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ten-year-vision:
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authentic molecular representation of complex natural systems
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complex systems

non-protein
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¢ material
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isolation of natural organic matter

method of NOM isolation defines the material itself more than anything else
retain organics, discard anything else...........

extensive structural selectivity in case of chemical methods

physical and chemical extraction

to be
permanently isolated not
absorbed refained
extraction / adsorption XAD family

solid phase extraction SPE (PPL, C18, C8, C2, CN-E, etc....)
tangential ultrafiltration UF

reverse osmosis / electrodialysis ROED



coevolution of biochemistry and natural organic matter (NOM)
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intrinsic averaging in low resolution analytical characterization of NOM
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sufficient resolution allows meaningful analysis of processes
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atomic signature
molecular signature

aspects of molecular complexity

compositional

C2H,sNO,

isomeric structures

isotopomers
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FTICR mass spectrometry

atomic connectivities and
spatial orientation

NMR spectroscopy

positions of (stable) isotopes
within molecules

NMR spectroscopy



introduction hfs(""Cs) = 9.192.631.770 Hz

high precision frequency measurements are
manna from heaven for molecular-leve!

resolution structural analysis
e Nobel price 2005 (MPI Munich)

of huge dafa sefs in excess of 10° “pixels”

eCcosys requ:res educafed handlmg



FTICR mass spectrometry / molecular process

orbital frequency V. directly relatestom /z
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FTICR mass spectrometry / molecular process

H,C

FTICR mass spectra indicate
molecular ions of isotopomers
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FTICR mass spectrometry / complex system

very large intrinsic resolution is retained
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because of huge peak capacity - £ 3
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NMR spectroscopy | atomic process
transitions among individual atomic energy niveaus
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NMR spectroscopy / molecular process

atomic signatures in molecules allow
unambiguous assembly of (isomeric) structures

|' 3005571.2 Hz 5005308.0 Hz 5005298.1 Hz
H i } h | |1
"H NMR 1 I O O M0
| T LMMN.U.. Il
B%U B%ﬂ BLU &BU B;D E;D | BE&II

“C NMR (L™

Wmmmwwmmmm
170 165 160 155 150 145 140 135 130 125 120
5(13¢) [ppm)



NMR spectroscopy / complex systems

NMR section integrals indicate fundamental substructure regimes

massive overlap interferes with resolution
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the total space of
molecular structures
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separation

'H NMR 'H,"cHsac NMR®
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spectroscopy / spectrometry
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our current capacity to depict molecular dissimilarity

structure space
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German Research Center for Environmental Health

Analytical approaches

|

Sample Preparation

Small molecules

Complex Sample

Molecular Analysis

Data Post-Analysis

Desalting/Concentration
SPE, uSPE (MEPS),
Piezzo/Nanodosage

Monoliths
Nanoparticles
Foaming/Bursting

Mixtures
Targeted / Non-targeted
Separation (LC/UPLC, CE, GC)
Spectroscopy (UV, IR, NMR)
Spectrometry (IT, QTOF, ICR)
(lonization selectivity: ESI,
APPI, APLI, SDLI, cESILI)

Statistics/Bioinformatics
Web-based interfaces
Databases
Allignements, normalizations
Classical statistics
Cluster, PCA, PLS-DA / SIMCA

Annotation J
Bioinformatics, Database

Multidisciplinary approach

Data driven

-

Unraveling chemical complexity

AMetabonomics, Systems Biology




‘terrestrial organic matter

vascular plants emission
~._ (aromatics) of volatiles

SOA atmospheric deposition

riverine NOM



mofocular mekromonmis

...what is the utility of
these novel tools....?

High-resolution organic structural spectroscopy already has
advanced crucial paradigm shifts in structural characterization
of natural organic matter (NOM)

Hertkorn et al., Anal. Bioanal. Chem. 2006, 389, 1311-1327

- discovery of carboxyl-rich alicyclic molecules (CRAM)
as major constituents of NOM

Hertkorn et al., GCA 2006, 71, 2995-3010
Lam et al., Environ. Sci. Technol. 2007, 54, 8240-8247

- large-scale molecular turnover of NOM on short time scales

Einsiedl et al., GCA, 2007, 71, 5474-5482
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field study: evolution of groundwater during 13000 years
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time evolution of groundwater: 60 years |
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SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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Prediction of substitution patterns in aromatic rings
by increment analysis (SPARIA) L

'H."°Cc HSQC NMR of Suwannee River NOM

3('H) T
forward mode | T
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inverse mode ATy e ::
neutral Ar-CO-X | Ar-O-X o
-H -COOCH, | -OCH,4 T . s _—
-C,H, -COC,H; | -OH 8 substituents in 5 positions =
-CH=CH, | -COOH J 32768 combinations




evolution of groundwater during 60 years

SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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evolution of groundwater during 60 years

SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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evolution of groundwater during 60 years

FTICR mass spectrometry: Kendrick mass defect analysis
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evolution of groundwater during 60 years

van Krevelen diagrams derived from FTICR mass spectra
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conclusions (groundwater NOM)

near complete turnover of NOM is observed within decades
in a representative groundwater aquifer

formation of novel compounds is observed by both
NMR and FTICR mass spectrometry

oxygen is depleted from aliphatic and aromatic carbon environments
during processing of a plant-derived into a microbially-derived NOM

meaningful molecular level analysis of complex unknowns requires
data from complementary analytical methods and
joint mathematical data analysis

intrinsic averaging would mask the detection of these rather drastic
molecular-level alterations in case of
low-resolution methods used for analysis



natural organic matter in the oceans
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deep sea vents : complex microbial contributions are feasible
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...what is the utility of
these novel tools....7

log n

High-resolution organic structural spectroscopy already has
advanced crucial paradigm shifts in structural characterization
of natural organic matter (NOM)

Hertkorn et al., Anal. Bioanal. Chem. 2006, 389, 1311-1327
- discovery of carboxyl-rich alicyclic molecules (CRAM)
as major constituents of NOM
Hertkorn et al., GCA 2006, 71, 2995-3010
Lam et al., Environ. Sci. Technol. 2007, 54, 8240-8247
- large-scale molecular turnover of NOM on short time scales

Einsiedl et al., GCA, 2007, 71, 5474-5482



CRAM (carboxyl-rich alicyclic molecules) have been first identified
in the surface and deep Pacific ocean; there is good reason to
postulate CRAM as a major constituent of any NOM




aliphatic polycarboxylic acid

carboxyl-rich alicyclic molecules CRAM



complementary techniques have led to the identification of
CRAM (carboxylic-rich alicyclic molecules) in NOM
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van Krevelen diagram

Visser, ES&T, 17 (1983) 412-417.
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NMR properties serve to discriminate between (classes

of) C,4H,,0,, isomers (IUPAC mass: 576.546 Da)
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formation of secondary organic aerosols SOA '
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SOA structural elucidation with FTICR/MS and NMR
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planetary systems are composed of molecules
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TITAN (the only moon with fully developed atmosphere : N, (98.4%), CH, (1.4%), H, (0.2%)
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tholins : nitrogen containing organic matter on Saturn moon Titan

allows exploration of the C,H,N compaositional space

Titan: the second largest moon in the solar system (diameter : 5150 km)
the only moon with a dense atmosphere 284%N.  1.4%CH,  stratosphere

95 % N, 49 % CH, troposphere
A=60nm L=825nm
3 T T 3y T :
e e () H,CN + HCN = Polymer
: ; HON| H (1) CN_addition mechanism
ot 2wl mdl DL CN + C;H,CN = Polymer
N HCN CN + C,N, = Polymer
N(*S) b i 4 _—
(IV) H,CN |+ CH,NH = Polymer CH. [ o !
4 -, [
| . crnn AN ] \ |
"otz & | W1 T 2 e A 2 =
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| e ———r 45 L S LD C.HO i
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" H-+C=C=N* La- o :
(or :CH-CN) C,N + CiH, = Polymer
— A (This study)  HGN +CH = Poiymer
wo wo - Cwa HCCN + aerosol = growth
strongly hydrogen deficient molecules, complex chemistry,

contributions of HCN in lab experiments initial stages well constrained
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early stages of stellar evolution (sun-like star)

contraction of
molecular cloud

stars.jpg
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protoplanetary system planetary system
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small body accretion within strongly anisotropic protoplanetary disks :
formation of extraterrestrial organic matter

strong electromagnetic radiation

.+ high temperature

-
#*

photo-

accretion Vp<0 phores:i:
inner photophoresis outflow midplane

gap

»

turbulence

4

mathematical synthesis of NOM
under given very changeable trajectories leads to
ultimate variance in chemical diversity

minerals

conserved heterogeneity on all size scales in isotopes
organic matter




(asteroid) impacts create the various classes of meteorites

iron meteorite

iron-nickel
meteorite
parent body

s meteorite

differentiation

- (carboriacéaus)
chondrife .. . -




the mineral compo

. L

sition of meteorites has been analyzed with high resolution
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however, analysis of organic compounds has been restricted to target analyses
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FTICR mass spectra of Murchison methanolic exctract
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enormous number of resolved mass peaks

sizable coverage of the CHNOS compositional space
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distribution of mass peaks within molecular series
iIndicates chronological order of molecule formation
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Murchison sulfur chemistry chronology

aqueous alteration:

increased SU!W

CHe Fa0. ~[CHNO

CO, HCN near statistical

primordial chemistry
circumstellar

molecules Mx Sy
CHNOS

abiotic synthesis aqueous mineral

CHO
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coevolution of biochemistry and natural organic matter (NOM)

o
& o
F r}‘r éé* a genetic code initiates and confrols
.ﬁ-‘a £ & the synthesis of functional,
& discrete molecules

----------------------------------------------------------

the fundamental laws of thermodynamics
and kinetics govern the fate (diagenesis

the binding of borate to NOW and degradation) of a continuuwm of
b o binding sites, which act to buffer
ot ibosn agalnst any environmental extremes
y
>

timeline



biotic evolution (red queen concept) : biotic interactions in ecosystems:

prebiotic competition, predation (operate local and on short time scales)
earth
&
L :;*é @ genetic code iniflates and controls
£ g the synthesis of functional,
& discrete molecules
Ty NOM " the fundamental laws of thermodynamics
extraterrestrial R i A i i tbisoe) ol st o
abiotic 4 . _ binding sites, which act fo buffer
synthesis S nseclosilleominidiiins

. agalinst any environmental extremes

abiotic evolution (court jester concept) : large patterns of biodiversity are
driven by physical environment: tectonic, climate, landscape (extinction)
(regional and global large-scale patterns and extended time scales)

-
timeline



fundamental building blocks of terrestrial life

4 nucleobases
20 proteinaceous amino acids

virtual endmembers

> 2 lipid precursors

characteristics of 2
terrestrial biosignatures 9
. . g ‘dmrhmyfuﬂ’nn
enatiomeric excess =00 | Y4 - €N o
diastereomeric preference ;aaéfgﬂf..._ “=c0 ST
0 T . T -
structural isomer preference 0 0.5 1 1,5 e

. coc . ' . O/C ratio
repeating constitutional sub-units or atomic ratios

systematic isotopic ordering at molecular and intermolecular levels

uneven distribution patterns [carbon numbers, concentrations, 5(130)]




sorting shemes of the biochemical space

protein structure space map (SSM),

shows each of the known 1,898 unique

protein structures [Classification of Pro-
teins (SCOP) system].

graphical star-like representation of a
scaffold tree of natural products, termed
periodic table of the natural products.
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characteristics of abiotic synthesis

early small molecules =Q, ,....) already form very elaborate mix
ly (H,C=0, HCN,....) already f y elab
. ..-_..E__ = Df # & .. _I o . F

high-energy irradiation at rather low temperatures enables and sustains vi-
gorous chemistry with radical recombination as a likely key mechanism

huge variance of formation conditions initiates extensive heterogeneity on
all size scales with respect to composition and isotope distribution

sizable coverage of mathematical compo-
sitional space is usually observed

deviation from statistical distributions allow
echanistic concl . in Murchison, the

dlstrlbutlon of mass peaks suggests a chro-

nological order of compound formation




HIG ratio

trajectories of organic matter formation
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interactions between the abiotic and biotic world

prebiotic

earth biotic evolution

extraterrestrial
abiotic
synthesis

abiotic evolution
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conclusions

molecular level characterization of natural organic matter requires
complementary high-resolution organic structural spectroscopy
aided by mathematical data analysis (and separation)

soil-derived, freshwater, marine and atmospheric NOM as well as
extraterrestrial NOM have revealed remarkable structural variance
which allows detailed conclusions about their formation history

the complexity of extraterrestrial organic matter represents a near
statistical distribution of molecules generated under highly variable
conditions; it rivals and possibly exceeds that of bio(geo)molecules
found on earth

abiotic molecular diversity severely contrasts with terrestrial biocomplexity
which reveals itself by a rich diversity of three-dimensional structures,
ultimately derived from a very few general procursor molecules

the relationships between abiotic chemical and biological evolution
are not yet understood



molecular-level structural analysis of
non-repetitive complex unknowns

'MS NMR

NMR

i o =gl
Y - . mass
separation / . spectrometry resolution

mihiaturization

4000000 $ . high-performance
separation valldation

L X \ Intogratod mathematica

complementary technlques, aspects, bralns
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a teaser from Ron Benner:

chemical degradation of a complex organic matter
with a supposed number of 10°" different chemi-
cal environments of carbon produces individual

. V.
10 ai =

m
= Naagll
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the total space of molecular structures
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- he total spac of molecular strcture | |

mass spectrometry provides:

isomer-filtered complement of the total . C,H,
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the [ower mass range of the C H O, compositional space
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elemental ratios

differential mass Am (mDa)
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unique mass differences Am which define any spacing between
adjoining C,H,O-molecules within nominal mass clusters

elemental composition molecular
fragments
H,0,-C,
C44-H 04 5
H405'Cr
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[ ] 14! % 4k
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mass difference Am (Dalton)



mandatory compositional dissimilarity against Am
within C H O-nominal mass clusters
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coverage of CHO compositional space by SuwFA
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count of ions and of ",H,O-chemit_:al environments_in SuwFA |

minimum consolidated SuwFA C,H,0 ions 1270 (out of 19403 peaks)

,H,0 compositional space 6503 (“°. 7 7, coverage)

1.5
E ﬁﬁeﬂzn?e:r"f“ o total count of C,H,O
T [ 14 i=componidont o chemical environments
s -
w s W carbon hydrogen oxygen
minimum SuwFA chemical environments 118513 100672 46158
,H,0 compositional space 196146 171494 59102

percent coverage by SuwFA molecules 60.4 % 58.7% 781 %
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the knowledge of the (e.g.)
C,H,O-compositional space
can be used for
mass spectral peak assignment
in complex materials
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mass spectrometry of natural organic matter (NOM)

the compositional space of molecules represents the
iIsomer-filtered complement of the entire chemical space.
It is quantized and can be probed with ultrahigh-resolution
FTICR mass spectrometry

NOM is a very complex mixture: it occupies a sizable section
of the (mathematically accessible) compositional space

pairs of mass peaks differing by zero-mass units Am show
ever increasing mandatory dissimilarity in composition (and

structure) with decreasing Am for any composition ChnHmOqZy

novel and useful criteria for signal assignment of complex
materials emerge, when the substance-specific order

of mass spectra is projected upon the intrinsic order of the
quanitzed compositional space of molecules
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