7.3
4-5cm 1.613 2.260 0.096 6.0
6-7 cm 1.512 2.199 0.131 8.7
8-9cm 1.542 0.691 0.080 5.2
9-10 cm 1.234 4.388 0.091 7.4
STN 308 (Western Amundsen
Gulf)
1-2cm 0.096 nd* 0.019 19.8
2-3cm 0.104 nd 0.039 375
4-5cm 0.074 nd 0.014 18.9
6-7 cm 0.049 nd 0.011 22.4
8-9 cm 0.022 nd 0.005 22.7
9-10 cm 0.012 nd nd 0

*<LOD
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