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Abstract

Elucidating the role of marine anammox is key to investigations of the geological nitrogen
cycle. A recently identified bacteriohopanepolyol (BHP) lipid biomarker, a diastereomer of
bacteriohopanetetrol (bacteriohopane-173,213(H), 22R, 32R, 33R, 34S, 35-tetrol, abbreviated
BHT-34S) with unknown stereochemistry, holds promise as a diagnostic lipid marker for the
marine anammox bacteria ‘Ca. Scalindua’. However, its use is limited by the unknown
stereochemistry. Building on previous work by Allcock et al., we further evaluated an analytical
modelling approach based upon computational chemistry. We related gas chromatography
(GC) retention time to polarizability calculated using density functional theory (DFT)
calculations using known BHP structures and retention times. These improved computational
methods provide a better fit than initial models. Other quantum descriptors such as frontier
molecular orbital (FMO) energies, HOMO-LUMO gap and dipole moment were also explored.
Additionally, the molecule-column binding energies were calculated, but with lower-cost
computational methods; these did not provide good data fits.

Introduction

Nitrogen is an essential element for life. Lack of bioavailable nitrogen (e.g. ammonium, nitrate
or nitrite) is limiting in some ecosystems, such as marine systems, where this is a limiting
nutrient for phytoplankton. Anaerobic ammonium oxidation (anammox) bacteria convert
ammonium and nitrite into dinitrogen gas, which, along with denitrification, is one of the two
pathways to remove bioavailable nitrogen. Marine anammox is mediated by ‘Candidatus
Scalindua’ bacteria and is responsible for ca. 30 % of the bioavailable nitrogen lost from
modern oceans (1). Tracking these microorganisms is therefore essential to model the modern
and paleo nitrogen cycle. Lipid biomarkers are can be used to identify anammox processes in
the geological nitrogen cycle. However, the diagnostic anammox biomarker of ladderane lipids
are highly strained cyclobutyl moieties and are not recalcitrant in sediments older than 125,000
years (2). Bacteriohopanepolyol (BHP) lipids are produced by a wide range as bacteria. They
function as membrane fluidity regulators in response to environmental stress (e.g.
temperature, pH). Some BHPs, such as bacteriohopane-173,21p(H), 22R, 32R, 33R, 34S, 35-
tetrol (BHT-34S; Fig 1), are ubiquitous in the environment, and so are not diagnostic
biomarkers. However, a BHT diastereomer with unknown stereochemistry (BHT-x) has only
one known producer, the marine anammox bacteria ‘Ca. Scalindua’. This biomarker can
persist in the environment at least 2 million years (2). Varying retention times by gas
chromatography (GC) were used to distinguish BHT-x from BHT-34S and BHT-34R (Fig 1)
(3), allowing this lipid biomarker to be applied to identify anammox bacteria in the geological
record (2). Directly establishing the stereochemistry of BHT-x by NMR of sufficient pure lipid
obtained from the bacteria is hindered by the extremely slow growth rate of ‘Ca. Scalindua’.
To fully utilize this biomarker, alternative methods for structural identification are required.

To understand and in-turn create predictive models for BHPs compounds, we have applied a
‘low-cost’, composite DFT method, B97-3c, to calculate molecular polarizability, HOMO-
LUMO gap and dipole moment. These calculations build upon preliminary work utilising the
inexpensive semi-empirical PM3 method to calculate the molecular polarizability (4). The B97-
3c method has been shown to yield excellent molecular and condensed geometries, similar to
most hybrid functionals evaluated in a large basis set expansion (5). Therefore, we propose
its use to build upon previous work and aid the assignment of unknown BHPs.

Methods
All optimisations of isolated BHP molecules and quantum descriptors (molecular polarizability,
FMO energies and dipole moment) were calculated at the B97-3c level of theory (5), with Orca



4.2.1 program (6) and using Gabedit 2.5 (6) for visualisation. Relative binding energies of BHP
molecules to the column was modeled using the semi-empirical PM3 method. A short oligomer
of poly-dimethylsiloxane was chosen to represent the column structure, with its length
extending beyond that of the BHP molecule. Due to the size of the BHP column adduct full
DFT calculations were not possible in this project. The gas phase energy difference between
the BHP adduct and the isolated species were used to calculate the relative binding energies.

GC retention times for all BHPs were compiled from previous and novel analysis (8), analysed
using two different columns. One column was selected for full separation of BHP
diastereomers such as BHT-34S, BHT-34R and BHT-x (isomer column) and one for elution of
aminoBHPs (amino column) such as aminotriol and aminotetrol (8).

/ /
[ I
'l LA -
LA :
/
/ .
-t 11
1A :
(PN
i /
/
1l |
7 /
_ l
PP OL
) I
/
Figure 1. Structures of selected BHP biomarkers.
Results

Interpretation of data was performed analogous to that of Allcock et al. (3) A line of best fit
was applied to assess the correlation of retention time and polarizability on each column.
The isomer column produced a positive correlation (Fig. 2), while the amino column failed to
show a correlation of any significance (R? = 0.17). This strong positive correlation (R?= 0.97)
is greater than what has been previously reported on these large, computationally intensive
molecules, using a less complex PM3 method (R? = 0.89). Furthermore, this modelling
placed all structural groups on a single line of best fit. This further demonstrates the ability of
a polarizability based approach to distinguish structural variation and complex 3-dimensional
organic compounds (4). Of the 3 computational descriptors investigated using the B97-3c
method, only isotropic polarizability succeeded in producing a positive correlation. Binding
energy calculations were also carried out using the less computationally intensive PM3
method, but these failed to produce a significant correlation.
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Figure 2. Correlation of polarizability and retention time of the isomer column.

Discussion

A positive linear correlation was found between polarizability and GC retention times for
structures of varying size and/or stereochemistry (Fig. 2) with the B97-3¢c method. A
significant improvement in the data fit compared to previous semi-empirical methods was
observed. GC retention times are primarily controlled by volatility. Both molecular boiling
point and polarizability increase with molecular size, corresponding to a positive relationship
with GC retention time. However, the polarizability increases of BHPs with varying
stereochemistry (e.g. BHT-34S vs. BHT-34R; 2Me-BHT-34S vs. 3Me-BHT-34S) are
generally consistent with increasing GC retention time (Fig. 2). This suggests that the
correlation of polarizability to GC retention time is caused by additional factors to boiling
point increases with increasing molecular size.

Conclusion

BHP polarizability and GC retention time are positively correlated, further demonstrating that
polarizability is a controlling factor on BHP retention time. The B97-3¢c scheme shows promise
in the application for in silico identification of unknown BHP stereochemistry. Future work will
apply the B97-3c method to the binding energy calculations, to develop a correlation between
this molecular descriptor and retention time.
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