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ABSTRACT

MASS SPECTROMETRIC PROFILING AND LOCALIZATION OF
METABOLITES IN BIOLOGICAL SAMPLES

By

CHAO LI

Metabolomics is a rapidly growing approach based on global analyall metabolites in a
tissue, fluid or organism. This approach is based on the assuntiatidhé metabolome serves
as a holistic measure of metabolic status. Most metaboloniigsasdnave been based on bulk
sample analyses, which do not differentiate metabolites fromfigspgssues or cells. Since
metabolic activity is organized in complex networks, bulk analysesvievaloss of potentially
important chemical information. This dissertation presents developrham@alytical methods
to profile localized metabolites in biological tissues, and apphese to investigations of
glandular trichomes, which are epidermal plant cells that askfiprat chemical synthesis.
Microsampling of individual trichomes from wild tomato relatives loné genusSolanum was
achieved using micropipettes, aoldsting of tissue from surfaces of corals was perforuosauy
a waterpik. Metabolite detection, identification, and quantificatioreyerformed using liquid
chromatography/mass spectrometry (LC/MS). Through accurates maeasurements and
chromatographic peak alignments, 109 metabolite signals were athistan extracts of single
trichome types. Methylated flavonoids represented one clagstarmhe metabolites, but mass
spectra alone were not adequate to distinguish isomers. Compdeganant of isomeric

methylated myricetins was achieved by employing two recoambi O-methyltransferase



enzymes fromSolanum habrochaites LA1777 for selective semisynthesis of methylated
myricetins. Tandem mass spectrometric analysis and chromahogratention times provided
evidence needed for structure annotation, aided by selective erzymatrporation of
deuterium labeled methyl groups. These structural assignmeded d@emonstration of
substrate selectivity of the two methyltransferases.

To accelerate profiling of individual trichomes, a contact printing egugr was developed
to transfer cells from across an entire leaf to a carbon atdsivhile preserving spatial
information during the transfer. Direct and matrix-free ladesorption ionization from the
printed cells allowed chemical imaging of trichomes acrossemtire leaflet. Individual
trichome resolution was achieved using smaller steps of stagepogielding about 5Qum
resolution. Using this scheme, the first spatially-resolve prgfibf trichome metabolites
across theSolanum leaflet was achieved, and demonstrated chemical heterogemedyga
trichomes within a single type.

Localized metabolite profiling was also performed for reef ctisaues collected from a
field location near Curacao. A stable isotope dilution method wadogexefor quantifying
seven betaine metabolites, which may serve as photosystem sigbsubstances, and
dimethylsulfoniopropionate (DMSP) in extracts of coral tissue$he LC-MS protocol
employed a pentafluorophenylpropyl (PFPP) column and time-of-fiigass spectrometry.
The results demonstrate that corals accumulate multiple betdimegt betaine profiles vary
widely among different coral species, and that betaine levelsarelated with ambient light

levels.
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Figure IV-1  Basic structures of the main classes of flavonoids. Common nd- a
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CHAPTER ONE

INTRODUCTION

1.1 Metabolite profiles and the quest to understash biological functions

For centuries, the mysteries of living organismsénéascinated people, and a great
deal of research effort has been invested to imgrowr understanding about how living
things function. The discoveries of chromosomes)es, and DNA focused much of this
research over the past few decades upon the irdRieh specific genetic contributions to
biological functions [1]. In the 1980s, severaites of researchers set about to sequence
entire genomes, including those of bacteria [2]aste[3], the model planfrabidopsis
thaliana [4], rice [5], and ultimately, humans, in 2003 [6]In the early Zit century,
numerous whole genomes have been sequenced, amdintizer of sequenced genomes is
expected to undergo explosive growth during thetrte®cade owing to improvements in
the cost and speed of DNA sequencing. Howeverpogensequences only provide a
starting point for understanding gene functionscause these functions are usually
inferred by comparing sequences with genes of sinmsequence for which the functions
are already known. However, small differences iNAand protein sequences, even
single mutations can have dramatic effects on pmofienctions. A new area of research
called “functional genomics”, which tries to undinsd the functions of unknown genes,

has emerged as genomic information and genetic ntdolyies including expressed



sequence tag (EST) sequencing, microarrays, or esaquog based analysis of gene
expression (RNA-Seq) for large-scale transcriptgrailing [7].

Unlike the genome, transcriptomes, which are glgtraifiles of mRNA levels, are
dynamic, varying with external environmental comalis. Transcriptomes provide
measures and identities of which genes are actiegpressed. It was initially thought
that transcriptome profiling could answer most dies about gene functions.
However it was soon realized that transcriptomesndbalways correlate to the content
and level of proteins in specific tissues for seNdereasons [8-11]. First, the rapid
degradation of mMRNA and also degradation of praetontribute to poor correlations
between levels of specific mMRNAs and the proteias Which they encode. Second,
many proteins must undergo post-translational modifon to convert to their functional
forms. This information cannot be captured fromalgeis of transcriptomes. In
addition, due to alternative splicing of transcsipa single mMRNA may yield proteins with
more than one amino acid sequence, which also leadarther discrepancies between
transcriptome and proteome. Last, but not leaanyrproteins become active only when
they interact with other protein or mRNA moleculesAll of these complexities give
birth to another research area, “proteomics”, whgcharge scale study of all proteins in a
biological system.

Despite the progress made in genomics, transcrig®mand proteomics, there are
still knowledge gaps regarding cell functions. Thamics” data mentioned above

provide information about the potential functionsalls, and many of these functions



involve the synthesis, degradation, transport, amhsing of the most downstream
products of the biological cascade, which are malitds. Metabolites are the end
products of cellular regulatory processes and thewels reflect the combination of
genetic and environmental influences, which giveclase reflection of biochemical
activity. Analysis of metabolic snapshots servasaavalid approach for quantitative
rather than qualitative description of cellular wéggion and control. Thus the
metabolome can be regarded as the unbiased chephealotype of a cell or tissue and
can be used to establish effects of genes andAramment influence cellular chemistry
[12]. This is summarized in a comment attributed Qr. Bill Lasley of UC Dauvis:
“Genomics and proteomics tell you what might happamt metabolomics tells you what
actually did happen!” [13]

Another relatively new research area called “mel@bgenomics” is based on the
combination of genomics and metabolomics [14, 15Yletabolic genomics research aims
to extend and refine our understanding of relathops between genes and cellular
biochemistry by creating more detailed functionahgmics maps connecting biosynthetic
pathways, regulation of metabolite levels, with thenetic components involved. The
ultimate goal is to reveal regulatory mechanismsthed complex interacting networks
underlying functions in whole biological systems.

Together with proteomics and transcriptomics, imégign of profiling of transcripts,
proteins, and metabolites provides a more comppeteure of biological functions and

dynamics. By taking account of the metabolomeeaeshers have more opportunities to



discover the links between macromolecules, identifynctional linkages between
phenotypes, and also construct dynamic network@fedicting biological behavior.
Although metabolomics alone cannot answer all goastabout biological functions,
there are special merits of metabolome analysispared to other “-omics” approaches.
Annotations of gene functions must have a defieitphenotype to differentiate function
from absence of function. One advantage of metabals derives from the smaller
number of metabolites relative to the number of egermnd proteins in a cell. This
decrease in experimental complexity is exploitecewlhe metabolome is used as a proxy
to represent phenotypes. Second, the metabolomeftan magnify changes in activity
of low abundance proteins, particularly when thetpi acts as a catalyst or transporter.
In such cases, metabolites can be far more aburnittant the proteins involved in their
synthesis, and this feature makes phenotypes meadily detected and distinguished.
In many cases, levels of individual or groups oftatelites are indicators of altered
biological functions. Third, the expense of metitleoanalysis is estimated to be two to
three orders of magnitude lower than global transcriptomics oe@rots [16]. In certain
scenarios, the metabolome provides a shortcut tmgmize outlier phenotypes, and
metabolome data can direct other analyses, inctugiroteome and transcript analyses,
toward those samples that exhibit phenotypes oéregdt. For example, the forward
genetics approach of random mutation is one popwlay to discover gene functions.
However, the vast majority of mutations do not leaadbvious morphological phenotypes,

a phenomenon called silent mutation. In this casetabolite screening as the starting



point provides a more efficient and cost-effectway to identify biochemical phenotypes

that otherwise might be missed [17].

1.2 The Application of Metabolomics in Plant Reseah

Plants are sessile organisms that are not capdbieowing to avoid environmental
stresses such as temperature or water stress,timedey animals, or diseases caused by
pathogens. As a result, plants largely respondsttess by changing their cellular
chemistry. Because of this evolved behavior, gatdcumulate an extensive and diverse
group of metabolites, estimated to be aroun%l t])OlO6 distinct chemicals across the plant
kingdom [18]. This huge diversity of phytochemigalndicates diversified gene
functions in plants, and these functions are ofipacialized in individual plant species or
lines based on the environmental stresses thatifap@tants encounter in their natural
habitats. For example, there are 272 and 303 bytooe P450 enzymes, which catalyze
metabolite oxidations, discovered Amabidopsis and rice, respectively, compared to only
57 in humans [19, 20].

Modern research is only beginning to explore theposition of the metabolome in
individual plant species. Despite longstanding Wremlge that certain plants make
compounds of economic interest to humans, remaykdittle is known about the
biosynthetic pathways leading to even those comgsunf greatest interest. The

metabolome ofArabidopsis thaliana, a model plant for which the genome has been



sequenced, is probably the most extensively studietabolome among all plants.
Metabolite profiles have been generated for wefirda libraries ofArabidopsis mutants
[21], but much of the chemical information gathereddate has focused on abundant
“primary” metabolites including sugars, organic @i and amino acids that are essential
for plant survival. Many of these mutants showedtabolic differences compared to
wild type plants, and research is heading towastaleries of how single point mutations
change metabolite profiles even though no visibkenotypic change occurs. Using
metabolite information as the bridge, the predictmf the functions of unknown genes
could be made by monitoring the metabolic changassed by deletion/insertion of
unknown genes. This approach could become moexwfke if supplementary analyses
such as large scale enzyme analysis [22] were coedbivith metabolite profiling and
gene mapping to build an unprecedented overvieplaxit metabolism.

Another practical application of metabolomics is fmpulation screening and plant
breeding. To humans, the intrinsic interest toanstand plants derives from a desire to
improve food products, medical therapies, and othaluable feedstocks including
biofuels. For the applied scientist, e.g. in thanp breeding industry, the metabolomics
approaches have already gained a great deal oftaiterecently [23] owing to their
potential to help define better phenotypes andsasseeding of plants for desirable traits.
Economically valuable traits of the plants suchdesease resistance, nutrient content and
guality, flavor, and fragrance are based on meiédaomposition, and these are traits

breeders value. Using metabolite information tgularly select plants having better



disease resistance, greater nutrient content arsiradde appearance (pigments) have
substantial economic value for breeders. Sometplamen contain metabolites which
have potentially health-promoting properties, €ginese herbal medicines.

The interest in linking food composition and humla@alth has grown rapidly in
recent years. People are paying more attentioput@hasing healthier food products,
leading to introduction of the term “nutraceuticate describe food products that offer
potential therapeutic benefits. Food producers an@ply companies also want to
advertise their products with scientific support @éims that consuming certain foods,
such as those rich in antioxidant plant metaboliteads to better health. Considering
that metabolite profiling is a relatively inexpewsianalytical procedure, metabolomic
analyses are finding increased use for screenirigralaor induced mutant plants or, to
demonstrate that genetically modified foods arectiomally equivalent to “natural” foods.
One good example is the mutant or modified toma{@4s26]. Davuluri reported using
targeted genetic modification for generating liraf'stomato accumulating more health
related carotenoid and flavonoid antioxidants. &leo used metabolite analysis to
identify novel antioxidants in transgenic tomatdesnsfected with a stilbene synthase
gene from grape.

Aside from developing more nutritious foods, meti@noics can help plant industry
to engineer stronger plants that can better redistase and predation. Plants have
sophisticated chemical defense mechanisms thatrigmgered when they are subjected to

biotic or abiotic stresses. It has suggested ahatordinated ‘metabolic reprogramming’



occurs in plants subjected to sudden environmeahanges including both biotic and
abiotic stresses [27]. An example of where thisyrpkay important roles in the future
lies in the development of more energy-rich biofugiops. Such plants, which
accumulate large stores of metabolites designeduak precursors, are likely to be
attractive foods for animals and microbes. Sucitgéstevelopment of biofuel crops will

require metabolic engineering of pathogen and verg defenses. In this context, it is
important to understand stress responses fully ftoeir molecular basis, and design
crops with better stress resistance. Metabolomwidtisplay major a role in guiding these

research efforts.

1.3 Analytical platforms for metabolomics

A metabolite may come from more than one metabplthway. Researchers can
best identify which pathways are involved in its tal®lism when they assess the
metabolome as a whole. There are several chaltetmenetabolome analysis that pose
greater barriers relative to genomics, transcriptsnor proteomics. DNA and RNA are
each constructed as linear polymers from four mttes, so the structural diversity is
somewhat limited. Furthermore, many oligonucleesidparticipate in predictable
molecular recognition events. This selective bimylicoupled with modern capabilities
to amplify DNA, makes it easy to implement high dbhghput platforms for analyzing

DNA or RNA. Similarly, proteins are linear combtians of twenty amino acids, and an



assortment of methods has been developed to adssEsprimary structures and quantify
proteins. In comparison, metabolites exhibit stunal diversity that is vast relative to
oligonucleotides or proteins because there areia@ity no limits on the structural features
that make up the metabolome. Wide variations ofsptochemical properties across the
metabolome make any global analysis challengingeeisally with regard to structure
annotation. Furthermore, the large range of mdtebconcentrations (can differ over
several orders of magnitude) challenges even thet mawerful analytical technologies.
The current state of global metabolite analysibased on three types of platforms,
gas chromatography-mass spectrometry (GC/MS), m@unclanagnetic resonance
spectroscopy (NMR), and liquid chromatography-mapsctrometry (LC/MS) [28-31].
NMR finds widespread use for medical metabolomias as found limited application
for profiling of specialized plant metabolites. MMhas the advantage of uniform
detection of hydrogen-containing metabolites withsubstantial artificial matrix effects,
so the magnitude of each observed signal providesaecurate measure of the true
metabolite level. The weakness of NMR lies in tleed to analyze milligram quantities
of each detected metabolite. Therefore, NMR is cavgrful approach for profiling
metabolites of high abundance [32], but lacks thpability to measure the numerous
metabolites that are orders of magnitude less adnindhan the major constituents.
Quick annotation of metabolites can be achieve@dyparing spectra to NMR spectra of
authentic standards. However for previously unovgred metabolites for which

standards are not available, explicit structurecielation often requires purified materials



and multidimensional NMR, and these techniques ireqget more metabolite.

GC-MS is one widely used method for metabolomicad dts use for global
metabolite profiling predates the word ‘metabologiiclts popularity comes from its
remarkably high separation efficiency, and its doup with electron ionization which
provides near-universal detection. Since electimrization employs a standard fixed
ionization condition (70 eV electron energy), mapsectra for the same analyte are similar
across instruments and laboratories. The avaitgbdf libraries of mass spectra and
metabolite identification software facilitates mietdite annotation. However, the
technique is only applicable to separation and cteda of volatile and chemically stable
metabolites at temperatures up to about'@0@.g. alcohols, monoterpenes and esters).
Therefore chemical derivatization needs to be emygdofor analysis of nonvolatile or
polar metabolites, including amino acids, sugard arganic acids [33]. Derivatization
involves drying and conversion of polar functiongoups to nonpolar substructures.
These processing steps can introduce variability lasdes during the process of drying
and derivatization. Even with derivatization, manynetabolites including
glycoconjugates may still not be detected using \&/owing to their decomposition
during heating and evaporation in the GC injectord such reactions can generate new
compounds that were not in the original metabaditéracts.

Application of liquid chromatography-mass spectrome (LC/MS) for global
metabolic profiling has increased in recent ye&#&| The greatest advantage of LC/MS

is that it is usually coupled with soft ionizatioa,g. electrospray ionization (ESI), which
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can preserve fragile molecules such as glycosyldtadbonoids intact. Analyses that
employ LC/MS often involve minimal sample prepaoati as derivatization is usually not
necessary. Furthermore, LC column efficienciesehamproved dramatically in recent
years [35], leading to coining of the term ultraigerformance liquid chromatography
(UHPLC). These efficient columns have stimulatedewed interest in moderate to high
throughput LC/MS methods, and these are emerginthagpreferred approach for many
metabolome analyses. Advances in novel column dteims (e.g. hydrophilic

interaction chromatography (HILIC) and long monbid columns) offer the potential for

greater coverage of the metabolome over a widergeanf properties. Although

electrospray ionization (ESI) is not as universalaectron ionization (El), a range of
alternative ionizations techniques is availableetesure ionization of a broad range of
metabolites. These methods include atmospherisspire chemical ionization (APCI)

and atmospheric pressure photoionization (APPIl)e ®reatest challenge for LC/MS
based metabolite analysis comes from two pointsnlikd GC-MS, libraries of mass

spectra, particularly tandem mass spectra, for LE-d&e limited. Because experimental
parameters differ across laboratories, standarcadies of spectra have been slow to
develop. How to annotate metabolite structureout standard spectra for comparison
remains a challenge. This topic has been the stlgecontinuing discussion [36-41].

A second challenge that confronts LC/MS-based nwtabe analysis arises from the
phenomenon called “matrix effects”. A coelutinghgmound(s) often changes the extent

of ionization of another analyte, and causes it;mal to be reduced (or in some cases,
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increased). This problem is especially severedioalyses of extracts having complex
and unknown composition, because it is virtuallypossible to resolve all metabolites in

a single LC separation.

1.4 Spatially resolved metabolite profiling, and he emerging interest in

micrometabolomics

Since shortly after the invention of the microscopesearchers have suspected, and
later confirmed, that biological functions are omgaed at the level of cells and
subcellular domains such as organelles. Duringitervening years between then and
now, the functions of these small domains have dprgemained a mystery, in part
because analytical tools lacked the sensitivitgesh and resolution needed to probe how
chemistry is organized at these levels. Recentdaachatic technological improvements
in all of these areas have opened doors to prafilh metabolites in specific organs,
tissues, and even single cells.

Plants are considered to have about 40 differefittgpes [42]. Extracting and
analyzing an entire tissue of organ as a whole gdgae a mixture of metabolites that are
derived from multiple cell types, and is not thetiofal way to study complex biological
systems. There are important questions that séithain unanswered, such as how
different cells differentiate and communicate wghch other; how cells with different

ages or developmental stages within a tissue afeerdnt in their chemistry; how
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metabolites or enzyme substrate are transported fsne tissue location to another; and
how signaling molecules trigger metabolic cascadsponses throughout the whole
organism. These questions are best answered lastigating biochemical behavior of
individual organs, tissues, and cells. As the hatson and content of information
increases, the knowledge gained reaches closeilimpityxto the truth [43, 44]. So far,
metabolomics analyses have been mainly conductedhae plants, or on whole organs
such as leaves or roots. Only a few examples dhbwite analyses have been reported
for specific tissues [45, 46] or on specific plastlls, most notably lignified cells in
spruce bark [47, 48], level have been reported.

Analyses of a single tissue or individual cells @a@kunting challenges, particularly
with regard to sample preparation. Microsamplidgnalividual cells is complicated by
the potential for contamination, whether the contents are derived from adjacent cells
of a different type, or simply because the smakmfities of metabolite may be obscured
by contaminants derived from other sources. Twgomaampling methods have been
developed for microanalyses, with most focusingcolection of nucleic acids [43, 44, 49,
50]. The first involves usage of microcapillari@smicropipettes to extract cells or their
contents from tissues [49-52]. A typical experirtadrsetup employs a microcapillary or
micropipette mounted on a microscope. The targeigsle or cell can be visualized
using a CCD camera, and sampling is controlled gisirmicromanipulator. The second
method involves microdissection, and is sometimes$erred to as Laser-Assisted

Microdissection (LAM) [53]. LAM uses focused ligifitom a laser to cut a selected area
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of tissue, including single cells, and the materiate collected from the sample either by
contact sampling e.g., attachment to a sticky surfar non-contact sampling, e.g. gravity
deposition, ejection by photon pressure. LAM waisially developed for RNA isolation
[43] to measure gene expression in individual d¢gpes. Most recently, it has been
applied to small molecule analysis in specific plassues and cells [47, 48, 54, 55].
For metabolite analysis, it is important to avoidusces of contamination from the
material used in LAM such as paraffin, plasticshasives, dehydrating agents, and
staining tinctures, as these contain low-molecwarght contaminants that may interfere
with metabolite profiling [56].

Two additional complications arise from microsampgli namely preservation of
unstable metabolites during the long sampling psscand the limited amount of material
present in tiny samples such as individual cellMany metabolites have short lifetimes
and are converted to other products by the actibwasious enzymes. Halting these
enzymatic transformations often requires quick Zieg of tissues. Unfortunately, most
microsampling methods depend on the cytoplasm beiregliquid state, and when this is
the case, enzymes may be active, transforming tb&alolite pool. For this reason,
microsampling has been most successful for analg$esubstances such as lipids that
undergo slow turnover. The issue of analyte qugrtas been challenging to address, as
single cells may contain only a picoliters to natesk of material. Only the most
abundant metabolites, those present at low millan@loncentrations, are easily detected

because the amounts of metabolites of interestpaesent at attomole to femtomole
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guantities which are below the routine capabilittdsnost instruments.

In terms of detection, many detection schemes hen used for analysis of single
tissues or cells, including fluorescence [57-61fc&rochemical detection [62-65] and
mass spectrometry [66-86]. These are among thet reessitive analytical tools.
Single tissue or cell metabolome analysis requtezhnologies that offer low limits of
detection, high throughput, and also the capabildydetect a wide range of analytes.
Although fluorescence and electrochemical analg$isr remarkably low detection limits,
these technigues are not universal for a wide raofjenetabolites, and fail to give
information that can distinguish a large number sofbstances from one another, as
analytes need to be fluorescent or electrochemjcatitive to be detected. Chemical
derivatization could be performed to introduce lake facilitate detection, but this rarely
has provided adequate selectivity relative to basckgd signal. In view of these
considerations, mass spectrometry has emergedeaprddominant technique for single
tissue or cell metabolome analysis owing to itsrnedversal detection.

Mass spectrometric schemes for single cell analygsisa be grouped into four
categories. The first scheme is sampling the csihg a capillary probe, followed
introduction into the mass spectrometer using nbewdbeospray [80]. The greatest
drawback of this technique is that it is difficuid make it to be a high throughput
platform owing to the need to analyze numerousscell a given type and because
coordination of nL/min flows from large numbers oélls is inherently slow. The

second scheme employs microfluidic chips coupletthwnass spectrometry. At the front
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end, the microchip sorts cells and can also quelysle, and separate the metabolites using
electrophoretic or nanochromatographic methods. e @hip can be coupled to a variety
of ion interfaces, such as electrospray (onlineed&bn) or matrix-assisted laser
desorption/ionization (MALDI) (off-line detection). The complete setup has not yet
been realized as a routine practice, but advancesipe to introduce more robotic
operation, which is promising in terms of through|p87-90]. A third scheme is called
sample arrays [91]. A MALDI sample plate was fikgtated with a solvent-repelling
coating, patterned in a checkerboard array form#&ell suspensions were then sprayed
on the array. An appropriate cell suspension dgnagill yield only one to two cells in
each well. Such samples can be analyzed using MABRerward [91]. This
technique could have broad application on certgpes of cells such as microbes grown
in liquid culture, but it is difficult to envisiomow this might be implemented for other
types of cells in complex eukaryotes such as pégmdermal cells without compromising
the integrity of the metabolome. The fourth schem#ich is believed to be most
promising, is imaging mass spectrometry [68, 69;992 which can use any one of
several ionization methods including desorption cilespray, secondary ion mass
spectrometry (SIMS), or MALDI. The biggest advaggaof MALDI imaging is it
requires minimal sample preparation aside fromodtiction of an absorbing matrix that
can convert laser light into energy for ion fornoatiand evaporation. Another merit of
imaging mass spectrometry is that each pixel yi@ldsass spectrum, generating spatially

resolved chemical profiles. A growing wave of irdgst is pushing improvements in
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spatial resolution of imaging mass spectrometryrdfie past few years. For example, a
spatial resolution of 10 um was reached with stdtéhe-art LDI instrumentation based
on a near-infrared femtosecond laser [95], whidiersf potential for single cell metabolite
profiling. With advances in laser technologies aadnple preparation methods, imaging
mass spectrometry is expected to have great imgrasingle cell metabolite analysis that
will improve our understanding of cellular chemicdleterogeneity and cell-cell

communication.

1.5 Summary of Research

As mentioned above, metabolomics is an importanihpmnent of the growing
interest in systems biology, which often requirealtdisciplinary collaborations
encompassing genetics, bioinformatics, moleculaidgy, and bioanalytical chemistry.
This dissertation presents results, in Chaptei¥,lief my role in developing and applying
analytical methods for metabolite profiling in a multidisonglry team. The scope of this
work has covered almost all aspects of metabolitalysis discussed above including
microsampling, high throughput screening, imagingssispectrometry, detailed structural
elucidation, separation method development and taiive analysis. The various
chapters of this dissertation are derived from fwojects. One is the National Science
Foundation fundedSolanum trichome project, which has involved plant genistic

biochemist, biologist, chemical ecologist, and hformaticist team members from
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Michigan State University, the University of Miclag, and the University of Arizona.
The goals of this effort have been focused on idging the genes and proteins involved
in the synthesis of specialized metabolites stomed excreted bysolanum trichomes.
Since the genuSolanum includes many important crop species including ttomaotato,
pepper, and eggplant, discoveries of these genetims can open the door to molecular
level understanding of the factors that regulatetaibelite synthesis, and form the
foundation for future efforts at metabolic enginegr of plants and other organisms.
The second project, a collaboration with ProfesRarthard Hill and his group from the
Michigan State University Department of Zoologydisscribed in Chapter V.  This work
focused on developing and applying metabolite piradi approaches to understand the
dynamics of the coral reef metabolome under difierenvironmental stress conditions.
My role in all of these projects has been to depedmd apply sampling and analytical
methods for metabolite profiling. Aspects of thesearch that are based on field
collection of coral samples and expression and yasdfarecombinant enzymes were
performed by collaborators identified in the indiual chapters.

In Chapter Il of this dissertation, the developme&itmethodology for sampling
individual trichomes from fiveéSolanum species is described. The application of a high
throughput LC/MS platform, called multiplexed callbn induced dissociation
(multiplexed CID) for profiling metabolites in indidual trichome types is reported.
The cell-specific chemical information discussedGhapter |l paved the way for our

collaborators to construct a network of genes exged in trichomes that can be
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associated with specific biochemical traits. Cleagll illustrates a new technique for
matrix-free imaging mass spectrometric profilingmétabolites forSolanum trichomes.
This technigue conquers several sample preparati@llenges for imaging of trichome
by mass spectrometry. In addition to showing ddgfeg metabolites in different plant
species and genotypes, it is illustrated that fhedial distribution of trichome chemistry is
heterogeneous across a single tissue. This infoomarovides clear evidence of the
importance of incorporating spatial informationamhetabolite profiling. In Chapter 1V,
analytical strategies were developed and appliedldmonstrate the specificity of two
trichome-containing methyltransferase enzymes thhouMS/MS-based structure
elucidation of regioisomeric enzyme products. Thasknown enzyme products do not
have authentic standards available for spectra esimpns, and the mass spectrometric
data provide convincing evidence for individualustiure assignments. The approach
used in this effort employed semisynthetic pregaratof products through use of the
recombinant enzymes coupled with isotopic labelingn Chapter V, the development of
a stable isotope dilution LC/MS method demonstratedthe first time, the extraordinary
abundance of betaine metabolites in coral tissaed,the variation in betaine composition
across multiple species of field-collected coral®etaines are believed to be protective
metabolites that confer resistance to environmersi@bsses. The results of this
investigation demonstrate that betaine contenegulated by environmental factors in a
way consistent with being a plastic metabolic res®

Some of the research described in this dissertatias already been published in
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modified form. Metabolite profiles from individuatichome types that are described in
Chapter Il have appeared in a manuscript in Pldrys®logy (E. T. McDowell, J. Kapteyn,
A. Schmidt, C. Li, J.-H. Kang, A. Descour, F. Shi, M. Larson, A. SchdmL. An, G. A. Howe,

A. D. Jones, E. Pichersky, C. A. Soderlund, and D. R. Gang, Companatictiohal genomic
analysis ofSolanum glandular trichome type&lant Physiology, 2011, 155 524-539). Some
of the principles of metabolite localization, ediabed in Chapter Ill, have been
discussed in a recent book chapter (L. W. Sumner, Dafgg,¥B. J. Bench, B. S. Watson, C.
Li, and A. D. Jones. ‘Spatially resolved plant metabolomicBiahogy of Plant Metabolomics,
Annual Plant Reviews, Volume 43, R. Hall, Ed., Chapter 11, pp. 344-366, 2011). Discoveries of
O-methyltransferase functions, described in parChapter IV, were included in another
paper (A. Schmidt, C. Li, F. Shi, A. D. Jones, and E. Pichersky, Ptilylated myricetin in
trichomes of the wild tomato specieSolanum habrochaites and characterization of
trichome-specific 35’ and 7/4 myricetin O- methyltransferase$lant Physiology, 2011, 155
1999-2009). The methods for quantifying betaines in casaues described in Chapter V
have appeared in two papers (C. Li, R. W. Hill, and A. D. Sobetermination of betaine
metabolites and  dimethylsulfoniopropionate  in  coral tissues using dliqui
chromatography/time-of-flight mass spectrometry and stabk®pe-labeled internal standards,
Journal of Chromatography B, 2010, 878 1809-1816; and R. W. Hill, C. Li, A. D. Jones, J. P.
Gunn, and P. R. Frade. Abundant betaines in reef-building corals and e&loilodicators of a

photoprotective roleCoral Reefs, 2010, 29: 869-880).
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CHAPTER TWO
ANNOTATION OF SPECIALIZED METABOLITES ACCUMULATING IN

INDIVIDUAL TYPES OF GLANDULAR TRICHOMES OF THE GENUS SOLANUM

2.1 Specialized Metabolites in Plants

The plant kingdom has been estimated to synthesiaee than 100,000 different
natural product metabolites, but the genetic bdsrsproduction of these compounds
remains largely unexplored. The majority of thesbstances are considered specialized,
or secondary metabolites, that are not essentigllaot survival, yet confer beneficial
traits that have evolved over long time scales esponses to evolutionary pressures.
Researchers are driving renewed efforts to undedstdne basis of interspecies and
intraspecies genetic variations responsible foisynhesis of such a diversified suite of
metabolites. The key approach used in these sffiontolves correlating the genotype
with chemical phenotype, or composition. In aduhtiit is typical for a metabolite to be
synthesized in a specialized tissue. For plarntg, most prolific tissue involved in
metabolite accumulation is the glandular trichomjch is a specialized epidermal cell
type that occurs on the surfaces of leaves, stam$,other tissues. Trichomes provide a
near-ideal model for investigations of plant metéda. Multiple trichome types are
known for a variety of plant species, and trichomeasy be collected using a variety of

microsampling methods that facilitate cell type-gfie investigations of metabolism and
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gene expression.

The common approach for studies of plant specidlimeetabolism has relied on
chemical profiling of bulk tissue extracts and peetation of this chemistry in the
context of plant genetics, perhaps involving measwf gene expression in the extracted
tissue. However, this strategy suffers when mditbdiosynthesis is largely confined
to a specific cell type, because genes expressddsnes not involved in biosynthesis
may obscure the roles of the key biosynthetic genddecause it is not feasible to study
every individual type of tissue or cell within aaplt, researchers should aim to select a
model plant system with sufficient allelic divergsigenomic tools, and distinct metabolic
phenotypes to investigate genotype and phenotypereledions. Furthermore,
accessibility of specialized cell types providesvaluable handle for investigating
cell-specific biochemical behavior. Based on thosquirements, the genuBlanum,
which includes tomato, potato, and other crops ignkhown to produce an assortment of
trichome morphological types, serves as a greatesydo be the model for research on

specialized metabolite biosynthesis.

2.2 Glandular Trichomes in the GenusSolanum

Trichomes are epidermal cells on plant surfaces whreheasy to isolate compared to
tissues on which the trichomes are attached. Assalt, it is possible to collect and

analyze RNAs, proteins, and metabolites from trichomes withnmaincontamination from other
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cells. Tomato has recently been reassigned to the geharaim, and an extensive collection
of wild relatives of tomato are available. Also, m&olanum species (tomato, eggplant, potato)
can inter-cross with each other and produce a diverse group of geaeaot hybrids
(~1500-2000 so far). Those genetic variants offer a large numbelelkd ahriants that can
facilitate elucidation of biosynthetic pathways. Sequencing oftdheato genome is nearly
complete, and this information can be taken advantage of to fcilite recognition of
candidate genes. Finally, besides the advantages of Sstargim species for research, tomato
and its relatives are grown internationally and have important econaatue that might be
improved by metabolic engineering.

Many plant trichomes store or secrete a complex array adboltes. It was proposed
that trichomes have many attributes important to the succestheofplant [96]. The
well-accepted theory is that trichomes accumulate metabttiggrotect plants against insect
herbivory. For example, the model plafstabidopsis produces more methyl salicylate in
trichomes after wounding and insect attack [97]. The glandutdrotes in tobacco secrete
nicotine, which is toxic to insects [98]. Trichomes Arfistolochia elegans decrease insect
herbivory [99]. Removal of trichomes from leaf surfaces makepldrg more vulnerable to
insect herbivory [100]. Ecological studies show tAeabidopsis increases trichome density
under pressure from insect herbivore attack [101]. All of the evidabose shows that
trichome provide an important protective layer of cells and metabolitin addition to these
defensive functions, trichomes play roles in plant responses to changeperature, water loss,

and gas exchange regulation [102, 103].
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Trichomes are described as belonging to one of two categoriesandualgr and glandular
trichomes. Since nonglandular trichomes are not known to accumukbsustial amounts of
specialized metabolites, this discussion will focus on glandulgraimes which accumulate a
diverse collection of metabolites in large quantities. Based okwillis definition (Figure
[I-1) [104], there are four types of glandular trichomes in the g8alenum. Type | trichomes
are defined as having a long multicellular stalk and a sghatidular head; type IV trichomes
have a similar appearance, but a shorter multicellular stalla @mdall glandular head; type VI
trichomes are composed of a short stalk with a larger mushroomdsgjlapelular head made up
of a cluster of four cells; type VII trichomes consist of a skt@k and also a mushroom-shaped
small glandular head, but are smaller than type VI. The feafuneultiple gland types often
forms the basis for difference phenotypes between individual plaatscém facilitate our
understanding of trichome functions and biosynthetic pathways in different teshom

The comparison between cultivated tomato and wild types indicatesndmy important
metabolites synthesized by the trichome have been lost duringotolmaiestication [105-109].
Conventional cultivated tomato crops are more susceptible to in$eotsate wild tomato
relatives [105, 110-112], and this has been attributed largely toediffes in trichome chemistry.
One long-term goal of current studies of tomato trichomes issttodér genes responsible for
chemical defenses against insects, and this information offensotbatial to reintroduce key

genes into tomato to improve insect resistance.
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Figure 1I-1  Trichomes orl. esculentum (A) andL. hirsutum (B). Roman numerals indicate
trichome type. Adapted from Reference [104].

2.3 Challenges of Analysis of Trichome Specialized Metabolites

Discoveries of the genetic basis of trichome functions and biosymffeghways ultimately
rely on DNA sequencing and biochemical characterization of enhynotions involved in the

metabolite biosynthesis. However, understanding of the chemistrjfeénedi trichome types
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is central to these research efforts, because the chenefitrggithe phenotype. Since different
cell types exhibit different chemical phenotypes, microsamplingdif/idual trichome types
must be performed, and the chemical composition of individual trichomse tgpst be defined
and interpreted in the context of genes expressed in eaclypell tThe volume of the largest
glandular trichome (type VI) of tomato is about 100 picoliter. Alttotrgchomes are surface
tissues and are relatively easy to isolate, each individudlotrie contains a tiny amount of
metabolites owing to its small size. Isolation of large nushrtrichomes for chemical
analysis is labor intensive, tedious, and time-consuming. To achievgadal of profiling
numerous trichome types from different plants, a more rapid approach was @alled f

Our efforts have aimed to gather deep metabolome informatiomdmvidual trichomes.
To date, the most popular analytical method for metabolite profiling has besrspeasrometry.
The advantage of mass spectrometry is that it serves as a near-unigerstibn technology that
is useful for detecting a wide range of chemicals and providingrnvation helpful for
compound identification. In terms of structure elucidation capahility,only second to NMR
among routinely used analytical techniques. However, the detdiatibof mass spectrometry
is several orders of magnitude lower compared to NMR, which oftguires milligram
guantities of purified compound. For nontargeted structure elucidatioetabolites by mass
spectrometry, the initial step involves determining the molecmass and formula. High
resolution mass spectrometers (e.g. time-of-flight, Orbitramyrier Transform-lon Cyclotron
Resonance) provide mass measurements with errors of less than anmpere employed to

limit the range of molecular formulas consistent with a meaksion mass. More detailed
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structure information can be deduced from the masses of fragpmsngénerated from MS/MS
experiments.

A big challenge for metabolome analysis is encountered becausgl@ analysis (e.g. of a
trichome extract), yields more than one thousand detectable ionsmzssed on the current
technologies. To generate MS/MS spectra for individual metabotibe gain structure
information, large number, perhaps thousands, of MS/MS experimeatstao be conducted.
Performing traditional MS/MS scans for all of the metabatit@lecular masses is not feasible
due to enormous number of peaks detected. For trichome microsamplinguahity of
metabolite in each sample is severely limited. Tandem speEsdrometric analyses of complex
mixtures has been advanced by the advent of data dependent M3iMIS iiwolves real-time
spectrum evaluation, selection of an ion for further MS/MS arslgsid generation of a product
ion MS/MS spectrum for the computer-selected ion. This approamases the throughput of
MS/MS experiments. However, the drawback of data dependent M&M%at it can only
fragment a few (e.g. up to five) of the most abundant ions wattdgartain time window that is
largely defined by chromatographic peak widths. This makesketylithat low abundance
metabolites that coelute with more abundant compounds will not beesetecMS/MS analysis,
and structural information for the less abundant compounds will be lacKirgs issue can be
addressed by repeated analyses, but such an approach is not fghsiblextracts are limited in
sample size. Defining a trichome’s metabolic phenotype reqdieep and comprehensive
profiling of as many metabolites as can be measured. &#areof fragment mass information

for both high- and low-abundance metabolites is not feasible for samaple sizes owing to the
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limitations described above. To overcome those technical limitaiodsimprove analytical
throughput, the Jones laboratory developed a time-of-flight mass @petty (TOF-MS)
method called multiplexed collision induced dissociation (multiplexed),Chhich provides
guasi-simultaneous molecular mass information for metabolites asal rabnselectively
fragments all of the ions in a single mass spectrometrysisal Its nonselective nature avoids
the limitations of data dependent MS/MS, and generate fragmeninfiormation for low
abundance metabolites. This analytical approach was applied fabaotie profiling of
individual trichomes as described in more detail below. Even wieenave limited volume of
trichome extracts, extensive and comprehensive generation of naolacal fragment ions can

be achieved in a single analysis.

2.4 Experimental Section

2.4.1 Materials

Seeds forSolanum lycopersicum M82, S. habrochaites LA1777, S. pennellii LA0716, S
arcanum LA1708, andS. pimpinellifolium LA1589 were purchased from the C.M. Rick Tomato
Genetics Resource Center at the University of CaliforniasDa The seeds were grown in a
growth chamber for 3 to 4 weeks, depending on the species, #dingse were transferred to
pots and grown in the same growth chamber until analysis. Plant growth wisisiidtamong

multiple locations (East Lansing, MI, Ann Arbor, MI, and Tucson, AZ).
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2.4.2 Chemicals

Acetonitrile (HPLC grade), 2-propanol (HPLC grade), methanoLEBrade), and formic

acid (88% aqueous solution) were purchased from VWR Scientific.

2.4.3 Trichome Collection

A summary of the trichome types collected from each plantiepés presented in Table

l-1.

Table II-1  List of wild tomato species and trichome types subjected to metabolitengyofil

Species Trichome Types
S pennellii (LA0716) leaf type IV (L4), leaf type VI (L6)
S. lycopersicum (M82) leaf | (L1), leaf VI (L6)
S habrochaites (LA1777) | leaf I (L1), leaf IV (L4), leaf VI (L6), leaf VII
(L7)
stem | (S1), stem IV (S4), stem VI (S6)

S arcanum (LA1708) leaf VI (L6)

S pimpindlifolium leaf VI (L6)

(LA1589)

To collect the type | and IV glands from the varidsanum species, microscissors were
used to cut the gland off from the stalk. Type VI gland heads eadlexted using the stretched
glass pipettes [113, 114]. Type VII trichome glands were cellebly agitating with glass

beads in buffer to abrasively remove trichomes from the leaf surface [115, 116].
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S habrochaites type VII trichomes were first transferred to a micrdaéimge tube and
centrifuge at 3,000g for 30 s and the pellet was extracted wextnaction solvent
(2-propanol:CHCN:water 3:3:2, v/vlv). For the remaining trichome types, 50 picked
trichomes were immediately transferred tophOice-cold extraction solvent. The gland/solvent
mixture was then sonicated for 5 min followed by vortexing for 30 canttifugation at 5,000g
for 10 min. The supernatant was then transferred to a glassraptesaial equipped with a

100uL glass insert.

2.4.4 LC-MS Analysis

LC-MS analyses of isolated gland metabolites were perfoused) a model LCT Premier
mass spectrometer (Waters) coupled to an LC-20AD pump and SIL-5000amaptes
(Shimadzu). All analyses utilized electrospray ionization gatiee ion mode and employed a
custom-packed Supelco Discovery Bio C18 column (1 x 150 mpm Jarticles; 300 A).
Mobile phase gradients were based on solvent A (0.15% aqueous fordji@adi solvent B
(methanol), with a total flow rate of 0.05 mL rﬁlln The gradient consisted of initial condition
95% A, a linear gradient to 50% A at 5 min, a linear gradient t\5#33 min, and then to 0%
A at 35 min. The mobile phase was held constant until 38 min, wheongosition returned
to the original composition. Spectra were acquired using thres-sjuaultaneous conditions:
high energy (aperture 1, 75 V), medium energy (aperture 1, 45V)panehlergy (aperture 1, 10

V) in the instrument transit lens.
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2.4.5 Data Processing

Processing of mass spectra for elemental composition analas performed using
MassLynx v 4.1 software (Waters). For nontargeted metabolitdipgofivaters MarkerLynx
software was employed for peak detection, integration, retentionaligrement, and export of
peak areas organized by mass-retention time pairs. Princgmaponent analysis was

performed using the online resourcéntp://www.metaboanalyst.ca/

2.5 Results and Discussion

Details of the multiplexed CID technique have been discussed iRhilie dissertation of
Feng Shi from our lab before [117]. The technique is explaineflyohere. The ion optics
element aperture 1, located behind the orifice of the ion sourceelasisely high pressure (~
10'3 mbar) owing to gas leaking from the ion source (Figure II-2he voltage applied on the
aperture 1 can be manipulated by the instrument control softaratehis potential controls the
ion kinetic energies as they pass through this region of the spastrometer. Low aperture 1
potentials will deposit low energies per ion-molecule collision, aifldpreserve most of the
pseudomolecular ion signals. Elevated aperture 1 voltages raigmtikimmetic energies, and
subsequent ion-molecule collisions deposit sufficient internal energadse fragmentation.
The comparison of the multiplexed CID spectra with MS/MS prodoict spectra and the

similarity of the CID spectra got from those two approachedbéeas established [117]. Due to
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the fast spectrum acquisition rate of the TOF instrument (2000Qetn#sisec), the optics can
switch between multiple voltage values in a single analysid,spectra acquired under each
condition are stored as separate functions. This approach enablesold®ilar ion and
fragment ions to be obtained in separate data acquisition fundticasingle analysis. The
more important feature of this multiplexed CID technique is ithddes not rely on a single set
of CID parameters to yield fragment ion spectra across aséivange of metabolites. Instead,
multiple conditions are employed with the intent that one set ofmedess will generate useful
CID spectra without need for an additional analysis. The most M&IMS scan uses a fixed
collision energy (although some instruments offers ramping erse@yy option), which may be
not optimal without the pre-examination of the energy dependence grhdrdation. The
multiplexed CID technique can easily generate as many asss spectra in parallel with
different collision energies (CE), and this approach does not regiyre&eompound-dependent
optimization. Furthermore, endogenous metabolites often present agdessoncentration
ranges within and between samples, and the multiplexed CID appredetes signals from
high-abundance metabolites into the linear dynamic range of the instrument.

An additional advantage of the multiplexed CID technique is an imprerein dynamic
guantitative range. Functions with high CE can knock down saturaedissito within the
linear dynamic range of the instrument. At the same time Q&wscan will still keep the low
abundant metabolites detectable.

Although mass spectrometry often fails to yield all the inforomateeded for unambiguous

structure assignment of novel metabolites, annotation of detectatiotiets can be made based
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upon combinations of accurate measurements of molecular and fragment When combined
with known reactions involved in specialized metabolism, this infoomatan lead to
assignments of candidate structures, even though isomeric mesbolity not be
distinguishable by traditional mass spectrometric methods alone.ex@ample of annotation of
a metabolite detected as a negative iam/a609 in a leaf dip extract & habrochaites LA1777

is presented here.
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Figure 11-2 Schematic Diagram of the Waters LCT Premier timeight mass spectrometer. The region indicated in the
diagram is where the ion kinetic energies are influenced bpdtential applied to aperture 1. Adapted from Waters Micromass
LCT Premier Mass Spectrometer Operator's Guide. Forpirg&tion of the references to color in this and all other dgyuthe
reader is referred to the electronic version of this or dissertation.
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The TOF mass spectrometer determined the ioW2609.1414 in the lowest Aperture 1
potential data acquisition function. The assignment of the moleounlavas confirmed by the
appearance of peaks assigned as [M+formatedl [M+chloride] at m/z 655.15 and 645.12
respectively. In the spectrum generated using an intermégiidteoltage function (45 V), the
formate and chloride adducts did not survive, and are presumed to eirfioimaic acid and HCI
respectively. The combination of this information confirmed theemgér ion assignment. A
list of possible molecular formulas was generated using WatassIMnx software using: 1) a
conservative + 20 ppm mass window; 2) assuming the ion is an evaorlen, which is most
common with electrospray ionization; 3) limiting elemental contposio include only C, H, N,
O, P, S. For this m/z 609 ion, the range of atoms allowed for ézmle® were set as follows:
C 1-50; H 1-100; N 0-4 (it is rare to find more than 4 N in a hydrogholgitabolite); O 0-20; P
0-2 (more than 1 P usually means a polyphosphate, and most of thpstaaend not expected
to be retained on reverse phase chromatography except the lippphilid pyrophosphates); S
0 (the isotope pattern did not indicate presence of sulfur). The aeftavaluated 1801
possible molecular formula based on the criteria 2), 3) and returdisti @ 49 molecular
formulas that satisfied £ 20 ppm mass window. Formulas were réweked according to
goodness of fit of the abundances of isotopolog ions using the Masdtiihgdore, and the 10
formulas with the highest scores were selected (FiguB3 #nd searched against the online

database ChemSpidentip://www.chemspider.ojgto generate a list of potential structures.

Two of the ten formulas gave hits in ChemSpider. The formpi&i 65016 yielded 20 possible

isomers (total 193 hits), all of which were glycosylated flavongkigure 11-4). The other
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formula giving matches waso>gHogN4O12 with 4 hits (Figure [I-5). Since mass spectrum
exhibited an abundant [M-H]Jon, it was concluded that the molecule is likely to have one or
more acidic functional groups. Three of the ChemSpider structureS,#togN4012lacked
acidic functional group, so only hit number 2, which has a carboxylicgagich, was considered

a possible candidate.
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Single Mass Analysis
Tolerance =200 PPM / DBE: min=-1.5 max=500
oelected filters: Naone

Monoisotopic Mass, Even Electron lons
1801 formula[e] evaluated with 49 results within limits [up to 10 best isotopic matches for each mass)

Mass Calc. Mass mDa | PPM | DBE | Formula -FIT | C H | N a P

h09.1414 609.1456 42 68 135 C27 H29 016 A0 #H 0A 16
609.1373 41 b.] 135 CZ7 H30 014 P 26 27 3 14 1
h09.1486 72 118 135 C26 H30 N2 Q13 P 481 6 3B 2 13 1
609.1316 0.8 161 145 CH HS N4 015 514 M A5 4 15
609.1403 11 18 135 €26 HE1 N2 011 P2 el &, 3 O 11 2
b09.1415 01 0.2 9.5 (22 H29 N2 018 25 2 ¥ 2 1B
h09.1469 55 80 185 28 H25 N4 012 B8 28 55 4 12
609.1357 5.1 9.4 185 €29 H25 N2 013 nas ¥ N 2 13
09,1387 2.1 4.4 185 €28 H26 N4 O10 P M5 23 % 4 10 1
(09,1303 111 182 95 CB HX 019 e 23 A 19

Figure [I-3 The top 10 possible molecular formula for m/z 609.1414, a metaboliteoorsf habrochaites LA1777, generated by
Masslynx software (Waters). DBE (double bond equivalent), isFeikpressed in arbitrary units, and measures the goodness of fit
to the isotopic pattern calculated for each elemental composition. Loweralkes reflect a superior fit.
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Figure II-4 The 2 examples of 20 matching structures found on the ChemSpidersddiaba

formula G7H30016.
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Figure II-5 The 4 matching structures found on the ChemSpider database for formula
CagH26N4012
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Figure 1I-5 (cont’d)
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At this stage, information about masses of fragment ions, dedetsing the higher
Aperture 1 voltage, was incorporated into the metabolite annotation grocBse averaged
mass spectrum across the entire elution profile for m/z 609 (Agedgure 1=75 V) showed the
presence of two fragment ions at m/z 284 and 300. By aligning the extracted ioatciy@m
of fragment ions with pseudomolecular ion m/z 609, the m/z 284 fragmanassigned to the
same compound as m/z 609 owing to matching chromatographic elutior$profilthese two
masses (Figure 11-6). Two partially resolved peaks in the f8§ldn/z 609 are apparent, with
retention times of 7.56 and 7.89 min. Mass measurements for theseakgospewed values
of m/z 609 that only differ by 0.8 milliDaltons. Both peaks displagiedominant fragment ion
of m/z 284 at elevated Aperture 1 potential, which suggests theig@arers. The accurate
mass for this fragment ion is m/z 284.0340 for the later elutink fileaoretical m/z = 284.0326
for C15HgOg , discussed in detail below). Within the spectra of these peaksjditivaal
fragment ion at m/z 300 was observed, but its elution profile did nathntla¢ elution for m/z
609. Instead, the retention time profile of this m/z 300 fragmentdanhed a maximum at
7.67 min, and matches the profile of m/z 625. Both pseudomolecularagmleint ion masses
are 16 Da heavier than the m/z 609 and 284 pair, suggesting an additiggexh @tom in the

former.
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Figure II-6 Extracted ion LC/TOF MS chromatograms (XIC) for an extdcS. habrochaites LA1777 leaf type VI trichomes
(electrospray, negative): A) m/z 609 at low CID potential (aperl = 10 V); B) m/z 284 at high CID (aperture 1= 75 V); C) m/z
625 at low CID (aperture 1 =10V); D) m/z 300 at high CID (aperture 1=75 V).
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To identify possible elemental formulas for the m/z 284 fragmamt ¢riteria 1) and 3)
mentioned above (mass match window and elemental composition lingits) applied within
MassLynx software to generate a list of candidate formulathéfragment ion. Limitation of
ion type was extended to include both odd- and even-electron ions destans metabolites,
particularly those that can stabilize a radical by deloa@tin, fragment under CID conditions to
generate odd-electron fragments. The elemental compositiadatatcgenerated 530 potential
formulas within the elemental formula constraints, but only 25 relyltaithin 20 ppm of the
measured mass. Ten elemental formulas with the highest sifoiestopolog pattern fitting
were considered and these are displayed in Figure 1I-7. Thiwdss filtered further by not
allowing any increases in the number of an element during fragtm@mt and limiting the
increase in DBE upon fragmentation to no more than +2. For pseudoiaoleon
Co7H29016, the radical anion fragment;€HgOg (radical ion) is the only formula that meets
these criteria. This formula also has the lowest DBE pdvon atom, with a value of 0.8.
Formulas with DBE/#C much greater than this are unlikely becsude formulas leave limited
opportunities to accommodate hydrogens and other elements, and metabihtesuch low
hydrogen counts are rare in nature.

The two molecular ions proposed above were subjected to a search @haheSpider
database, which returned numerous structures matching the candidaida$s. For the
CogHogN4O12 oOptions, no simple fragmentation scheme can account for the fragomsnt
observed under any CID conditions. In contrast, all 20 structures edport G7H300 are

glycosylated flavonoids with a variety of aglycone and sugar msiet Plants in the genus
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Solanum are already known to make a range of flavonoid aglycones, ingludiempferol,
guercetin, and myricetin [118, 119], which only differ in the number of hydroxyl groufdsese

findings point to the likelihood that these isomeric metabolites are ghatedyflavonoids.
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Single Mass Analysis
Tolerance =200 PPM / DBE:min=-1.5 max=50.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons
530 formula[e] evaluated with 25 results within limits [up to 10 best isotopic matches for each mass)

Maszs Calc, Mass mDa | PPM | DBE | Formula i-FIT . H N]O]| P

284.0340 284.0374 34 120 A0 C2 He N2 428.5 21 4 2z
284.0381 51 -180 160 CI9HS QP 5713 19 9 1 1
284.0348 08 -28 165 (18 H6E W QO3 579.2 18 B 1 3
284.0378 -38  -134 165 (C17 H7 N3 P B48.9 17 Fi 3 1
284.0334 0.6 21 170 (16 H4 N4 O2 B62.9 16 4 4 2
284.0321 1.8 6.7 120 (15 HE8 06 760.8 15 8 B
284.0354 54 -190 115 (C15 H1Z2 W O P2 817.7 15 12 1 1 2
284.0351 -11 -39 120 Cl4 HO M2 O3 P 827.0 14 9 2 3 1
284.0307 3.3 116 125 (€13 HB N3 (45 856.0 13 B 3 5
284.0381 41 -144 120 (13 H10 N4 P2 907.5 13 10 4 2z

Figure 1I-7 The top 10 possible elemental formulas for fragment ion m/z 284.03dhedtby averaging spectra (7.5-7.9 min;
aperture 1= 75 V) from LC/TOF MS analysis of an extracteaf type VI trichomes fron® habrochaites LA1777 (electrospray,
negative mode).
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The fragment ion of m/z 284 matches the mass of kaempferol andicalra For
kaempferol glycosides, the observed fragment ion mass can lanexibby homolytic cleavage
of the glycosidic bond to give the kaempferol anion radical with r8# (Eigure 1I-8). The
formation of a single aglycone radical anion fragment suggedta thiglycoside is attached to a
single position, probably at the 3-position. However, kaempferol-3,7-di€dgjde has been
annotated in tomato species before [120, 121], and in the absence of an austiagkird,
should be considered as a possibility. The positive mode spectra sfmaasquential losses of
162 Da, indicating two hexoses attached to the aglycone (Fig8)edhd would be consistent
with kaempferol-3-7-di-O-glucoside. The minor and earlier eluisgmer was putatively
annotated as kaempferol-3-sophoroside, which has a diglycoside onptisti@n, based on
previous publication [122].

Annotations of other metabolites were performed following simpitacedures. It is worth
emphasizing that, unlike DNA or protein sequencing, putative annotatioatabaiites involves
many manual steps that are not easily automated because theatiugrersity of metabolites is
far greater than the diversity in building blocks of proteins andwligleotides. As a result,
metabolite identification remains one of greatest bottleneakdyisig the development of
metabolomics. Fortunately, mass spectrometric methods that prepak determination of
pseudomolecular and fragment ion masses provide the most powerful indorrfaa aiding
metabolite identification.

There are four major classes of metabolites annotated froM3% @halyses performed of

individual trichomes types, with 109 peaks analyzed. These metsbolin be divided into
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four different groups: a) flavonoids, b) acylsugars, c) terpenoidsdpticoalkaloids. The
occurrence of these metabolites is described in more detail below.

A variety of flavonoids were detected in the extracts of individuehome types. The
flavonoids are polyphenolic compounds found in plants, with more than 4000 dikrsifie
structures having been catalogued. Most are conjugated to motgoules. The roles that
flavonoids play in plants remain uncertain. Some proposed mechaimshade protection
against UV-B radiation and defense against pathogen attack [123, 12ed Bn the LC/MS

analyses, two subclasses of flavonoids were annotated.
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Figure 11-8 A) Collision induced dissociation (CID) spectra®fhabrochaites LA1777 leaf
type VI trichome extract (retention time 7.89 min) using aperter&5 V in negative mode; B)
Collision induced dissociation (CID) spectra of the same retetitt@using aperture 1=75 V
in positive mode; C) Proposed fragmentation for kaempferol-3,7-O-digiiecdetected from
LAL1777 type VI trichome extracts in ESI negative mode.
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The first group consists of flavonoid glycosides. The charatitefiagment ion observed
for all flavonoid glycosides is derived from cleavage at the gigaobond as shown in Figure
[I-8. The aglycones for flavonoid glycosides were either kaempfer quercetin, as
established using accurate fragment mass measurementsabeate above. The second
subclass of flavonoids consists of methylated flavonoid aglyconeswihilc be discussed in
chapter IV in detail. The methylated flavonoids were O-matkyl aglycones of myricetin and
kaempferol but methylated quercetins were not found in this inveetiga The flavonoids
detected in individual trichome types are presented in (Table 11-2).

Acylsugars comprise the most abundant and diverse group of speCiatie@bolites
detected in trichomes. Acylsugars are viscous lipids with vaaoykchains attached on the
sugar core. It constitutes a significant portion of leaf biormasise wild type tomatoes [125].
Due to the potent anti-insects activity of acylsugars, inargaacylsugar production has long
been a major target of tomato breeding [126-129]. Acylsugars hswéb@en recognized as
potential feedstocks for food and some cosmetic applications [130, 131].farSdhe
mechanism of acylsugar biosynthesis and factors that reguiaebiochemistry are not

completely understood yet.
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Table II-2  List of glycosylated flavonoids and methylated flavonoids deteotedl trichome

extracts using LC/MS in negative ion mode.

aperture 1= 75V aperture 1.

Listed fragment wwase generated using

Glycosylated flavonoid (M-H]™ | [M+formate] Major Observed
annotation fragment ions species and types
(m/z)
Quercetin-3-rutinoside 609 655 300 M82 (type VI),
LAO716 (type VI)
Kaempferol-hexosides 609 655 284 LA1777 (both leaf and
stem type |, IV, VI)
LA1589 (type VI)
LA1708 (type VI)
Quercetin-dihexoside 625 671 300 LA1777 (both leaf and
stem type |, IV, VI),
M82 (type VI)
Methyl flavonoid - Major fragment Observed
annotation [M-H] ions species and types
(m/z)
monomethyl myricetin 331 316 M82 (type I, type VI)
dimethyl myricetin 345 330, 315 LA1777 (both leaf and stem type I,
IV, VI, VII)
trimethyl myricetin 359 344, 329, 314 LA1777 (both leaf and stem type I,
IV, VI, VII)
tetramethyl myricetin 373 358, 343, 328, 312 A1777 (both leaf and stem type I,
IV, VI, VII)
monomethyl 299 284 LAO716 (type IV, VI)
kaempferol
dimethyl kaempferol 313 298, 283 LAO716 (type IV, VI),

A large number of acylsugars were detected in extractsdividual trichome types.

Under energetic CID conditions, the characteristic fragmemtabf acylsugars involves

sequential losses of acyl chains from the sugar core wstrated in Figure II-9.

Since

acylsugars lack functional groups that readily gain or lose proaoytsugars are predominantly
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observed as [M+HCOO]in negative mode electrospray ionization mass spectra. Upon CID,
such acylsugar ions generate a series of fatty acid arsigménts that are observed at the low
mass end of the CID spectra. From their masses, it isbp®ssi establish which acyl chains
were attached to the sugar core. In Figure 11-9, m/z 87, 101 aniehdi¢ates G, Cs, and G
acyl chains. The presence of acetate ester groups is not appaiagtto the low ion
transmission of the mass spectrometer at low masses, but castdidished from mass
differences between the deprotonated acylsugars (which fornr whdatly elevated CID
energies) and fragment ions in the high mass region, e.g. fimdPtDa difference between m/z
691> 649. The exact positions of acyl chain substitutions cannot be assigpkcitly from
mass spectra because cleavage of sugar carbon-carbon bonds, welid help indicate
positions of esters, have not been observed under any CID conditions.

To simplify naming of acylsugar metabolites, we developed a ndatere as follows: a
single letter corresponding to the base sugar (G = glucose;s8crose) followed by the

designation of number of fatty acyl groups and total number of acyl carbon atBorsexample,

a sucrose tetraester acylated with, C4, Cs, Cigfatty acids as mentioned above would be

designated as 84814'5’10?

A compilation of acylsugars detected in individual trichome types
is presented in Table II-3, and the differences between trichameediscussed in more detalil

below.
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Figure 11-9 Top panel: CID spectra of acylsugar S4:21 (75V aperture 1 volhaga)ezxtraclto)ofs habrochaites LA1777 type |
trichomes in ESI negative mode; bottom panel: proposed fragment ions observedIE)r’%%’: .
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Figure 11-9 (cont'd)
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Table 11-3  List of acylsugar metabolites detected in trichome exnmaging LC/MS in negative
ion mode. Fragment ions were generated using aperture 1=45 V.

Acylsugar Fatty acid ester (M+formate] Major fragment ions Observed
groups (m/z) species and
(m/z) types
G 3:12 C4,C4,C4 435 347,213,143, 125, 87
G 3:13 C4,C4,C5 449 361, 315, 227, 143, 125,
101, 87
G 3:14 C4, C5,C5 463 375, 329, 227, 143, 125,
101, 87
G 3:15 C5, C5,C5 477 375, 329, 227, 143, 125,
101
G 3:16 C4,C4, C8 491 347, 301, 213, 125, 143,
87
G 3:17 C4, C5, C8 505 361, 315, 227, 125, 143,
C4,C4, C9 101, 87
347, 301, 213, 125,
143,157, 87 LA 0716 (type
G 3:18 C4, C4, C10 519 347,301, 213, 143, 125, 1V, VI)
171, 87
G 3:19 C4, C5, C10 533 361, 315, 227, 143, 171,
101, 87
G 3:20 C5, C5, C10 547 347, 301, 213, 143,125
C4,C4,C12 171, 101
375, 329, 227, 143,125
199, 87
G 3:21 C4, C5, C12 561 361, 315, 227, 143, 199,
101, 87
G 3:22 C5, C5, C12 575 375, 329, 227, 143, 199,
101
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Table 11-3 (cont'd)

S 3:12

C4,C4,C4

551, 481, 411, 341, 87

LA1777 (both

597
leaf and stem type
S 3:13 C4,C4,C5 611 565, 495, 411, 341, 101, 87 |, IV, VI, VII)
S 3:14 C4, C5,C5 625 579, 495, 411, 341, 101, 87
S 3:15 C5, C5,C5 593, 425, 407, 341, 323,101 LA1777 (both
leaf and stem type
639 [, IV, VI, VII)
M82 (type I, type
VI)
S 3:18 C4, C4,C10 681 635, 565, 481, 411, 341, 171, LA1777 (both
87 leaf and stem type
S 3:19 C4, C5, C10 565,495,425,407,341,171, |, IV, VI, VII)
695
101
S 3:20 C5, C5, C10 663, 579, 509, 425, 407, 341, LA1777 (both
C4,C4,C12 323,171, 101 leaf and stem type
709 | 663, 593, 481, 397, 341, 199, |, IV, VI, VII)
87 M82 (type I, type
VI)
S 321 C4,C5,C12 677,593, 495, 425, 341, 199, LA1777 (both
723 101, 87 leaf and stem type
[, IV, VI, VII)
S 3:22 C5,C5,C12 691, 607, 509, 425, 341, 199, LA1777 (both
101 leaf and stem type
737 [, IV, VI, VII)
M82 (type I, type
V)
S 3:24 C4, C10, C10 265 719, 649, 565, 395, 411, 341,
171, 87 LA1777 (both
S 3:25 C5, C10, C10 279 733, 629, 579, 425, 341, 171leaf and stem type
101 [, IV, VI, VII)
S 4:14 C2,C4,C4,C4 639 593, 551, 87
S 4:15 C2,C4,C4,C5 653 607, 565, 101, 87




Table 11-3 (cont'd)

S 4:16 C2,C4,C5,C5 667 621, 579, 537, 495, 393, 341, LA1777 (both
323,101, 87 leaf and stem type
[, IV, VI, VII)
S 4:17 C2,C5,C5,C5 681 | 635, 551, 509, 425, 407, 341, LA1777 (both
323,101 leaf and stem type
[, IV, VI, VII)
M82 (type I, type
VI)
S 4:20 C2,C4,C4,C10| 723 677, 635, 481, 411, 393, 341, LA1777 (both
323,101, 87 leaf and stem type
[, IV, VI, VII)
S 4:21 C2,C4,C5,C10| 737 691, 649, 495, 393, 341, 323,
171, 101, 87
S 4:22 C2,C4,C4,C12| 751 | 709, 663, 481, 393, 341, 323, LA1777 (both
305, 199, 87 leaf and stem type
[, 1V, VI, VII)
M82 (type I, type
VI)
S 4:23 C2,C4,C5,C12 765 719, 677, 495, 411, 341, 323, LAL1777 (both
199, 101, 87 leaf and stem type
[, IV, VI, VII)
S 4:24 C2,C5,C5,C12 779 733, 691, 509, 425, 407, 341, LA1777 (both

323, 199, 101

leaf and stem type

[, IV, VI, VII)
M82 (type I, type
V1)

Trichomes also accumulate significant quantities of terpenetdllites. Terpenoids are

derived from the five carbon isoprene substructural unit. The terpene biesigrpathways are

important to plant growth because some plant growth regulators auafibberellins are

terpenoid metabolites. Structures of numerous other important medabal#o incorporate

intermediates of the terpene biosynthesis such as the phi/gidiap in chlorophylls. A large
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proportion of interest in terpenes has focused on volatile terpenewripr the mono- and
sesquiterpenes [113]. A variety of sesquiterpenes accumulatifghabrochaites LA1777
were reported before [132-134], including carboxylic acid derivatigko-santalenoic and
bergamotenoic acids. Analyses of extracts of this accessing WS/MS in negative ion mode
revealed three major isomers having m/z 233.15, consistent with dbielse Their putative
assignment was based on exact mass and fragments (Figurg 1IMOst notable is the
formation of fragment ions at m/z 98 and 99, which are consistentfragimentation at the
allylic carbon-carbon bond. The former fragment ion is an unusual ledtlem fragment
derived from an even-electron precursor. Its formation is attdbwd stabilization of the
allylic radical by delocalization. Several additional terpenaittisa from S, habrochaites
LA1777 were also annotated based on accurate mass measuremehts ealdulated relative
mass defect [135].

Despite the importance of terpenoid metabolites across plantala@ingd microbe species,
tools for recognizing terpenoids based on negative ion mass spacérdeen slow to develop.
Terpenoid core structures are largely based on alkane and alkegieesnthat are resistant to
charge-directed fragmentation in negative ion mass spectrais ptoposed that a strong
indicator that a metabolite is terpenoid is that these metabdlave moderately high hydrogen
content. Owing to the positive mass defect of the hydrogen atarh, molecules have high
positive “relative mass defects”. A brief discussion of thedrtance of mass defects is in
order. Mass defect is defined as the difference betweenrass and the integer, or nominal

mass.
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Figure 1I-10 Top panel: LC/MS product ion spectrum of m/z 233 with retention time 30.77 mirSfriaarochaites LA1777 type

VI trichome extract (ESI, negative) generated on a QTof n@ssremeter (45 V collision voltage); middle panel: LC/MS XIC of
m/z 233 (aperture 1= 10 V) from LA1777 type VI trichome extractESI| negative mode, full scan MS analysis; bottom panel:
proposed fragmentation forsantalenoic acid.
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Figure 11-10 (cont’d)
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Figure 11-10 (cont’'d)

m/z 233 m/z 99

m/z 98

For example, the hydrogen atom (accurate mass: 1.00794 u) has positisedefect of

0.00794 u. The mass %)%C defines the mass scale at exactly the integer mass, therefore carbon

atoms do not contribute to mass defect. Most elements heavierati@on such as oxygen

(accurate mass: 15.9994 u) have masses slightly less than thawahorasses owing to their
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nuclear binding energies. Hydrogen ator%H.)(have the highest positive mass defect because
there is no nuclear binding energy. Furthermore, the number of hydedgens in many
metabolites exceeds the number of atoms of any other type (exghkatibon), and therefore the
mass defect largely reflects the number of hydrogen atomsnmlacule. The elemental
compositions of metabolites derived from specific biochemical pathvargely reflect their
precursors, particularly with regard to hydrogen content. The notiarrelitive mass defect,
which is calculated by dividing the total mass defect of theeoubé¢ by its molecular mass,
provides a measure that is strongly correlated with the Yottdight for that molecule. Since
terpenes are synthesized fromHg building blocks, they have higher positive relative mass
defect than metabolites such as flavonoids which are derivedpirecarsors of lower hydrogen
content. For example, the flavonoid kaempferolg€; oOg; 3.52% H), has molecular mass of
286.0477 u, and the sesquiterpene acghntalenoic acid ({H2202, 9.46% H) has molecular

mass of 234.1625 u. The relative mass defect for the former is 0.0477/288.68 /pm,
whereas the more hydrogen-rich santalenoic acid has a retatise defect of 693 ppm. In
extracts ofS. habrochaites LA1777, an unknown metabolite with nominal m/z 319 in negative
ion mode was annotated as a diterpenoid based on the following facdrigs relative mass
defect of 765 ppm suggested a hydrogen content similar to sugligpene acids. b) the
deprotonated ion underwent loss of water upon CID, but further fragnoentezdis not observed,
as is typical for terpenoids c) the accurate mass measurémi 319.2441) suggests it has one

more isoprene unit §Hg and addition of HO relative to the LA1777 sesquiterpene acids.

There are also several sesquiterpene metabolites decorabtedugydrs and malonate esters as
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listed in Table II-4.

Table 11-4  List of terpenoid metabolites detected in extracts of indivittidlome types using
LC/MS in negative ion mode. Fragment ions were generated ysenyee 1= 75 V except for
the sesquiterpene acids, which were analyzed as product ionaspsaig a QTof mass
spectrometer with collision potential of 45 V.

Terpenoid metabolites M-HT- Major fragment Observed
[M-H] ions species and types
(m/z) (m/z)
Sesquiterpene acids 233 99, 98 LA1777 (both leaf
(a-santalenoic, and stem type |, IV,
bergamotenoic acids) VI, VII)
Sesquiterpene diglycoside, 649 605, 563, 401 LA1777 (both leaf
malonate ester and stem type I, IV,
VI, VII)

Sesquiterpene diglycoside, 717 629, 587, 545, 383 LA1777 (both leaf
malonate diester and stem type I, IV,
VI, VII)

Sesquiterpene diglycoside, 691 647, 605, 443,401 LA1777 (both leaf

malonate ester, acetate ester and stem type I, IV,
VI, VII)

Sesquiterpene 487 443, 401 LA1777 (both leaf

monoglycoside, malonate and stem type I, IV,
ester VI, VII)

diterpene acid 319 301 LA1777 (both leaf

and stem type |, 1V,

VI, VII)
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Trichomes of wild tomatoes also accumulate two glycoalkaloids. alioe) which is the
most well known alkaloid in tomato was detected in LA1777 type &4f trichome extracts but
trace amounts in other trichome types. Annotation was based on theatacenass
measurements, the fragmentation which largely occurs at thesglyc bonds (Figure 11-11),
and comparisons to authentic standards. A related compound which Has reitention time
and neutral losses as tomatine but is 2 Da lighter than tomatamnotated as dehydrotomatine.

Glycoalkaloids detected in various trichome types are presented in T-able Il

Table 1I-5 List of glycoalkaloid metabolites detected in extracts ofviddial trichome types
using LC/MS in positive ion mode. Fragment ions were generated usingragert 45 V.

Alkaloid glucoside (M+H] Major fragment ions Observed
(m/z) species and types
(m/z)
tomatine 1034.5 903, 740, 578, 560, 416, LA1777 (leaf
398, 273, 255 VII)

dehydrotomatine 1032.5 901. 738, 576, 558, 396, LA1777 (leaf
271 VII)
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Figure [I-11 Top panel: CID spectra of (tomatine) in ESI positive mode (aggel= 75 V) fronS. habrochaites LA1777 type VII
trichome extract; bottom panel: proposed fragmentation of protonated tomatine.

64



Figure 1I-11 (cont'd)
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SinceS. arcanum (LA1708) andS. pimpinellifolium (LA1589) have only one trichome type
that was collected, and minimal levels of metabolites weretdetén those two species, except
for glycosylated flavonoids. As a result, the discussion below éscos the conventional
tomatoS. lycopersicum (M82) and its wild relativess. habrochaites LA1777 andS. pennellii
LAO716.

An intraspecies comparison of trichome composition was fosdected using LC/MS
profiling. For S habrochaites LA1777, we both stem and leaf trichomes were collected,
extracted, and analyzed using LC/TOF MS. From Figure Il-12igar€& 11-16, metabolite
profiles of stem and leaf trichomes of the same morphologipaktgare almost indistiguishable.
Type VI trichomes accumulate abundant glycosylated flavonoidsur@ig-12). However,
methylated flavonoid aglycones, are predominantly found in typed Il trichomes (Figure
[I-13). None of these extracts revealed the presence of flavomoalified by both
methylation and glycosylation, and it is hypothesized that eachesttmodification reactions
precludes the other. These biochemical phenotypes suggest the liposshmt
glycosyltransferases are highly expressed in type VI glanksreas O-methyltransferases are
abundant in types | and IV.

Terpenoid metabolites exhibit a strong selectivity of accumulatiotype VI trichomes
(Figure 11-14). LA1777 is the only accession studied that accunsutatiestantial amount of
terpenoids. For this reason, the catalog of genes expressedvslglect type VI glands
presents a promising source of information regarding candidatésrbenoid biosynthesis genes.

For acylsugars the selectivity is reversed. Type | andldvids accumulate at least 3-fold more

66



acylsugar per trichome than types VI and VII (Figure 1I-15). €IVl trichomes comprise the
only type among all plant species and gland types that accusugabstantial amounts of
glycoalkaloid (Figure 11-16). The type VIl trichome in LA177iows closest to the epidermal
pavement cells, which also store tomatine. The possibility #rapling of type VIl glands

also sampled the pavement cells cannot be excluded.
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Figure II-12 Quantitative distribution of glycosylated flavonoids in extractsawh type of trichome (50 trichomes extracted in 50
Ml solvent) from leaf and stem tissues 8f habrochaites (LA1777) measured using negative mode LC/MS. Key:
Kaempferol-dihexosides (red) and quercetin —dihexoside (yellow). Errombigzate standard error with n=3.
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Figure 1I-13  Quantitative distribution of methylated flavonoids in each typesiadfome (from 50 trichomes extracted in 50 pl
solvent) fromS habrochaites (LA1777) measured using negative mode LC/MS. Key: Dimethyticetin (blue) trimethyl
myricetin (red) tetramethyl myricetin (yellow). Error bars irdé&cstandard error with n=3.
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Figure 1I-14 Quantitative distribution of terpenoid metabolites in each tgbdachome (from 50 trichomes extracted in 50 pl
solvent) fromS habrochaites (LA1777) measured using negative mode LC/MS. Key: sesquiterpaie (Blue), sesquiterpene
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Figure II-15 Quantitative distribution of total acylsucroses in each typé&scbiome (from 50 trichomes extracted in 50 pl solvent)
from S habrochaites (LA1777) measured using negative mode LC/MS. Error bars indicate standangitrm=3.
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For S pennellii LAO716, metabolites are less diversified comparedStdabrochaites
LA1777, as the former did not accumulate terpenoids or alkaloids detegt€ C/MS. In
contrast to LA1777, LAO716 stored higher levels of methyl flavonoidype VI glands with
lesser amounts in type IV (Figure 1I-17). Type VI glandghe latter accession also contain
more acylsugars, predominantly acylglucoses, and glycosylaeohtids (Figure 11-18, Figure
[1-19). In virtually all aspects, type VI glands in LA0O716 are more bitisfically prolific than

type IV trichomes in the same species.
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Figure 1I-17 Quantitative distribution of methylated flavonoids in each typesiadfome (from 50 trichomes extracted in 50 pl
solvent) fromS. pennellii (LAO716) measured using negative mode LC/MS. Key:. monomethyl kaemptard), dimethyl
kaempferol (red). Error bars indicate standard error with n=3.
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Figure 11-18 Quantitative distribution of glycosylated flavonoid (rutin) inle&gpes of trichome (from 50 trichomes extracted in
50 pl solvent) fron&. pennellii (LA0O716) measured using negative mode LC/MS. Error bars indicate standard énror@i
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Levels of specialized metabolites in trichomes from the cdivead tomato S
lycopersicum (M82) were substantially less than the other accessions wighv a&xceptions.
However, the distribution of specific metabolites classes ifdagito S. habrochaites LA1777.
Type VI glands accrue more glycosylated flavonoids than typéchomes (Figure 11-20),
however type | accumulates more methylated flavonoids and acdstngar type VI trichome

(Figure 11-21, 22).
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Figure 11-20 Quantitative distribution of glycosylated flavonoids in eaclesypf trichome (from 50 trichomes extracted in 50 pl
solvent) fromS. lycopersicum (M82) measured using negative mode LC/MS. Key: Rutin (blue) andegirediglucoside (red).
Error bars indicate standard error with n=3.
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Figure 1I-21  Quantitative distribution of methylated flavonoids in each typesiadfome (from 50 trichomes extracted in 50 pl
solvent) fromS. lycopersicum (M82) measured using negative mode LC/MS. Key: monomethylcatyn (blue), dimethyl
myricetin (red). Error bars indicate standard error with n=3.
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pl solvent) fromS. lycopersicum (M82) measured using negative mode LC/MS. Error bars indicate standanditmor3.
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The systematic comparative analysis of different speciesyped of trichome foBolanum
species has not been reported before. The research describibis iIChapter reports
determination of metabolite identities and quantities for individgmég of trichomes in several
Solanum accessions. Integration of this information with genomic sequiefimaenation and
assessment of mMRNA transcript levels provides a foundation ferndeing where specific
specialized metabolic processes occur. Comparisons of metgholifes in five accessions
were made based on annotations of 109 mass spectral featureendatxtracted from these
profiles using the automated peak detection, integration, and alignoagatbilities of
MarkerLynx software, which reports each feature as a masstiaet time pair for which a peak
area is tabulated. This database of metabolite levels wastek@ord organized further as a
text file. Despite this leap in our understanding of trichome digmthere are still thousands
of unidentified peaks for which it is not feasible to make manuapeoisons. One useful tool
for visualizing data of such complexity employs principal componenysiag PCA), which is
an unsupervised linear technique for reduction of dimensionality. Thelciglea is to reduce
large dimensional data to a few principal components that represent prigpgetion of the data
variance. Graphic representation of much of the variance cancbmplished by generating
two- or three-dimensional plots of the scores and loadings of thmusamneasurements onto the
principal components.  The data were first scaled by dividiny paak area by the standard
deviation of that peak area calculated across the entire dataAgtdr scaling, all metabolites
have a standard deviation normalized to one, and therefore furthersgirar is based on

correlations instead of covariances. In another word, all metabbétzsne equally weighted
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without bias to metabolites based on their abundances. In the PCA gladrderived from the
scaled peak areas for metabolites from individual trichome t{figsire [I-23A), it is evident
that the species differences are more apparent than trichgeelifferences. The different
types of trichomes cluster together, however, the different aooessie well separated. Figure
[I-23B presents the PCA loadings plot including all of the metd®li The loadings plot
displays each metabolite as a single data point with the postdroesponding to the loadings on
each principal component. For the scores plot, each data point répraasendividual sample,
and the scores are calculated by summing the loadings fortaé afdividual metabolites on the
respective principal components. For example, the left upper camndveiloadings plot
contains those metabolites that are more abundant in $182canum, andS. pimpinellifolium
compared to other species because MB2arcanum, and S. pimpinellifolium samples are
situated on thepper left corner of the corresponding scores plot. The rightsithe loadings
plot is dominated by those metabolites that are abundant in LA1777 nanoini LA1777
samples are situated on the right side of the scores plaice $epresenting thousands of
metabolites on the loadings plot would compromise labeling of all individetabolites with
their names, metabolites were labeled as M (number) to display all of thkeatites.

The loadings plot of trichome metabolite data indicates thatasiyall set of metabolites
(those located in the upper left corner) are distinguishing feabfisdtivated tomato (M82)5.
arcanum LA1708, and S pimpindlifolium LA1589, regardless of trichome types. The
similarity of M82 to S, arcanum and S. pimpinellifolium is consistent with a previous report

[136], which also recognized that specialized metabolites asealeundant in these accessions
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than in the high acylsugar line€S pennellii LAO716 andS. habrochaites LA1777. The
differences in metabolite profiles may explain the lowerstasce of the cultivated tomato to

herbivores compared to wild type [137-139].
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Figure 11-23  Principal component analysis (PCA) of individual trichome metabgl) score
plot for first and second principal. B) loadings plot including althed detected metabolites
(“M” represents metabolites). L means leaf and S means stem.
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Figure 11-23 (cont'd)
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Metabolite profiles forS. habrochaites LA1777, the only accession that has all types of
glandular trichomes (type I, IV, VI, VII), was analyzed bg§A°separately from other accessions
to highlight differences between trichome types (Figure 11-24) is evident from the PCA

scores plot that type | and type IV cluster together regardiesvhether the trichomes were
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collected from stem or leaf tissues. However, type VI pofle well separated from types |
and IV. Again, differences between stem and leaf trichomedgwafie small, as leaf and stem
profiles cluster together on the PCA scores plot. The morphologies of ayoketype 1V glands
are similar, with both having a small gland tip and a long clltilar stalk. Results from this
metabolite profiling show for the first time that the cherhamntent of these two trichome types
is remarkably similar. Transcript analyses also faiedirid significant differences between
these two types [140]. It should be considered that type | andI¥peay be different
developmental stages of the same trichome type with one moréogledethan the other.
Another finding from the PCA scores plot is the location of typetdihome profiles between
types I/IV and type VI (Figure 11-24). Since most of the rhetdes observed in type VI
trichomes were also detected in other types of trichome wtecht lgreater heights above the
leaf surface, it is suspected that exudates from the othes typg have contaminated type VII
trichomes before or during sampling. Two exceptions are theoglkaloids tomatine and
dehydrotomatine, which exclusively present in the type Vihtioes. Except for these two
metabolites, other annotated substances do not exclusively present ameriype of trichome.
Metabolites profiles indicate that levels of terpenoid metasbhre present at ~100-fold greater
levels per trichome than types | and IV (Figure I[I-14). Crasgamination alone cannot
account for such differences. It is proposed that the transcriptseo¥1 trichomes ought to be

valuable for identifying candidate genes for terpenoid metabolite biosysthe
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Figure 1I-24  Principal component analysis (PCA) of individual trichome meiib&iom
LA1777, displaying the scores plot for the first and third principalpmments. L means leaf
and S means stem. The number after the underscore means biological replitete num

The integration of metabolomic and transcriptomic data is ongaiirtgis point, and an
initial report has been published [140]. At this stage, elucidatiomeaifbolic pathways is
incomplete and this may be attributed to one or more of the following:

a) the RNA profiling is not deep enough to cover low abundant transcripts;
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b) some metabolites of interest may not be synthesized in th&ietgnwithin trichome,
and import of key precursors into the trichome may be important;

c) the metabolite is synthesized by trichome, but may only be syrgdesat a
developmental stage earlier than mRNA collection; key transcriptolved in
metabolite biosynthesis may no longer be present when trichomes were&dollec

To answer questions b) and c), future investigations should colldobrivess at multiple
developmental stages for both RNA and metabolite profiling. Awveserof this important
aspect of experimental design represents a new chaltenpe field of metabolomics, but is
consistent with the dynamic nature of metabolite biosynthesis.

However, sampling of multiple cell types at different stagedeselopment and different
time points will cause a dramatic increase in the workloadssti¢ collection and metabolite
analysis. In addition, for trichome analysis, when plant tissieegaamg and trichomes are at
an early stage of development, the high density of trichomes prohilitsial collection of
individual trichome types. Therefore, a different and high-througbphéme is needed to
achieve the goal of dynamic metabolite analysis which includeslization of metabolite
profiles at locations across plant tissues. In Chapter Ill, a thighughput imaging mass
spectrometry scheme for profiling leaf trichomes without manuatasampling is presented,

and this approach could provide an appealing alternative that can address émifie sgsues.
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CHAPTER THREE
CHEMICAL IMAGING OF TRICHOME SPECIALIZED METABOLITES USI NG
CONTACT PRINTING AND LASER DESORPTION/IONIZATION MASS

SPECTROMETRY

3.1 Introduction

Biological functions are organized at molecular, subcellularn@igg cellular, tissue, and
organismal levels, but the low levels of cellular constitudmse provided a barrier to
understanding and exploiting genomic information for control of biolbgitactions.
Measurements of the entire suite of metabolites, known as metat®ldms emerged as a
growing research area which is trying to answer how livirglesgs respond to environmental
stimuli or genetic modifications [141-143]. Most investigations @taholite profiles have
focused on whole tissue or whole organism levels, and for these studtabptite information
represents averages over many cells and tissues and is simhbgiacontributions from the most
abundant cell types [44]. However, as documented in Chapter Il, me&tadotumulation is
often organized in specialized cell types, such as glandulbomnies in plants. To investigate
the functional roles of specialized cells and address the iamtoguestions such as the
mechanism of cell differentiation and cell-cell signaling, giiigl individual cells is necessary.
Several recent reports suggest chemical heterogeneitylef aedl it is likely that even cells of

the same cell type may differ in metabolic functions depenoingell environments and stages
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of development. These findings point to the necessity of individulahiealysis if research is
to fully understand mechanisms that regulate metabolic dynamics [144-146].

A variety of approaches have been explored to address the chkallehgampling and
detecting metabolites in single cells. For sampling, migidagdes or micropipettes coupled
with micromanipulation under a dissecting microscope [50, 147, 148] andcigsere
microdissection (LCM) [149] are successfully used for sirggl isolation. However these
sampling methods offer low throughput if many cells need to beteshlas is desirable because
metabolite profiles change with organism growth and developmeiot. individual cell analysis,
flow cytometry [150], microfluidics [151], capillary electrophomegCE) [152] coupled with
electrochemical (ECD) [153], laser-induced fluorescence )(LdEtection [154] or mass
spectrometry have been widely used because the detection safeanéswv levels of detection
necessary for single cell analysis. Of these analyticaihods, mass spectrometry offers
near-universal detection of an assortment of metabolites, and isapprspriate for nontargeted
metabolite profiling. Mass spectrometry based single cellysisalvas pioneered in the late
1990s with peptide and biomarker analysis, as described by the S8igexlp at the University
of Illinois [155]. More recently, the laboratory of Renato Zenobi demnatesl metabolite
profiling of yeast with single cell sensitivity [156]. A new naatructure-initiator mass
spectrometry having the capability to analyze metabolites fsorgle cells has also been
reported by the Siuzdak laboratory at Scripps [71].

To develop a comprehensive understanding of cell metabolic heterggenetabolite

profiles need to be measured for many individual cells. Massrepetty imaging (MSI)
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provides an approach for multiplexing cellular profiling by fasanstng through an area
containing multiple cells, acquiring chemical information for individoiaels across the entire
area. Several MSI approaches have been demonstrated in reaesitwith matrix assisted
laser desorption/ionization (MALDI) imaging finding extensive us@rofiling proteins, lipids,
and other metabolites in animal tissues. More recently, aXaemm@es have been reported for
localization of natural products in biological tissues from a ramfigerganisms [157-159].
However, the MALDI imaging scheme has a few limitationssdphisticated sample preparation
is often required, 2) signals from the MALDI matrix often rféee with detection of low
molecular mass (< 500 Da) metabolites, and 3) application of Hee-dbsorbing matrix to
tissues has suffered from lack of uniformity, and the matrix depogtocess may compromise
localization of some metabolites.

The mechanisms of desorption and ionization for MALDI are comatek continue to be
subjects of discussion and debate. The most accepted theory praptgesstep process:
desorption/ablation and ionization [160]. During cocrystallization witatrix, the analyte
molecules are surrounded and isolated by the excess matrixuhesleavhich have strong
absorption at the laser wavelength. Upon laser irradiation, #tkexnabsorbs energy which is
rapidly converted into internal and translational energy, i.e. heatifigis heating leads to
explosive evaporation and ejection of the matrix and analyte moleicitegas phase. The
ejected materials consist of a combination of desorbed molecoledensed clusters, droplets or
chunks. The phase explosion has been successfully simulated byymginiel models [161]

and molecular dynamic calculation [162]. lonization that resudt® fihis process is even less
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understood than the desorption process. Two major models have beeregurg®ee model
assumes that the matrix molecules were first ionized bgtdietoionization, usually through a
multiphoton process [163]. Although the ionization potential is somewhat lovgetid crystal
compared to gas phase and the energy gap can be compensated alyehergy, at least two
laser photons (3.68 eV for 337 nm laser) are required for thet gin@toionization of matrix
molecules (> 7 eV) [164]. The flux of laser photon during a tytALDI experiment is too
low for resonant two-photon absorption to be efficient. Instead, it és proposed that the
interaction ofIl electrons between aromatic molecules in condensed phasestdeadsrgy
pooling, which involves combining energy from two electronically textimolecules into a
single molecule [165]. After primary ionization of the matrix ewlles, transfer of charged
groups such as protons takes place as a result of collisions beiw@anatrix molecules.
Subsequent collisions between ionized matrix and analyte in the higitydplume lead to a
secondary proton transfer reaction and protonation of the analyte [166]. Tdnd secdel was
purposed by Karas and coworkers, and is referred to as the “luokycsti model [167]. It
has also been proposed that some analytes exist in ionized fotims matrix as they are in
solution. The model assumes the desorption process breaks the itdtticamall clusters.
Some clusters can have excess positive charge or negatige.chsost of the ionized analytes
are subsequently reneutralized by collisions with counterions witi@nplume and only the
lucky survivor can be detected by mass spectrometry.

Analytes can also be desorbed/ionized from many semiconductoriaisatsurfaces

including silicon and graphite. Proposed mechanisms of analg@pdi®n and ionization
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under matrix free laser desorption ionization (LDI) conditions argely speculative, with
limited experimental evidence. In such experiments, ion sigrefaouad to be independent of
laser wavelength [168]. It was explained that only absorpti@npbioton that exceeds the band
gap energy of the semiconductor materials is required. A #iatesorption process has been
proposed to be involved in desorption ionization of analytes under tkgseneental conditions
[169, 170]. Rapid heating can cause fluctuation in electron denaitiéshe region of intrinsic
instability that results may lead to redistribution of energy trdnslational energies, leading to
evaporation of analytes. Subsequent ionization could involve various i@tut®lreactions
including proton transfer, disproportionation reactions, and cation or atiewhment. Such
rapid heating will increase bond distances and facilitate clsaggration from interfacial water
or the acid —OH group on the semiconductor surfaces [171-173]. Gas iphaselecule
reactions between proton or cation donors and analytes candosnby attachment of protons
or cations such as alkali metal ions.

Water has been developed as alternative option as an endogenodixs farainass
spectrometry imaging [83, 174]. However the atmospheric pressuimx raasisted laser
desorption/ionization (AP-MALDI) system, which is necessary tovgme water evaporation
during plant tissue imaging, normally has lower ion transmissificiesfcy than vacuum
MALDI, and may be limited to detection of abundant metabolites.ce®éy, an infrared laser
ablation electrospray ionization (LAESI) system was develdpaidemploys a fiber tip to focus
radiation onto a small (~ 30 um) spot followed by electrospragtadsionization of desorbed

neutrals, and this approach has been applied for profiling of constitnesingle cells [74, 175],
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however the instrument design and parameter optimization requieedalspxpertise, and this
report did not demonstrate formation of mass spectrometry imagesordion Electrospray
lonization (DESI) has been used as a new alternative approachaiging mass spectrometry.
The resolution is generally around few hundred pum owing to dispersibe pfimary ion beam
at atmospheric pressure, and this approach has yet to demonsutiat#oresf single cells [176].
Although 40 pm resolution has been achieved more recently, such pert@nplaces
restrictions on the geometry of the surface, and uniform sutéatere is required which is not
always feasible for some tissues [177]. It has been reportedriet effort was required to
adjust instrument parameters to achieve optimal signal [178]. Secondargserspectrometry
(SIMS) imaging provides another alternative ionization method, andjis@ superior spatial
resolution at 50 nm which is adequate for profiling individual cells [189]. However SIMS
requires ultrahigh vacuum, and special sample preparation fortisssles is needed that may
involve freezing and water evaporation. SIMS deposits much higherygmarginit area than
MALDI or DESI, and leads to extensive formation of fragment ions. addition, the ions
ejected by SIMS are formed only from a small area, and the amceslaf metabolites in such
small areas may preclude measurements except for the mostlaabusurface species.
Although much effort has been devoted to method development for imagsgspectrometry,
most successful examples have employed sectioned animal dissgsues with flat surfaces.
Examples of MS imaging of tissues having irregular shapes are scarce.

Plant trichomes (Figure IlI-1) are specialized epidermid tieat protrude from surfaces of

plant tissues such as stems and leaves, and they are found on api@gxone third of all
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vascular plant species. In earlier reports, trichomes fh@model planArabidopsis thaliana
were chosen as a representative model for investigating diédirentiation [181, 182].
Trichomes are also prolific accumulators of specialized metabalised by plants as chemical
defenses. They are considered as one of the most effectivaitahdactories” in the plant

kingdom [183].

Figure 1lI-1  Optical image ofS habrochaites LA1777 leaf (left) showing trichomes on the
adaxial (upper) leaf surface including type VI glands (right). Adhfvten Reference [140].

Current research focuses on understanding the mechanisms that gowabolitee
accumulation in tomato trichomes because trichome chemicale ser the first layer of
protection against insects and other herbivores. Agricultural asges$ to insect damage
represent a large economic loss to the worldwide economy, arseldative breeding of crops
that are resistant to insects has great potential impact on yields of nunregpsis c

One fascinating feature of tomato trichomes is that they orcthe genus Solanum, with

four distinct morphological types [184]. These specialized cell typeside a useful and
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accessible model system in which different cell types apeaed to accumulate different
metabolites, and these differences promote discoveries of gectofsnrelevant to trichome
biochemistry.

Most analytical methods developed for profiling of metabolitesdividual cell types are
laborious because of the need to selectively sample specifictypels. This can be
accomplished by microcollection of individual cells under a microscopewever, the number
of cells that can be collected in a short time is limitedhges to a few hundred cells per day.
Before this work was initiated, most knowledge of trichome ckegyihad come from
nonselective mechanical removal of multiple trichome types, dtibowing freezing of the
plant tissue. The resulting chemical profiles have representddres of trichome types, and
have not exploited the diversity in cell types [185-187]. Furtherntioese efforts have pooled
trichomes from multiple locations across plant tissues, so nakpdtirmation about metabolite
abundances could be obtained. Imaging mass spectrometry oféarts pgptential for high
throughput metabolomic analysis [83]. Therefore, we explored the applicd imaging mass
spectrometry for localizing trichome metabolite profiles acrpest tissues. Herein, we
present a carbon material based printing method for high spasialution imaging mass
spectrometry profiling of tomato trichome metabolites without theedndor tedious
microsampling. This sensitive scheme is capable of profilingiapesa metabolites of
thousands of individual trichomes level on a single tomato leaf cgurfarhe high spatial
resolution capability offers the potential to explore chemicalrbgémeity across a population of

individual trichomes within a plant tissue. To our knowledge, thitasfitst report of mass
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spectrometry imaging on irregular shaped tissues.

3.2 Materials and Methods

3.2.1 Chemicals

Acetonitrile, 2-propanol, methanol, dichloromethane, formic acid (88%oagusolution)

were purchased from VWR Scientificu-Cyano-4-hydroxycinnamic acid (CHCA) and

2,5-dihydroxybenzoic acid (DHB) and tomatine were obtained from @&i§jladrich, St. Louis,

MO, USA).

3.2.2 Plants

Seeds for plants were obtained from the Tomato Genetics Restemtar at the University

of California-Davis. Plants used for this study were growa greenhouse at Michigan State

University.

3.2.3 Sample Preparation

A dissecting glass microscope slide was etched using HF onamigally ground with

rotating grinding by the Glass Shop of the Michigan State Uniydbepartment of Chemistry.

97



A 2B pencil purchased from the Spartan Bookstore at Michigan Statersity was used to
draw a layer of graphite on one side of the glass slide. cdWwrage of surface by the graphite
was checked by examining the glass slide using transmigbtl dnder a microscope. The
glass slide was placed in a drying oven at 80°C overniglmgnasval of moisture strengthened
the interaction of graphite with the glass surface. The sladetihen immersed in Milli-Q water,
dichloromethane and methanol for 1 hr each, and dried under a desdl® ®f nitrogen. The
slide was placed on a block of dry ice to chill the surfaca peelude to transfer of trichomes.
Such cooling helps quench enzyme activity in the trichome and prestt@eshemical
composition during sample processing.

A fresh leaflet fromS. habrochaites LA1777 was cut by razor blade from the base of the
leaflet (petiolule). Since the analysis time for anging experiment increases with the square
of the sample linear dimension, leaflets were chosen smaller3k@ cm to limit the time
needed for analysis. The symmetric leaflet on the otherogittee petiole which was not used
for imaging was collected as well, and used to estimatetdhickness for construction of a
parafilm mask. A mask was constructed by either stretahiriglding a sheet of parafilm until
the film thickness matched the thickness of the second leafetectangular region was
removed from the middle of the parafilm mask, and the leafletpmagioned in the center of
this recessed area. A graphite-coated glass slide wayg gied above the leaflet, and a 500
ml Pyrex beaker containing 200 ml water was placed on top of lite ® provide a
reproducible amount of pressure for the contact transfer of trieb®mm tissue to slide. Mass

calibrant reference solutions were spotted onto the corners sefidies for calibrating the TOF
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mass axis before each analysis. The glass slides, contaicimgnies, were attached to the
MALDI sample stage using adhesive tape. The procedureslastaled in Scheme llI-1.
Some conductive material (e.g. aluminum foil) was used to enswteicecontact between the
coated slide surface and the metallic sample stage. rkaging of single trichomes, the
trichomes were transferred onto the surface of a glasbprtaulate or a bare glass slide. Use
of an uncoated glass slide aids visualization of trichomes undearalbpticroscopes using
transmitted or reflected light or fluorescent imaging. Ayeéanimaging area was marked with
liquid paper beforehand to provide position references, and reflegtedofptical images were
collected by a CCD camera mounted on the microscope. Befaedasorption ionization
(LDI) imaging of trichomes on glass slides was performed,stite was subjected to carbon

coating under vacuum at the Michigan State University Center for Advanceoskbpy.
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2. Deposit graphite

from pencil lead 3. Clean surface (rinse

1. Etch glass —) (2B) with dichloromethane,

microscope slide methanol, water three
with HF times each)

;;j""- e
5. Add calibrant/ attach slide to stage

6. Data
acquisition and
processing

4. Collect tissue;
trichome transfer by
contact printing

Scheme llI-1 Sample preparation procedure for trichome contact printing.

3.2.4 Laser Desorption lonization Imaging

A MALDI-TOF mass spectrometer (AXIMA cfr-plus, Shimadzu, @uobia, MD) used
was equipped with a 337 nmpNaser delivering 3 ns pulses. In the MSI experiment, data
were acquired in either positive or negative ionization mode usingrtbar Itime of flight
detector. In some cases, the same sample was analyzedisivigedifferent polarity of ion
detection without further sample preparation. The slide surfacéirstamterrogated using 20
laser shots per pixel. For whole leaflet imaging, the stagesize was set to 125 um. For

single trichome analysis, the laser step size was set om2&nd signals from 200 laser shots
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per pixel were combined and stored for each pixel. lon signals &tk 50 and 1500 were
collected. Metabolites were identified by first matchingctpa with those obtained for leaf
dip extracts using liquid chromatography/mass spectrometry (BE/MThe LC/MS analyses
provided mass measurements with about 5 ppm accuracy. Annotatioptalfolites was
performed through searching of molecular masses against amessodf public metabolite
databases (ChemSpider, eMolecules, CSLS), and promising candiggiescreened further
by interpreting masses from nonselective CID spectra. deoste decay (PSD) LDI mass
spectra were acquired for further confirmation of metabolitecgires. All LDI imaging data
acquisition and processing was performed using Launchpad softwersofv 2.8.1, Kratos
Analytical). The raw mass spectrometry imaging (MSl)adatere exported to Biomap

(Novartis) software for further processing.

3.2.5 LC/MS analysis

Leaflet metabolites were extracted by dipping the leaftet2 ml isopropanol: CECN:
H-O (3:3:2v/viv) for 1 min. Extracts were centrifuged at 109@6r 10 min at 4 °Candthe
supernatants were analyzed without further processing. Separatiere performed on a
Supelco Bio-C18 column (1 x 150 mmuBh particles) held at 30 °C that was interfaced to an
LCT Premier mass spectrometer (Waters, Milford, MA). sélvent gradient was executed
based on 0.15% aqueous formic acid (A) and methanol (B) as followal aandition 5% B;

linear gradient to 50% B (5 min); 95% B (33 min); 100% B (35 min); holtDags B until 38
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min; return to 5% B (43 min). The flow rate was 0.1 ml-'%niand the injection volume was 10
pnL. The LCT Premier mass spectrometer was operated elgicigospray ionization (ESI) and
under the control of MassLynx version 4.1 software. The ESI conditi@mse as follows:
capillary voltage, 3200 V; cone voltage, 10 V; source temperature 90 Salyakion gas flow,
300 L/h; desolvation gas temperature, 200 °C; cone gas flow, 20 L/h. Detecsigeri@med in
both positive and negative ion modes om#z 50-1500 using centroided peak acquisition and
dynamic range enhancement. Aperture 1 voltages were 10, 45, 75thrderfunctions to
generate molecular ion and fragment ions at the same run. fralgment ions were aligned to

the pseudomolecular ions by matching of retention time.

3.3 Results and Discussion

The diversity of epidermal cell types on leaves and stemshwdttoand its wild relatives
presents challenges for research that aims to understandetttemsms governing trichome
chemistry.  Complicating matters further are trichome litggiand the morphological
differences between trichome types. In the wild tontbabrochaites (formerly known as
Lycopersicon hirsutum), examination of the leaf surface quickly reveals the long ha&rtype |
and IV trichomes (Figure IlI-1). Closer examination at higher magibn reveals the type VI
glands, which consist of bundles of four cells on a short stalk. Tonobteiear view of the
type VI glands, one must adjust the microscope focus to abei@k the tops of the longer type

| and IV glands, which are less obvious in the microscope image dwitige limited depth of
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focus. Probing of these different glands with optical or ion beaust atcount for this height

heterogeneity. Furthermore, due to the variation of the stallhthefgtrichome, laser or ion

beams might be easy to reach taller trichome but not the shdneoaase of the potential block
from the taller trichome. And also ions ejected from shorielhdme can also be blocked by
adjacent taller trichome to prevent it for detection.

A recent review presented a critical evaluation of variouspkamreparation techniques
used for mass spectrometry imaging [188]. Much of the discussimared on tissue fixation,
sectioning, and deposition of MALDI matrix materials as preludesass spectrometry imaging
analyses. All of the matrix deposition approaches suffer froatd@tages of varying severity,
particularly with regard to even deposition of matrix acrosssadisurface. Furthermore, the
approaches that have been used for MALDI imaging have lafgelysed on detection of
proteins or lipids [189, 190] rather than soluble metabolites that maily e#ifuse during
sample preparation. Such concerns are particularly important &ginm of trichomes, which
are fragile structures that secrete viscous mixtures cdbubtes, and are easily broken from
tissues during handling.

When imaging of trichomes is conducted using a laser for metahbolization and
volatilization, no single laser focal plane will be optimal fdrtachomes on a tissue surface.
One promising approach to address this problem involves physicaletrafigfichomes onto a
single horizontal plane, presented in the form of a substratalikatbs the laser radiation. A
similar strategy for “tissue printing” of cells from van® plant and animal tissues onto polymer

surfaces was reviewed in 1994, and included microscopic, biochermchimmunochemical
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detection methods [191]. Even subcellular printing resolution has beeavedh[192].
Tissue printing has also been successfully applied to live neurolialfae investigation of
synaptic communication [193] and human surgical specimens for tumkempaofiling [194].

A few chemical printing methods have been reported for MALDIgimg including localization
of proteins, lipids, and agrochemicals in biological materials [195-2009. my knowledge,
these analyses have all involved transfer of tissue sectiosslithb substrates. Trichome
fragility often makes sectioning of tissues impractical. dadt the experiments described in
this Chapter employed contacting printing, and successfully and selgttargdferred trichomes
onto a solid substrate, e.g. glass slide (Figure 11l-2). Theaddgmage reveals the type VI
trichome structure has been retained after the transfer. [Myp&ichomes lack external cell

walls, yet the transfer has retained the visible outline of the boundaries ofrile gla
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Figure 11I-2  Transmitted light optical image of trichomes from the adafuaper) leaf
surface ofS habrochaites LA1777 transferred to a glass microscope slide.

In the course of this study, some concerns were expresseepttiatmal cells other than
trichomes might also be transferred during the contact priptiogess, and that printing force
might break trichomes and spread metabolites over a large area.achieve greater
reproducibility, a 500 ml glass beaker containing 200 ml of waéer placed on top of the glass
slide to provide a consistent force (~ 500 ﬁl)!nhor the printing. The optimal force was
determined by visual inspection of the transferred trichomes omgldss slide under the
dissecting microscope. No evidence of transfer of type VII trigdsonas found. These

glands have much shorter stalks and are of lower abundance, ane praydeted from transfer
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by the taller type I, 1V, and VI glands.

We used detection of cell-specific metabolite markers to datermhether the transferred
trichomes were contaminated by metabolites that leaked fraterepal pavement cells. Based
on the LC/MS profiling of metabolites from pooled trichomes of raglsi gland type, the
glycoalkaloid dehydrotomatine was not found in type I, 1V, or Vihimimes, but was present in
type VII trichome and was abundant in extracts of the entak ldt is proposed that this
metabolite can serve as a marker of pavement epidermaboélig/pe VII glands. In order to
make a more quantitative evaluation of the efficiency of tramdfaichomes from leaf surfaces
to the bare glass slide substrate, trichomes on the gldeswaire extracted using 3:3:2 (v:v:iv)
acetonitrile: isopropanol: water solvent with ultrasonication. Tkiset was analyzed using
LC/MS, and the results were compared to analysis of extradteedeaf tissue after trichome
printing. Consistent with the result presented above, dehydrotomatieenot present at
detectable levels in the slide surface extract, but was abummdtod leaf dip extracts for three
replicate tissue samples (Figure 111-3). This finding suggdbat transfer of pavement

epidermal cells to the glass slide was negligible.
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Figure 11I-3  Negative ion mode extracted ion LC/MS chromatogram of m/z 1&Ha&ing
dehydrotomatine for (A) metabolites washed off from $hdabrochaites LA1777 trichome
printed glass substrate analyzed by LC/MS. (B) Metabolitesireng on theS. habrochaites

LA1777 leaf surface after printing and flushing with extractsmivent and analyzed by
LC/MS.

The selection of graphitic carbon for the substrate surfacenade based on its ease of
manipulation, efficient absorbance of laser light, inertness andoéassaning, and availability
in numerous forms including pencil lead, graphite paint, and graphites.plaibese materials
often contain impurities that contribute background peaks in LDI m@sstra. To minimize
these, the pencil lead coated slide was rinsed with multipleniorgalvents and water before
trichome transfer. After substrate cleaning, background ionfewaes in number and lower in
abundance than in spectra obtained using the traditional MALDI xmatompounds
a-Cyano-4-hydroxycinnamic acid (CHCA) and 2, 5-dihydroxybenzoid @2HB), between m/z
100 to 1500 (Figure 111-4). For comparisons across these matliffesent laser powers were

employed for the various matrices to achieve approximatelysame total ion current for each
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matrix. These laser power settings were; DHB = 105; CHG35; pencil lead = 90. These
laser power values are in arbitrary units, with the full raofy@-180 corresponding to laser
output of 0-6 mW. When spectra were generated using negative ion thedeencil lead
background showed carbon cluster peaks with m/z= 12n (n = an intpgermiz 180). In our
study, most specialized metabolites in tomato trichomes have utariecasses greater than 200
Da, so the carbon cluster signals did not interfere with peak etectThe low mass carbon
cluster peaks in negative mode can also be used to calibratesthenent mass axis at low

masses.
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Pencil lead is manufactured in different grades that vary irrdtie of graphite to clay
binders. One may anticipate that composition will influence theamyes of the laser
desorption ionization process. To investigate the effect of peead lkcomposition, the
analytical performance was evaluated using several diffpeantil types (H, 2H, 4H, B, 2B, 3B,
4B, 6B, and 8B). Aliquots (~ 1 ul) of trichome extracts fr8mhabrochaites LA1777 were
applied to pencil lead coated slides for comparison. Withasang graphite content from H to
8B, the laser power required to achieve a base peak of 50 mV decre@@omparisons of
signal-noise-ratio and mass resolution under laser power yieldngame base peak signal
abundance were made, using several different acyl sugar metalh@h positive mode) and
sesquiterpene acids (m/z 233 in negative mode) were evaludied typical experiment,
spectra generated from 50 laser shots were summed over enldtiations on the target, and the
mass resolution and signal-to-noise ratio were calculated binstrement software. Pencil
leads B, 2B and 3B (low graphite content) gave the best mass i@salotong the tested pencil
leads when laser power was adjusted to yield approximatelgaime ion abundances. 2B
pencil lead yielded the greatest signal-to-noise ratios (Tabklg.lll As a result of these findings,
pencil lead 2B (74% graphite; http://www.blurtit.com/q9883867.html) was echdsr all

subsequent analyses.
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Table IlI-1  Mass spectra resolution (xSD, n=3) and S/N ratio (xSD, n=Ruleted by
averaging the resolution and S/N ratio of five most abundant umarspeaks fromS
habrochaites LA1777 extracts in positive mode and sesquiterpene acids (m/z 238R)impe
negative mode. Resolution and S/N for individual peak is taken from ptsgdinerated using
Launchpad software (version 2.8.1, Kratos Analytical).

Pencil types Resolution (FWHM) S/N ratio
(positive mode/negative mode) (positive mode/negative)
H 982+131/1475:287 1593+576/2305+-384
2H 531+273/1943+213 2207t711/2645+469
4H 1223+253/2912+432 2010+£785/2216453
B 2038+445/2653t372 2900+862/2357-432
2B 2164+387/2830 311 2875+693/4103E 326
3B 2295+541/3013 306 2268+ 782/2177-333
4B 1338+379/2173+448 2362+847/2983+ 355
6B 1607+314/2150+ 337 2126+1020/2468=-594
8B 1635+-445/2089+ 356 1590+ 899/2298513

The observed peaks in LDI mass spectra of trichome extractedpmito the pencil
lead-coated slide were first compared to spectra obtained LSS analysis of the same
extracts. Putative annotation of metabolites was performelebfpliowing: accurate LC-TOF
MS measurements of pseudomolecular ions generated a list of a@ndidlecular formulas,
which were searched against several chemical and natural matdtetbases (ChemSpider,
eMolecules, CSLS). Masses of fragment ions had also been gehesatg multiplexed CID
on the LC-TOF spectrometer or as product ion spectra on thef @&otrometer. Putative
structures were proposed based on the goodness of matching ofgordédigment ion masses
with experimental MS/MS spectra and also prior knowledge of pratabolites in the genus
Solanum [117].  lons observed in LDI mass spectra were assigned bpacmg their m/z

values with ions observed in LC/MS analysis.
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In some cases, product ion MS/MS spectra were generated ustrgppos decay (PSD)
to confirm assignment to structural classes (Figure IlI-5C ZDd In the former case, the
prominent ion at m/z 715 generated in positive ion mode for an exifra®t habrochaites
LA1777 trichomes was selected for transmission by the ion glathe Axima TOF mass
spectrometer, and ions reaching the reflectron detector appethe ispectrum. Based on
comparisons to the LC-TOF MS data, this was tentatively andoseste{M+NaT of acylsugar
S4:21. In the PSD spectrum (Figure 11I-5C), in addition to the preciwos (m/z 715) that has
not fragmented, an additional product ion is evident at m/z 399, corresgaioda loss of a
neutral fragment of 316 Da. This ion corresponds to the sodiategdghimose fragment that
contains C2, C4, and C5 ester groups. Complementary fragment informweds obtained
from the LC-TOF CID spectrum (Figure IlI-5E) which shows gandragment at m/z 317,
corresponding to the fructose moiety with a C10 ester group ettacifhe combined results
point to S4:21 being a sucrose with C2, C4, and C5 groups on the glucQssndn@10 on the
fructose ring. The differences in information arise from diffeé precursor ions. For the
LC-TOF MS analysis, the CID process is non-selective, soiadl are activated by collision,
with most fragment ions being generated from [Mﬂ}fHons (m/z 710), whereas the protons in
the sodium adduct have limited mobility. Its fragmentation idfialent under the LDI
conditions, and is largely confined to formation of the sodiated tglwpse ion. One
important finding from this experiment is the localization of kweg chain fatty acid on the

fructose ring, which has not been reported in published descriptions of Solanum asylsuga
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Figure IlI-5 Laser desorption ionization (LDI) mass spectra of trichoxteaets fromS.
habrochaites LA1777 spotted on pencil lead-coated glass slides using (A) positbge (B)
negative mode. Post source decay (PSD) product ion spectra cacy®ugar S4:21
precursor=m/z 715 ([M+Na) (D) mixed isomeric flavonoid glycosides rutin and
kaempferol-O-diglucoside ([M-H] m/z 609). Electrospray ionization in-source decay (ISD)
mass spectra of (E) acylsugar S4:21 and (F) mixed flavonoid gigsosiutin and
kaempferol-O-diglucoside [M-HJacquired using TOF-MS and nonselective collision induced
dissociation.
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Figure IlI-5 (cont'd)
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Figure IlI-5 (cont'd)
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PSD mass spectra were generated in negative ion mode for niteeSsdnabrochaites
LAL1777 trichome extract. The product ion (PSD) spectrum of m/z 609 shiwveefragments
at m/z 284 and 300 (Figure IlI-5D). These correspond to radical dragments for the
flavonoid aglycones kaempferol and quercetin, respectively, and deatengsolution of two
isomeric flavonoid glycosides in the trichome extract. This figditands in contrast with the
findings reported in Chapter I, in which all of the m/z 609 flavonoidcagides were
kaempferol derivatives. We attribute this difference to sepaateplings of plants grown
under different conditions (growth chamber vs. greenhouse).

One of the challenges that analysts face when performing MMAmaging lies in the
choice of a suitable matrix that can convert laser light intoffiand ionization. It is common
dogma that acidic matrices such as CHCA or DHB are tefeedor generating positive ions
because they can donate protons to analytes, whereas 9-aminoasrgtiefeired for negative
mode because it is a proton scavenger. As a consequence, argitrgtemay perform poorly
when it is desirable, as is usually the case, to analyzeiatat@rboth positive and negative ion
modes. Binary mixtures of matrices mixture have been usepkrierate information about
metabolites in both positive and negative ion modes [201]. However, auchpproach
complicates further the matrix application process. By usirgié support such as carbon as
the light-absorbing medium, LDI generates ions for a wide rangecbbdme metabolites in both
positive and negative modes. An important consequence of this findimgf ihe laser can be
rastered over the printed substrate to generate spectra fopotardy over the entire area,

followed by a repeat analysis with the polarity inverted. e Key issue that needed to be
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addressed was the depletion of analyte with successive laseif@hatsingle pixel. Based on
some preliminary data regarding signal depletion, experimeets performed using 20 laser
shots per pixel in each mode.

Four classes of major metabolites were detected in both L@M8dividual trichome
types fromS. habrochaites LA1777 and LDI analyses of trichome extracts and from tissue
printing with imaging: acylsugars, flavonoids, alkaloids, and sesgeinoid acids (Table 111-2).
In LDI analyses, flavonoid and sesquiterpenoid acids could beyetdécted as [M-H]ions in
negative mode, as they are weak acids. Acylsugar metaboldesoamarticularly basic or
acidic, but since sodium and potassium are abundant ions in plant tiasykssigars are
observed in positive ion mode mainly as [M+Klaalnd [M+K]+. Pseudomolecular ions of
acylsugars were not observed in negative ion mode, and this finding highlightneed to
perform analyses in both modes. In the lower m/z region of theiveegart spectra, a series of
ions matching the masses of short fatty acid anions (e.g. m/zr &4faom/z 101 for C5) was
observed. Since acylsugars do not readily form [M-bhs and since the short chain fatty
acids were not observed in LC/MS analyses, it is suspectedlifpdhcement or dissociation
reactions in the plume are responsible for generation of the datd anions from acylsugar
metabolites. One surprising finding arose from the observed behalvihe glycoalkaloid
tomatine. Tomatine has one basic nitrogen group, and was expecteddtebted as [M+H+]
in trichome extracts and printed glands. However, in spectrcbhbine extracts, peaks at m/z

1056 and 1072 were observed, but signals corresponding to waleIﬂe not discernable

(Figure IlI-5A).  Two lines of reasoning may explain this phenomenon. , Bo#t sodium and
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potassium are abundant in plant tissues, and the large carbohydratg imeixpected to have
high affinity for these alkali metal cations. In addition, the higkrnal energies anticipated

from LDI from carbon surfaces may lead to more extensiverfeagation of [M+HT owing to

proton mobility.
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Table 11I-2  Major ions observed in laser desorption ionization (LDI) spect& bhbrochaites
LA1777 trichome extracts on pencil lead-coated glass slides.

Polarity Major lon m'z

S4:14 Positive | [M+Na] /[M+K]" | 617/633

S4:15 Positive | [M+Na] /[M+K]" | 631/647

S4:16 Positive | [M+Na] /[M+K]" | 645/661

S4:17 Positive | [M+Na] /[M+K]" | 659/675

S4:18 Positive | [M+Na] /[M+K]" | 673/689

S4:19 Positive | [M+Na] /[M+K]" | 687/703

S4:20 Positive | [M+Na]  /[M+K]" | 701717

S4:21 Positive | [M+Na]  /[[M+K]" | 715/731

S4:22 Positive | [M+Na] /[M+K]" | 729/745

S4:23 Positive | [M+Na] /[M+K]" | 743/759

S4:24 Positive | [M+Na] /[M+K]" | 757/773

S4:25 Positive | [M+Na] /[M+K]" | 771787

tomatine Positive | [M+Na] " [M+K] " | 1056/1072

Sesquiterpene acid Negative [M-H] 233
Rutin Negative [M-H] 609
Kaempferol-O-diglucoside | Negative [M-H] 609
Quercetin-O-diglucoside Negative [M-H] 625
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Imaging of printed trichomes from the upper surface of a ke#&ften S. habrochaites
LAL1777 reveal distribution of some major metabolites throughout the I€gjain, data were
generated in both positive and negative ion modes for the same. tis9ata for Figure 111-6A
were generated using positive mode with 20 laser shots per pixelthan the polarity was
switched for negative mode acquisition, also with 20 laser shotgiyedr Figure 111-6 shows
the color-coded intensity map of pseudomolecular ion for one acylgggare 111-6A), the
aglycone fragment of a group of flavonoid glycosides (Figure I)l-6GBd a deprotonated
sesquiterpene acid (Figure IlI-6C). For all three m/z irmatfee midvein area running up and
down the center of the leaflet generates stronger signakhkarest of the tissue area. Visual
inspection of the leaflet before printing showed higher trichome tyeasbund the midvein.
Whether the strong signal intensities near the midvein largelgctefrichome densities or
differences in composition of individual trichomes has yet to bélestad. It is not practical
to sample individual trichomes around the midvein because the trichomty @ess high as to
preclude microsampling of individual glands. The images presentedjumeHill-6 present a
wide view of metabolite abundances across an entire leaflesedBan findings reported in
Chapter II, acylsugars predominantly accumulate in type | andldvds, whereas flavonoid
glycosides and sesquiterpene acids are abundant in type VI glarts.wide view does not
distinguish contributions of individual trichomes to plant tissue cheynetd highlight the need

to probe individual gland chemistry. Such efforts are described below.
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Figure 11I-6  LDI images of selected ions for contact printed trichomes f8. habrochaites
LA177Z leaf on pencil lead-coated glass slides: (A) ion abundancd’z 81 (acylsugar S4:21
[M+K] ) using positive mode and laser power setting = 95, 125 um stageuste@( laser
shot per pixel. (BywWz 301 in negative ion mode (aglycone fragment of quercetin ghyeski
(C) m/z 233 (sesquiterpene acid [M-Hdf various sesquiterpene acids) for the same leaf sample
under negative mode with laser power setting of 105, and 20 lasepshgigel. The key for
color coding is presented at the left of each panel.

To assess how much metabolite was removed by laser ablation, 39 gekected to be
representative of different regions of the leaflet were chosknitial data acquisition employed
laser power = 95, which is the same condition used for imaging.ctr8peere acquired into a
single profile using 5 shots per pixel. Then 20 shots were fired cmn g#0ot to assess the
ablation caused by typical imaging conditions. Afterwards, tketsgm profile was generated
using another 5 shots at the same spot. This second sampling @étd&do (N=30) signal
intensity compared to the first 5-shot profile. The results sugbastthe metabolites were
slightly depleted by normal spectrum generation parameters. &hancelative abundances of

various metabolite ions were judged to be minimal following the 20-shot ablation.
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For individual trichome analysis, the spatial resolution of imaghmuld resolve objects
smaller than 50 um (the approximate diameter of the typeidhoime and about the average
distance between two trichomes). For the Axima cfr-plus ingngjrdetails regarding the
laser spot size were unknown when these experiments were condudtéite spot diameter
was estimated to be approximately 100 um. The spatial resohitiba LDI imaging scheme
was first tested by printing trichomes into transmissionteleanicroscope (TEM) grids with
different spacing between grid elements. The TEM grids weyented on the top of the
pencil scratched substrate. Plant leaves were pressed agaestral times and trichomes
were positioned into the space between the grids. LDI imagasgyconducted after the grid
was removed from the substrate because of concerns that the $kickrieke TEM grid might
interfere with illumination of the trichomes by the laser anthvion transmission from the
surface to the mass analyzer. The diameter of the lpserssestimated to be about 100 pum,
which is larger than the smallest grid we tested (50 umMg. analyze the object which is
smaller than the size of the laser spot, complete depletion [202hwetep size of 25 um and
laser power of 105 was employed. The resulting 100 um grid caedmtyalesolved, but the
smaller spacing of the 50 um grid hindered trichome transfethé¢osubstrate surface.
Nevertheless, the resulting image suggests that spatial resadyproaching 50 um has been

achieved (Figure IlI-7).
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Figure 111-7  Imaging of metabolites fror8 habrochaites LA1777 leaf trichomes transferred
into the (A) 100 pum %nd (B) 50 um TEM grids. lon abundances are ybspfar m/z 731
(acylsugar S4:21 [M+K]), using positive mode with laser power setting = 95, 25 um stage st
size, and 200 laser shot per pixel.

Pencil lead coating of substrate surfaces is a fast andesgapiple preparation method for
chemical imaging of leaf metabolites over a wide tissua.arélowever, when higher spatial
resolution is needed for individual trichome imaging, small defectee carbon coverage can
compromise the analysis. A closer examination of the pendideated slide under the optical
transmission microscope showed numerous spots of diameter les30than where no pencil
lead had been deposited. For comparison, we evaluated deposition MALEE matrix
CHCA using electrospray deposition. Again, the coating lacked uniformagenless a very
thick layer (10-100 um) of matrix was deposited. To minintiee effects of surface coating
defects, several other substrates were explored for individwdlomne imaging. First, a

commercially available graphite plate (SPI supplies) waedeas a substrate. The porous
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structure of the graphite plate gave high surface area whiats gidéential enhancement of the
laser desorption/ionization efficiency [203]. However, in our tést,ion signal was less than
for pencil lead coated glass slides. The extracts fohabrochaites LA1777 yielded 50 mV
signal for acylsugar ion m/z 731 (S4:21) using 90 laser powelBrgkencil lead coated glass
slide. For the same extracts, a laser power setting of 13Begaised to obtain the same signal
using a graphite plate. As a second alternative, a thin layearbbn paint (Ted Pella, Inc.)
used for electron microscopy was painted on the back side ofndessasteel MALDI plate.
The ingredients present in the carbon paint yielded more backgroursigimals at low mass
range than rinsed pencil lead. To remedy this, the carbon patibhg was heated with a gas
flame for 5-10 min to remove the impurities. Background was redaftedthe heating except
for one major background peak that has the same mass (m/z 233) negiieve mode as
sesquiterpene acid metabolites present in trichomes. For #sentethis approach was not
pursued further. Third, glassy carbon plate widely used for eléenuistry gave minimal
background, and was judged to be a promising alternative. Glassy caboecesatly found to
have structural features resembling fullerenes [204] and has beerfoussihall molecule
analysis by laser desorption ionization [205]. Fullerenes haeppbven to be a successful
matrix for laser desorption ionization [206, 207].

The surface of glassy carbon can be chemically etched or mealaground to increase
the surface area, which should increase the ionization yield betteuseetabolites would be
spread in a thinner film within the illuminated area. Howevertramsfer printing, the rough

surface may decrease spatial resolution of LDI analysesibespreading of metabolites would
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be more favorable. The choice of a solid laser-absorbing matehakt considered as a trade
off between ionization efficiency and spatial resolution. To Haistthis point, consider that
each type VI gland contains about 100 pL of cell sap. The gland $i&adjiie and the sap can
readily leak from the trichome upon application of mechanical for€er this reason, to
achieve higher spatial resolution desired for single gland imathiegglassy carbon surfaces
described below were not subjected to any etching procedures.

Figure IlI-8 shows LDI images obtained in both positive and negatges of trichomes
transferred from a small (5 x 10 mm) leaflet ®fhabrochaites LA1777 to a glassy carbon
surface. The images document metabolite composition with spasalution of individual
trichomes. Further examination of the mass spectra genexatiffierent locations across the
leaflet suggested a heterogeneous distribution of metaboliteshe jpositive mode spectra, an
example spectrum selected from a bright spot on the m/z 731 imeagehe midvein shows a
series of ions separated by 14 Da that correspond to potassiomzeatiacylsugars. The ion
at m/z 731 corresponds to acylsucrose S4:21, and its abundance is sugféstaions of type
| and IV trichomes, which are responsible for acylsugar accuronjas discussed in Chapter Il.
A different pixel farther away from the midvein also displaygrang m/z 731 signal, but shows
abundance of S4:21 ions greater than those for other acylsugar homdbagse the fatty acyl
groups are believed to be derived from various amino acids, this fiadggests that metabolic
conversion of amino acids to specialized metabolites has aicigmiflependence on trichome
location within leaf tissue. Similar heterogeneity was olegkrin the negative ion image,

which revealed a dominance of flavonoids, detected as m/z 301, thetouagtgcone anion,
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near the midvein, but greater prominence of sesquiterpene acid23&)/m regions closer to
the edge of the leaflet. Both of these metabolites dextsely accumulated in type VI
trichomes [140], so this finding reflects biochemical differenges, specific trichome type, at
various locations across the tissue. Whether this reflectsretiiffeaccess of trichomes to
metabolite precursors in phloem near the midvein remains to bemdetd;r and further
investigation into the factors that control accumulation of metabaliténdividual trichomes is

recommended.
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Figure I1I-8 Left: Mass spectrometry images of selected ionsSfdrabrochaites LA1777
trichomes transferred +to glassy carbon. (A) m/z 731 in positiedemcorresponding to
acylsugar S4:21 ([IM+K]), using laser power setting of 105, 125 um stage step, and 20 laser
shots per pixel. (B) m/z 301 in negative mode (fragment ion of querglytosides) for the
same leaf sample using laser power setting of 115, 125 um step size, and 20 lagenpskelt p
Right: (A) mass spectra for two individual pixels in positive m@8e mass spectra for two
pixels in negative mode
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Figure 111-8 (cont’d)
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The differences in metabolic phenotypes between individual type dHotmes is further

illustrated in Figure IlI-9, which shows a reflected light mcope image of the transferred

trichomes on a glassy carbon surface (Figure 11I-9A) and thesgnding LDI image of m/z

233 in negative mode.

To address the challenges of aligning oatidainass spectrometry

images, four position indicators were applied to the substrate uging paper, which is easily

visualized using the camera in the MALDI instrument.

Thessrerce points lie outside the

area shown in the images in Figure 11I-9. These images deratngiat metabolite signals are
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obtained with spatial resolution of individual trichomes. To further ioonthe physical
integrity of trichomes after the transfer printing processuaréscent microscope image was
obtained (Figure 111-9C), which shows fluorescence is confined tontegior of the type VI
trichomes. To obtain this image, it was not feasible to uselmon substrate. However, a thin
film of carbon was deposited afterward using vacuum evaporatiolepukition, in the same
manner as is common in sample preparation for scanning electromosooipy
(http://www.huck.psu.edu/facilities/electron-microscopy-up/fag/samppearation), which
employs carbon thickness on the order of 10-50 nm. The LDI imageréFill-9D) was
obtained by transferring the carbon coated slide into the MALIMMument. To obtain higher
spatial resolution, complete ablation of each pixel was performed [Z)8y a laser power
setting of 145. Due to the small stage step size and thevegJatiow laser repetition rate (10
Hz), the imaging of an entire leaflet at single gland reswiutvould take about 15 days to
complete, so the imaging was only conducted over a small afsawas the case with the
glassy carbon substrate, substantial differences in the sepgnéeacid signal at m/z 233 were
observed for trichomes adjacent to one another on the leaf surfélkis striking heterogeneity
of trichome chemistry provides a compelling reason for perfornuingmical imaging of
trichomes. If all trichomes on a leaf surface were chalilgiadentical, the rationale for

imaging them would fade.

129



Figure 111-9 Images ofS habrochaites LA1777 trichomes printed on (A) glassy carbon
surface, reflected light image (B) m/z 233 ion (sesquiterpers)ari negative mode on the
same glassy carbon area. Step size was 25 pm with 200 Hasempsr pixel. (C) fluorescent
image ofS habrochaites LA1777 trichomes printed on a glass slide using 543 nm excitation
and 560 nm longpass emission. Slide was subjected to carbon coativgaedt (D) mass
spectrometry image of the same glass slide as (Q)cadtbon coating, showing ion abundance
map for m/z 233 in negative mode using 200 laser shots per pixel with 25 um step size.
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Despite the growing number of published reports using mass spetttramaging for
protein and metabolite localization [208-211], validation of the pedooa of mass
spectrometry imaging has been scarce. Several issuedesant to validation of MS imaging,
but most center around the effect of the cellular matrix on gn#egosition and ionization
efficiency. To explore matrix effects, a set of experimexamined LDI using the glassy
carbon substrate using a mixtures of trichome extracts fromvtlddomato speciess. pennellii
LAO716 andS. habrochaites LA1777. The former was employed as a cellular matrix, and its
amount was maintained in excess relative to the latter, acohstant quantity. The acylsugar
profiles of these plants are easily distinguished by their col@e masses, as LA0716
accumulates acylglucoses, and LA1777 accumulates acylsucrosasethatarly 200 Da heavier.
Varying amounts of LA1777 extract were diluted into the LAO716 ektraith the proportions
normalized to the LC/MS extracted ion chromatogram peak areashdomost abundant
acylsugar from each plant, and these were assumed to have equiesieonse factors.
Mixtures were prepared over the range of 0.01 to 1.0 for LA1777:LA0716, aaligant was
deposited into 2 mm diameter wells cut into a parafilm maskgusia tip of a Pasteur pipet.
The amount of material deposited into each well is estimateartespond to approximately 100
trichome equivalents per well. LDI mass spectra were geterfrom 200 laser shots by
manually moving the stage to sample across the well. The sigieasity for LA1777
acylsugar S4:21 at m/z 731 was determined for triplicate wWetlseach mixture, and the
relationship between signal and LA1777 concentration is presented ume Hid-10. The

response approaches linearity over the 100-fold concentration rangestsugtfeat quantitative
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comparisons in MS imaging should be reliable when experimentaltmorsdare designed and

executed properly.
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Figure 111-10  (A) The LDI spectra of a mixture & habrochaites LA1777 andS pennellii
LAQ716 extracts using positive linear mode. Using a laser pdwér, spectra from 200 laser
shots were averaged while rastering lhe laser across théB)pGalibration curve showing ion
abundance of m/z 731 (S4:21, [M+K) relative to the least diluted LA1777 extract as a
function of 1/dilution factor of LA1777 extract (n=3, £SE). A constanbant of LA0716
extract was added to provide a matrix in which the LA1777 metabolites were diluted.
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Figure 111-10 (cont’d)
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Another validation experiment involved comparing the LDI imaging sigha metabolite

per unit area around midvein to the same signal near the leaf etlge leaf samples of similar

size from the sam8. habrochaites LA1777 plant were collected. Glass Pasteur pipettes were

used to sample a core in the leaf tissue from the midvein ackdeaf edge area, with the
removed tissue being contained within the pipette tip. Four spotgheeanidvein and four
spots near the leaf edge were sampled for each leaf. r&ftesving the plant tissues, pipette
tips were broken off, and dropped into extraction solvent (acetoniaiier:2-propanol 3:3:2) to
extract metabolites using ultrasonication for each spot deparaOne set of extracts was
analyzed using LC/MS, and the peak areas were integratelef@xtracted ion chromatogram
for m/z 233. This signal corresponds to multiple isomers of seguenteracids, which are type
VI trichome specific metabolites. Choice of this signal avomistrdioutions from cells other
than trichomes which are removed during the coring process. sponding cores from the
second leaf were analyzed using LDI, employing the same 2iemretér wells described above.
The spectra for each spot were averaged for 200 laser shetelheand the signal for m/z 233
was tabulated. A comparison of the ratio of m/z 233 signal neamitheein relative to the
signal near the leaf edge using the two analytical methoole$ented in Figure IlI-11. Both
methods confirm the greater abundance of sesquiterpene acids pd#issu@t area near the

midvein, and this finding supports the observation in the LDI imaging results (Fig6().
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Figure IlI-11  (A) The schematic diagram showing the hole drilling expertnom the leaf
surface for validation of LDI metabolite profiling using LC8V Four areas were collected
around the leaf midvein and four areas were collected on the leaf (BJgEhe ratio of the
sesquiterpene acid detected in the midvein (m/z 233) cut to thedgafwas measured using
two different analytical method; LC/MS and LDI. The experimests conducted on two
different leaves.
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In some cases, optical imaging of printed trichomes shovegndlin areas outside the
boundaries of individual trichomes. One question that needs to be answeedether
metabolites leaked from trichomes during the tissue printing proaessether laser irradiation
of trichomes leads to ejection of metabolites following rupturinghefttichome cell wall. In
either case, the integrity of metabolite localization might bmpromised. For individual
trichome imaging, pre-checking of liquid leaking using a dissgatiicroscope can help select
areas where leakage is minimal. After laser ablationmexaion of the residual material on
the substrate showed only tiny amounts of residue outside the tectatthe gland structure

appears intact (Figure 111-12).

Figure I1I-12 The reflected light optical image of transferr&d habrochaites LA1777
trichomes on glassy carbon surface (A) taken right afterrtémsfer. (B) after laser ablation
with 200 laser shots per pixel and laser power =145.
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One additional question to be addressed is whether LDI imagingecparformed on thick
biological tissues. Typical dissected tissue in imaging @xeet has been sectioned to around
10 pum thickness, or approximately the dimension of a eukaryotic CRflere are some previous
reports about mass spectrometric imaging where tissuersedtave been placed directly onto
the substrate [152]. One attempt to extend the application of fesieental scheme involves
determining whether a thin barrier between substrate andafigtavould still allow desorption
and ionization of the metabolite to occur. To test this, a filpavkfilm was stretched across
the substrate to about 10 pum thickness which is close to the thsckha typical tissue section
for MALDI imaging. Another layer of parafilm cut with a “Spain” logo was placed on the
top the first parafilm and pressed against it to prevent ledkatgeen the two layers of parafilm.
A methanolic solution (100 uM) of the glycoalkaloid tomatine, witciks a chromophore at the
laser wavelength of 337 nm was pipetted into the recessed tegp and LDI imaging was
performed over the entire area. The imaging result is pexsémtFigure [1I-13. The results
demonstrate that tomatine ions, predominantly the protonated aglyegneeht at m/z 416 can
be ejected from the surface of the thin film even when a filaviges a barrier to material
transmission. No evidence was found to suggest that tomatine had lka&agh to the
substrate surface because no tomatine signals were deaftetedlring the laser at the glassy
carbon substrate after the parafilm was removed. Control expesimeere performed by
placing another parafiim and tomatine film on a stainless $dlDI target plate. No
tomatine metabolite signals were detected, even using the higbestpower setting available

for this instrument.
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Figure 111-13  Imaging of “Spartan” logo constructed by tomatine deposited ohGhem of
parafilm attached on the top of glassy carbon. (A) Optical inohgiee Spartan logo cut with a
razor blade. (B) intensity map of tomatidine fragment ion (m/z 4&6m tomatine. Spectra
were acquired using linear positive mode using laser power of 155, and 20 laser shotd.per pix

3.4 Conclusions

The carbon based substrate coupled with contact printing samplegpi@pauccessfully
addresses the challenges for imaging trichomes using masospetcy. For trichome imaging,
the traditional imaging scheme that involves mounting tissue smbstrate, and coating with
matrix, is not possible owing to the fragile trichomes andr timeiompatibility with fixation.
The contact printing scheme possesses several layers df mEy sophisticated sample
preparation steps are not needed, 2) metabolite analysis does nofreuifénterference from

matrix or other additives, 3) the technique allows selective imgagif trichomes without
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interference from other epidermal cell types. The approach p®wpatial resolution of
individual trichomes across much of the leaf surface for planteengenusSolanum. The
simplicity of sample preparation makes such experiments d#loleeds a broader range of
researchers with limited technical expertise in sample preparation.

This printed transfer scheme offers other novel applications. By tise printed transfer
method, two slides can be coated, and trichomes from both leafesudan be transferred to
separate substrate surfaces in a single step. This enables moraeamglgsis of a single leaf
or other plant tissues. Another potential application is for fingerpmaging. Fingerprint
imaging using mass spectrometry has drawn attention recentlye areas of forensics or
security [212]. The inexpensive carbon based substrate can be raaddyto collect
fingerprint for imaging mass spectrometry purposes. Lashdiuthe least, this carbon based
substrate imaging scheme is useful for remote sampling. #iecearbon substrate can be
easily frozen, stored and shipped, it can be used to sampleshagtie in remote area and
transfer spatially preserved chemical information to the labkgrdor analysis. In summary,
our work first time extended imaging mass spectrometry toiaped epidermal cells without
using dissection or tissue fixation. The printed transfethatetcoupled with carbon based
substrate provides a complementary sample preparation method fpngnmaass spectrometry

and provides potential novel applications.
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CHAPTER FOUR
CHARACTERIZATION OF METHYLATED FLAVONOID REGIOISOMER S USING

LC/MS/MS COUPLED WITH SEMISYNTHETIC ENZYMATIC METHYLATI  ON

4.1 Introduction

Plants synthesize a diverse group of specialized metaboltesahtribute to their survival
and reproduction, with different plant species accumulating distetstaf compounds [213].
Plants evolve to synthesize new compounds through the effects of mutatidonactions of
biosynthetic enzymes, and subtle mutations can modify enzyme funatiomays that are
challenging to predict from DNA sequences alone. For this retdsme, is renewed interest in
determining functions of biosynthetic enzymes, and these efforteatdly require a better
understanding of plant chemistry.

One family of specialized metabolites that occurs widely actios plant kingdom is the
flavonoids, of which more than 4000 different metabolites within tlasscare known. The
diversity of flavonoid structures provides for a variety of physichkemical, and biological
properties [214] (Figure IV-1). Flavonoid metabolites such as anthsyare responsible for
coloration in flowers, fruits, and other tissues, and have been promosedfér protection from
the damaging effects of ultraviolet radiation. In addition, flavonats play roles as
regulators of transport of the plant hormone auxin [215], serve gaslisig molecules in

plant-symbiont interactions [216], control pollen tube growth and functignathich are
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important in plant reproduction [217], amate precursors of antibiotic phytoalexins that

strengthen plant defenses against pathogens [218, 219].
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Figure IV-1 Basic structures of the main classes of flavonoids. Commom@®<Casubstitution positions are indicated with an
arrow. Adapted from Reference [220].
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Flavonoids have several hydroxyl groups that can be modified by aesdticluding
methylation, acetylation, glycosylation, and sulfonation. Modificabbrihe basic flavonoid
structure serves an important role in determining where thereiiff modified forms are found
within the cell. For example, glycosylated flavonoids are wsdérble and mostly present in
the cytosol. O-methylation of flavonoids confers greater lipophilicity [221] an@mfprecludes
glycosylation. As a consequence of their physical propertiethylated forms of flavonoids
are often secreted on leaf surfaces where they protect anegi from UV-B damage [222].
In addition,O-methylation enhances the antimicrobial activity of the flavohgidghcreasing the
lipophilicity and decreasing the reactivity of the phenolic hydraxglups toward oxidation, as
flavonoid oxidation can generate intermediates that triggetioeacinvolved in mutagenicity
[214].

Plants convert flavonoids to their methyl ethers through catabysi®-methyltransferase
enzymes, which us&adenosylmethionine (SAM) as the methyl donor. Most plant genomes
contain numerous methyltranferase genes, and they exhibit diverseatubpecificity. Their
functions include modification of phenolic acids in the synthesis of Higmiecursors,
methylation of DNA and RNA, and methylation of humerous metalsoliteluding the plant
hormones salicylic acid and jasmonic acid. Although the methdfeareaction mechanism is
the same for all phenolic hydroxyl groufg3;methyltransferasenzymes(OMTs) demonstrate
significant substrate and stereochemical selectivity [223he Jtudy of OMT specificity and
selectivity can help researchers better understand the fundijon&lmethylation in plants.

Besides that, regioselective OMTs have potential use for piodumt regiospecific methylated
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compoundghat are unavailable in nature, including precursors of novel dvhgs chemical
synthesis is not feasible [224-226]

The study of O-methyltransferase specificity requirest felucidating their products’
structures. Although there are many reviews about flavonoid structure an§&is 227-232],
techniques that can identify the position of methylation on flavonoids s slow to develop.
So far, most methylated flavonoid analysis relies on isolationiliram quantities followed by
NMR characterization [233-236].In planta, methylated flavonoids usually exist at low levels
and as mixtures of isomers, often making isolation from pissie impractical. A few reports
have described use of chromatographic and spectroscopic techniqakaracterize methyl
flavonoids [237-240]. However, spectroscopic methods other than NMR getylaseful for
pinpointing methylation at a specific position, e.g., using UV to pinpolmtier 5 position is
methylated or not [241], but are inadequate when multiple methyatiame occurred. To
reliably distinguish and identify isomeric methylated flavonoidsmparisons to authentic
standards are preferred, but the lack of authentic standardsofdr methylated flavonoids
prevents detailed structure confirmation necessary to prove riegingéy of methylation by
OMTs. This has resulted in a significant gap in our knowledge about OMTidascand the
biological importance of individual methylated flavonoids.

Mass spectrometry offers a sensitive and information-ricinadetor structure elucidation
that is especially useful when only small amounts or impure sulestare available. Mass
spectra generated using electron ionization (El) has been uselatacterize methylated

flavonoids [242-245], but still requires authentic standards or librategsred from such
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standards for comparison. Recently, several groups have invedtitfad fragmentation
behavior of a few methylated flavonoid standards using soft ibmizand tandem mass
spectrometry [246-251]. Although some differences between theimolirluced dissociation
(CID) spectra have been observed for different isomers, the rangengdounds has been
somewhat limited, and the differences between isomers have beere. subit the
commencement of the research described below, comparisons to autterdards were still
needed for definitive identification of multiply-methylated flavonoids.

Several research teams have concluded that it is nearlysinjgot identify positions of
methylation on flavonoids from mass spectrometry alone [220, 227-232]. B fbathis
conclusion is that in CID spectra of methylated flavonoids, losseo©-methyl group, often as
the neutral CH radical, takes place with a lower threshold collision energn tbther
fragmentation pathways. Subsequent fragmentation of carbon-carbon bondtedemgmeents
specific to certain portions of the flavonoid ring system, but ssumd fragments may have
already lost methyl groups, the resulting fragment ions whuagses are consistent with no
methyl substituent do not provide reliable evidence that the methyl group is absent.

In many cases, definitive structure elucidation requires systbésie proposed compound
because spectroscopic methods, including MS and NMR, often yield ambigsulis when
authentic standards are not available. For many methylatedndias) the presence of
numerous hydroxyl groups with similar reactivities makes suatthegis challenging, as
selective introduction of methyl groups on a specific position ireguposition-selective

chemical modification [252-261]. As an alternative, synthesismafthylated flavonoid
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standards can be achieved by reaction of a flavonoid substrdteamwiO-methyltransferase
enzyme of known function and regioselectivity. Unfortunately, the gapsiriunderstanding
of OMT function and selectivity are large, but provide the ratiof@emuch of the efforts at
understanding biosynthetic enzyme functions that are at the heart of thisatmser

As part of a collaborative effort with the laboratory of Prafedsran Pichersky at the
University of Michigan, we recently identified two O-metinghsferases from the wild tomato
relative S. habrochaites LA1777 [262]. Assignment of these enzymes as OMTs was initially
based on DNA sequence similarity to other OMTSs, but proof of funcéquimes biochemical
evaluation of OMT substrate selectivity and product identificatiorhe characterization of the
functions of these two enzymes was guided by the chemicedatbazation of their enzyme
productsin vivo, through LC/MS profiling of metabolites described in Chapter I, imndtro
using recombinant OMTs expressediEncoli. These efforts were steered by the observation
that metabolites from the trichomes of this plant had moleculassesaconsistent with

polymethylated myricetin.

146



4.2 Experimental Methods

421 Material

421.1 Plant material

Seed stock o& habrochaites LA1777 was obtained from the C.M. Rick Tomato Genetic
Resource Center (TGRC, University of California Davis, US/ASeeds were germinated at
room temperature on filter paper, and transferred to soil appabely 5 days after germination.
Plants were maintained under controlled light conditions of 16 hours digd 8 hours dark.

The temperature gradient was maintained between 24 °C and 18 °C (light:dartjrepe

42.1.2 Chemicals

S Adenosylt-methionine was purchased from Sigma-Aldrich (St. Louis, MO, U&#J
ds-labeled SAM was purchased from C/D/N isotopes (Quebec, CanaBE\vonoid and
methylated flavonoid substrates included myricetin, laricitrirnf8thylmyricetin), syringetin
(3',5’-dimethylmyricetin), and 3',4’,5'-trimethylmyricetin. Mygetin was purchased from
Sigma-Aldrich and the remaining substrates were purchased froasixthese (Benay, France).

Methanol, 88% formic acid, and acetonitrile were purchased from VWR Sidenti
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4.2.2 Enzyme cloning and expression

Recombinant ShAMOMT1 and ShMOMT2 enzymes were cloned from cDNdeframS,
habrochaites leaf RNA, expressed ig.coli BL21 Star (DE3) pLysS cells (Invitrogen), purified
by anion exchange chromatography, and assayed by Adam Schrttidt Bichersky laboratory
at the University of Michigan. SDS-PAGE was used to estalise degree of purity of the

active fractions.

4.2.3 O-methyltransferase assay

4.2.3.1 General methodology

Enzyme assays were performed by Adam Schmidt, using a Contixtnastion Assay
Method (CEAM) designed to optimize product accumulation for masdrepegric analysis.
Assays were performed in 1.5 mL glass vials (Supelco Analy27080-U) in a final volume of
500 pL (ag). A layer of 500 pL 100% ethyl acetate was carefidplied over the aqueous
assay volume to serve as a non-polar extraction phase. Bitieflyystem provides an aqueous
phase (where enzyme reaction takes place) and non-aqueous atate gohase, with an
interface that promotes preferential partitioning of methylaggemtiucts to the upper organic
phase. As products are removed from the reaction mixture by idiffusto the non-polar

phase, positive equilibrium is maintained and substrate turnover isicatha At the end of
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each incubation, the upper organic phase was collected, evaporatgaessdrsing a SpeedVac,

and redissolved in 50 pL of methanol:water 1:1 (v/v).

4.2.3.2 Individual enzyme assays

Assays for each enzyme contained approximately 23 ug (ShMOMTD pg (ShMOMT?2)

of purified protein, 500 uM substrate (methyl group acceptor), 500 AM $r d3-SAM

(methyl group donor), and all were buffered with 50 mM Tris (pH 7.5).

4.2.3.3 Coupled enzyme assays

ShMOMT1 and ShMOMT2 were combined, 1:1 (v/v), in a final volume of 50q3gg|).

Each assay contained 500 uM substrate (methyl group acceptop,MbEAM or &-SAM,

and all were buffered with 50 mM Tris (pH 7.5).

424 LC/MS

Samples were analyzed on a QTRAP 3200 mass spectrometer from Applied
Biosystems/MDS Sciex (Concord, Ontario, Canada) coupled to a Shim&20AD binary
pump and SIL-HTC autosampler. Separation was achieved by Tkergho BetaBasic C18

column (150 mm x 1.0 mm, |@m) at temperature of 30 °C. The mobile phase was A: 0.5%
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formic acid and B: 0.5% formic acid in 60% methanol+ 40% acettenitri0.5% formic acid
was added to decrease the peak tailing [263, 264]. The mixturetlvmokand acetonitrile is
reported to provide superior chromatographic selectivity in sepasadf flavonoids [265]. A
15 min reverse phase gradient at flow rate of 0.100ml/min wasfosedparation. The liner
gradient elution program was as follows: 10% B for 0.3 min, then an dimteestep up to 40%
B followed by a linear increase to 100% B from 0.31 to 8.5 min, foliolmea hold at 100% B
for 2.5 min. At 11 min, the solvent returned to 10% B, and the column guakbeated for
4 min before the next injection. The mass spectrometer waategen the positive ion mode
with a TurbolonSpray source. Enhanced product ion scanning (ERIfwiamic fill time was
used to generate product ion MS/MS spectra using 40 V collision @btéosirameter CE).
Scan rate was set to 4000amu/sec. The other ionization parameterasafollows: curtain gas
(CUR), 10; ion source gas 1 (GS1), 12; ion source gas 2 (GS2), 30; ssupmrdture (TEM),
400 °C; entrance potential (EP), 10 V; CAD gas, HIGH; capillargmal 5500 V. The mass
spectrometer and the HPLC system were controlled by Analyst doft®are from Applied

Biosystems/MDS Sciex.

4.3 Results and Discussion

Kaempferol, quercetin, and myricetin derivatives are metabobsrted in tomato tissues
[266]. However, reports of methylated forms of flavonoids in tissafeany tomato or its

relatives are scarce [267], and are nonexistent for trichomeipgofi Transcripts of two genes
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were found expressed in the glandular trichomeSotdnum habrochaites LA1777, and were
designated as methyltransferases ShMOMT1 and ShMOMT?2 lmessdquence homology to
other methyltransferase genes. Six metabolites detecedracts of isolate®. habrochaites
LA1777 trichomes were initially assigned as putative metaglanyricetin aglycones based
upon their masses and retention times. In the cases of dimatiytrimethyl-derivatives, two
putative isomers of each were observed. To annotate thesg@atexthmyricetin metabolites,
commercial standards of methylated flavonol aglycones were itedibaith recombinant
methyltransferases to generate products of more extensiglateon. All these products are
subjected to LC/MS/MS analysis.

Only three methylated myricetin derivatives were availdbben commercial suppliers:
3’-methylmyricetin, 3’,5’-dimethylmyricetin, 3',4’,5'-trimethylyricetin.  In light of the
limited availability of standard reference compounds and the lovisle¥enethylated myricetin
metabolites in trichome extracts, alternative strategiexietk to be developed to annotate
methylated flavonoid metabolites. It was decided to exploit tkgeated selectivity of
recombinant O-methyltransferase enzymes with tandem masBaspe assign structures to
methylated metabolites. Recombinant ShAMOMT1 and ShMOMT2 enzyme exploited to
produce methylated products of myricetin and its methylatedogsma Products of these
enzymatic reactions could then be compared to trichome metabolitietermine whether they
would match retention times and product ion spectra. The firstimgrgrinvolved incubation
of myricetin substrate with each individual enzyme (ShMOMTBbMOMT2) and separately

with a mixture of both enzymes. Annotation of enzyme reaction pt®dugs accomplished
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using a process of elimination, which starts from exhaustivelyidennsg all product structures
consistent with observed pseudomolecular masses, and then varietia evére applied to
eliminate candidate structures that were not consistent wittnti@s time and mass
spectrometric data.

The benefit of using enzyme-catalyzed reactions for metabstitnisynthesis arises from
the regioselectivity of most enzymes. In many cases, additi a single methyl group is the
major reaction product, and this fact allows more straightfonaasignment of methyl group
position. The methylated positions in the precursors are presgrvibg enzyme products,
which reduces the number of the possible isomers that need to béecedsi For example, a
completely unknown trimethylmyricetin would have 20 possibilities dhase random
combinations of three methyl groups over six potential positions tfylagon on myricetin
hydroxyl groups. However, if a trimethyl myricetin compound istisgsized by reaction of a
known dimethylmyricetin with a methyltransferase, only 4 isomers arebp@ssiThe success of
this approach then depends on observations of isomer-specific MS/M®Baspeat can
discriminate among the four isomers, but might not distinguish alls@hers products by
random methylation.

Another benefit of using enzymes for metabolite semisynthesighas selective
incorporation of CI3 groups at selected positions can be achieved by using tridedterat
co-substrate S-adenosylmethioning-dThe end products consist of specific substitutions of
methyl and g-methyl groups at different positions. Such compounds are not avaitabie f

natural sources and are also not readily synthesize, again, animg presence of multiple sites
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for nonselective alkylation. These partially labeled metiegl myricetins are valuable for
distinguishing fragmentation behavior of specific methyl group usindem mass spectrometry,
and results from these investigations are described below.

Elimination of candidate metabolite structures is a progresana often iterative process.
Any structures already identified from previous steps can bé asereferences to eliminate
unsuitable candidates in the next step. Comparisons of retentionandddS/MS spectra of
products from different enzymatic reactions were also usecildefee candidate elimination or
sometimes make conclusive annotation. Fragment ions observed in IMSNy&duct ion

spectra are annotated following previous proposed nomenclature [268] (Figure IV-2)

153



1,3 A+ <«—

L
O

-
@)
/

OH

o=? o/

> 1,3 B+

L

0,4 B+

Figure 1V-2 Structure of the flavonol aglycone myricetin. The ring waseled as large
letters in black. Positions of substitution by hydroxy or methoxups are numbered in
black inside the myricetin structure. The bonds on the B ring that undérgvage during
collision induced dissociation are numbered in red. Characteristitbemd fragmentations
are labeled in black near the arrow heads, as proposed in Reference [220].

4.3.1 Retention time rules

Liquid chromatographic retention times are features that kcination of unsuitable
candidate structures of metabolites, when compared with otherrsame authentic standards.
Methylation converts phenolic groups from weak acids to neutredrgt and increases the
hydrophobicity of the molecule.

Methylation on different hydroxy groups exerts different degreesnofease of the

molecule’s hydrophobicity, largely because many phenolic groups oicatigr and other
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flavonols can participate in intramolecular hydrogen bonding. Hydlgrogps on the 3- and
5- positions can form hydrogen bonds with the C ring carbonyl group. Uptiylation at
positions 3 or 5, the intramolecular hydrogen bond is removed, andetbsstire electrons on the
carbonyl oxygen to interact more with mobile phase and decreastemtion time.
Methylation of hydroxyls involved in intramolecular hydrogen bondmgy be expected to
increase retention on reversed phase HPLC column by a leggee diean methylation of other
hydroxyl groups. It was observed in kaempferol and quercetin [238Jatldihg one extra
methyl on 5 position almost has negligible effect on chromatograpgtention times.
Compared to methylation at the 5 position methylation, 3 position yhaétin increases
retention time more than methylation at the 5 position [238-240]. ti®wsi3’, 4’ and 5’ form
even weaker intramolecular hydrogen bond with one another. Theréforel or 5’
methylation increases retention time more than 3 or 5 methylatiThe 7 position phenolic
group cannot form intramolecular hydrogen bonds based on molecular geonigierefore,
methylation at position 7 increases the retention time morefthhahe other myricetin isomers.
Also, it was reported before that 7 position has the highest gas plalty among the six
hydroxyl groups [269], but this information is more relevant to mpsstsometric behavior than
HPLC retention times.

Based on previous reports using reverse phase chromatographyfettieoéfindividual
methyl groups on retention of myricetin analogs are 7>3¥%»3>5 [238-240]. The principle
of linear free energy relationships suggests that adding methyl grolipsivélconsistent effects

on the free energy of partitioning between mobile and statigplaages. However, this rule
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assumes that all hydroxyl groups are equivalent. Instead, latgthyof hydroxyl groups that
have differential contributions to solute-solvent interactions apeagd to have different
retention time shifts upon methylation, and these shifts should ldarsa® long as the chemical
properties of the group being modified are similar. Followingrétesntion time rule (we name
it rule #1 in our study), the retention times of isomers camdmpared with any chemically
similar standards, and this information can be combined with knowletdgaromatographic
retention of already identified enzyme products to suggest maéithrylpositions. However,
retention time is only conservatively used as a tool to assseltmination process but final
assignments were mostly based on interpretation of MS/MS specttamprehensive
investigation of MS/MS product ion spectra provides additional informdtonmetabolite

annotation.

4.3.2 Characterization of enzymatic semisynthesis products

4.3.2.1 Mpyricetin as substrate

The LC/MS analysis of the products derived from incubating mymicgith ShMOMT1
showed one peak (RT: 8.15 min) in the extracted ion chromato@¢E®) for monomethylated
myricetin (m/z 333; Figure IV-3B). This compound elutes Halig later than the
3’-methylmyricetin standard (RT: 8.03 min; Figure IV-4A). Tpr@duct ion spectrum (Figure

IV-3E) is distinct from that of the 3’-methylmyricetin stéard (Figure [V-4B) in that the
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[M+H]+, m/z 289, 259, 167, and 165 abundances are substantially lower than for
3’-methylmyricetin standard. Therefore, this monomethylmymcetas assigned to not be
3’-methylmyricetin.  Since 3- or 5- mono-O-methylmyricetare expected to elute earlier than
3’-methylmyricetin, the remaining candidates could be 4’- oronomethylmyricetins. Final

annotation was made using further enzymatic processing of this metabdiscabed below.
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Figure 1IV-3 A) Extracted ion chromatogram (XIC) of m/z 333 for monomeftrgduct from incubation of ShMOMT2 with
myricetin B) Extracted ion chromatogram (XIC) of m/z 333 foonomethyl product from incubation of ShMOMT1 with
myricetin C) Extracted ion chromatogram (XIC) of m/z 333 fmwnomethyl product from incubation of both ShMOMT1 and
ShMOMT2 with myricetin D Enhanced product ion scan (EPI) spectra of monomethyl product from incubation of SHM@MT
myricetin, later annotated as 3’-methylmyricetinEBhanced product ion scan (EPI) spectra of monomethyl product from incubation
of ShMOMTL1 with myricetin, later annotated as 4’-,methylmyiriceData was acquired using Qtrap 3200 instrument using
electrospray positive mode. EPI spectra were acquired under 40V collisiog.energ
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Figure V-3 (cont’d)
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Figure V-3 (cont’d)
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Figure V-3 (cont’d)
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Figure V-3 (cont’d)
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Figure IV-4  A) Extracted ion chromatogram (XIC) of m/z 333 for commersiahdard 3’-methylmyricetin B) Enhanced product
ion scan (EPI) spectrum for [M+H](m/z 333) of commercial standard 3’-methylmyricetin usingv4follision potential. Data
were acquired using a Qtrap 3200 mass spectrometer using electrospratjoiomzpositive mode.
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Figure V-4 (cont’d)
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This monomethylmyricetin enzyme product can be methylated fustheeaction catalyzed
by ShMOMT1, and incubations gave one dimethylmyricetin productdRTmin) detected as
m/z 347 (353 in the incubation using-8AM as the cofactor; both as [M++|—)] Enhanced
product ion MS/MS spectra of m/z 347 yielded fragment ion m/z 167 usiladpeled SAM as
substrate (Figure IV-5A), whereas incubations that emploge8AdM as substrate yielded a
product heavier by 6 Da, consistent with two {Ofpoups. The EPI MS/MS spectrum of m/z
353 yields a fragment at m/z 170 which is 3 Da heavier than m/pld€tved using unlabeled
SAM, indicating that m/z 167 fragment ion has one methyl grougu(gilV-5). Among the
higher mass product ions, we only observe ong ©ds (loss of 15 Da) from the protonated
molecule. This finding suggests that one methyl group is far tabile than the other. The
fragment at m/z 167 was reported to arise from a characteasticDiels—Alder reaction (RDA)
that is annotated as a l,JéAcIeavage for flavonoids having A-ring methyl substitution
[270](Figure 1V-6). The m/z 167 fragment ion peak is the chawatiteion indicative of A

ring methylation. (we name it as rule #2)
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Figure IV-5 Enhanced product ion scan (EPI) spectra of protonated dimethyeadduct from A) incubation of myricetin with
ShMOMTL1 and SAM,; later annotated as 4’,7-dimethylmyricetin anch&)bation of myricetin with ShMOMT1 an&<6AM, later

annotated as 4’'(Cd),7(CDg)-dimethylmyricetin.

positive mode and 40 V collision potential.
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Figure IV-5 (cont’d)
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Figure IV-6  Fragments of m/z 167 derived from protonated 4’,7-dimethylmj¢+ni¢Bat can
distinguish sites of methylation through deuterium labeling. hway involves 1,3A cleavage
with one methyl group remaining on A ring, retaining the deuteridmel ld& labeled in the
methyl on A ring.

There are two hydroxyl groups on the A-ring of myricetinthat 5- and 7-positions, that
could potentially undergo methylation. The appearance of the fragatem/z 167 in the
methylated myricetins suggests that one of these is mettiy{gigure 1V-5), and none of the
enzyme incubations or plant extracts yielded product ions at m/zthe@1lwould point to
methylation at both positions [271]. The mass spectra alone do oot &l definitive
assignments as 5-methyl or 7-methyl substitutions. However, cmops of the HPLC
retention of the enzymatic (ShMOMT1) dimethylmyricetin produBT (9.3 min) with
3',5’-dimethylmyricetin standard (RT 8.7 min), show later elutionhef enzymatic product. The
longer retention time is consistent with methylation at the wiposbecause the 7-hydroxyl
cannot participate in intramolecular hydrogen bonding, wheredisylagon of the 5-hydroxy
group would disrupt intramolecular hydrogen bonding, and would lead to leeismarease in

reversed phase retention upon methylation.
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The monomethylated myricetin generated from ShMOMT1 showedgaent at m/z 153
consistent with no methylation of the A-ring, and the dimethyiceyin product was concluded
to have undergone methylation at the 7-position. Based on the discassimomatographic
retention of methylated myricetins described above, it wasadyr concluded that the
monomethylmyricetin product was not methylated at the 3- orp®sitions. From this
information, only one isomer is possible, specifically the 4’,7-digletiricetin.  Since methyl
group migrations during MOMT reactions have not been establishedr@gtiney expected), the
monomethylated product (RT 8.15 min) is assigned as 4-monomethgétigri  One
interesting aspect of the ShMOMTL1 product mixture is that thenesayg capable of adding a
methyl group to the 7- position, but no 7-monomethylmyricetin was wbdewhich would have
been evident from the m/z 167 indicator of A-ring methylation. From itiffiormation, it is
concluded that ShMOMT1 catalyzed selective methylation of ntymieg the 4’-position, and
the selective formation of 4’,7-dimethylmyricetin suggests 4hamonomethylmyricetin may be
a better substrate for 7-position methylation than unmodified myricetin.

Using the second recombinant methyltransferase enzyme cloned Srdwtorochaites
LA1777 (ShMOMT?2) for incubation with myricetin, only one chromasgjric peak observed in
the extracted ion chromatogram (XIC) for [M++H§:orresponding to monomethylmyricetin at
m/z 333 is observed (RT 8.04 min; Figure 1V-3A). Both retentior tamd enhanced product
ion spectra are indistinguishable from 3’-methylmyricetin stahd&rgure IV-3A and Figure
IV-4).  Therefore, the sole monomethylated product of ShMOMT2 idgrass as

3’-methylmyricetin. No incubations of ShMOMT2 with myricetin Iged detectable amounts
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of products with more than one methyl group.

It is notable that one additional feature in the product ion spﬁmth+H]+ of the 3’- and
4’- isomers of monomethylmyricetin distinguishes these isoifteégare 1V-3D and E). The
residual abundance of protonated 4’-methylmyricetin in the producpestrsm is nearly 4-fold
lower than for 3’-methylmyricetin, when normalized to the bask pdundance. In both cases,
the base peak arises from loss of methyl radical, and thiegiisshing characteristic suggests
that different methyl groups exhibit differential susceptibility homolytic bond cleavage
following collisional excitation. More detailed investigationsointhis phenomenon are
described in Section 4.3.2.2.

Myricetin was incubated both with individual ShMOMT1 and ShMOMT2 ereg/m
separately, as well as in mixtures containing both enzytoegenerate as many products as
possible to: (1) establish enzyme functions, and (2) elucidateatbastic fragment ions for
different structures through a combinatorial synthetic approachincubations that employed
both enzymes, a broader chromatographic peak for m/z 333 ([T\/IfﬁH]nonomethyImyricetins)
was observed, with a split peak top consistent with two or mordapyang isomers (Figure
IV-3C). It was anticipated that the mixture of enzymes wouoldnf mixtures of methylated
myricetins containing methyl groups at both the 3’- and 4’- positiorsdbagon the activities of
the individual enzymes, and LC/MS results confirmed that both ¥eereed in comparable
amounts. These two isomers could not be completely resolved usirsgaimeent of HPLC
columns and mobile phase compositions, and this is consistent withr ebdervations that 3'-

and 4’-methylated isomers of quercetin were the isomers most difficult tease[288-240].
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Incubations of myricetin with enzyme mixtures (ShMOMT1 and ShMQ@Myielded four
dimethylmyricetin isomers that were resolved using LC/MS, emithnced product ion spectra
for all four peaks are presented in Figure IV-7. Chromatographkspg (RT 9.34 min) and 4
(RT 9.50 min) both gave the m/z 167 fragment ions characteristicsmgle methyl group on
Ring A. Based on the earlier discussion, it is concluded that thiegAsubstituent is on the
7-position oxygen. Since the two enzymes yield 3’- and 4’- motigmayricetins as initial
products, and since ShMOMT1 exhibited catalytic activity towarthéurmethylation at the
7-position, it is concluded that the two later eluting peaks ared8héthylmyricetin and
4’ 7-dimethylmyricetin. The direct annotation of peak 3 (RT 9.3h)nwas made as
4’ 7-dimethylmyricetin because its retention time and MS/MXtspm matched the product
(4, 7-dimethylmyricetin) generated from ShMOMT1 alone. Annotation peak 4 was
completed later through use of incubation of 3’-methylmyriceith enzymes, and is discussed
in greater detail in section 4.3.2.2. In summary, peak 4 was aghotas

3',7-dimethylmyricetin and peak 3 (RT 9.34 min) was annotated as 4’,7-dimetgdtiryr
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Figure IV-7 A) Extracted ion chromatogram (XIC) of m/z 347 for [M:I—t}f dimethylated products from incubation of both
ShMOMT1 and ShMOMT2 with myricetin; B) enhanced product ion scdf)(Epectrum of dimethyl product (RT 8.71),
annotated as 3’,5’-dimethylmyricetin; C) enhanced product ion sdal $gectrum of dimethylated product (RT 8.95), annotated as
3',4-dimethylmyricetin; D) EPI spectrum of product (RT 9.34). annotated as 4',7-dimethylmyridetirEP| spectrum of product
(RT 9.50) annotated as 3’,7-dimethylmyricetin. Data were acquisiag a Qtrap 3200 mass spectrometer using electrospray
positive mode and 40 V collision potential.
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Figure IV-7 (cont’d)
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Figure IV-7 (cont’d)
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Figure IV-7 (cont’d)
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Figure IV-7 (cont’d)
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For the two early eluting dimethylmyricetin products generateth fthe mixed enzyme
incubation (Figure IV-7A), the fragment of m/z 167 that is abtaristic of A-ring methylation
was not observed (Figure [1V-7B and C), indicating no A-ring substitution.

Combining the information about the other metabolites, the following reomist are in
place for both of the two early eluting dimethylmyricetioneers derived from incubations with
myricetin as substrate: 1) no methyl on A- ring; b) astleme or more methyl groups on the 3'-
or 4’- positions; 3) 3’ is equivalent to 5’ owing to symmetry. Witthiese constraints, there are
four possibilities for these two dimethylmyricetin isomer3,Y), (3',4"), (3,4") and (3,3).
The first peak (RT 8.71 min) matched retention time and fragatient pattern of authentic
3',5’-dimethylmyricetin. Based on the chromatographic retentioedjrthe best match of latter
peak was 3',4’-dimethylmyricetin because it elutes about 0.2 nten (RT 8.95 min) than the
3',5-isomer, and the 3,3- and 3,4-isomers would be expected to ehrtereowing to
intramolecular hydrogen bonding. All of the four dimethylmyiitgiroducts are consistent
with the enzyme selectivity observed in the individual enzyme itimnizathat demonstrated
methylations at 3'-, 4’-, and 7- positions of myricetin.

Several features in the MS/MS spectra of these two 3,3- ands8pers distinguish them
from the 3',7- and 4’-7-dimethylmyricetins described above. T, fand most prominent
feature, lies is the abundance of higher mass product ions. For ®&Bi-cdnd 3,4’-isomers,
the most abundant product is m/z 331, which is 16 Da lower in mass tharethugsor. In
contrast, the dominant product ion for the later eluting isomers (8474a7) was m/z 332, an

odd-electron fragment corresponding to loss of methyl radical (15 Da). lo3$hef 16 Da in the
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3,3- and 3,4’-isomers can be explained either by successive losSe«0odnd a hydrogen atom,
or a concerted elimination of GHwhich would require a hydrogen migration. A more
complete and systematic exploration of the structural featespemsible for these differences is

presented in subsequent sections (Section 4.3.3) of this Chapter.

4.3.2.2 3-methylmyricetin as methyltransferase substrate

The catalytic activity of ShMOMT?2 yielded 3’-O-methylmgetin as its only product.
Because only one methylated product was formed, and since comnsergices of this product
were available, more extensive investigations of ShMOMT1 functianddcbe explored.
Incubations of ShAMOMT1 with 3’-methylmyricetin and SAM yieldsb peaks in extracted ion
chromatograms corresponding to protonated dimethylmyricetirs 34v; Figure IV-8). The
later eluting peak, (RT 9.47 min) gave the characteristic feagmon at m/z 167 which indicates
methylation at either the 5- or 7- positions. As discussed above,wtdss annotated as
3’,7-dimethylmyricetin and not 3’,5-dimethylmyricetin based onlate elution as compared to
the 3',5’-dimethylmyricetin standard (RT 8.73 min). The retentinetand product ion
spectrum is indistinguishable from the fourth peak (RT 9.50 min)h&n rhixed enzyme
incubation described in Section 4.3.2.1 (Figure IV-7E), and supportasgggnment as
3',7-dimethylmyricetin also. The first chromatographic peak (&%7 min; Figure IV-8)
yielded fragment at m/z 153 but not m/z 167, which indicates nong\-gubstitution.

Considering the starting substrate is 3’-methylmyricetie, temaining possibilities are (3',5’),
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(3,4) or (3,3) isomers. Comparison of the product ion spectra of ifumer with an

authentic standard of 3’,5’-dimethylmyricetin led to its elimimatas a candidate. Then only
two possibilities are left which are (3',4") and (3,3’). Sintseretention time and product ion
spectra matched the second peak in the mixed enzyme incubatoibetén Section 4.3.2.1, it

was identified as 3',4’-dimethylmyricetin (Figure IV-7C).
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Figure IV-8 A) Extracted ion chromatogram (XIC) of m/z 347 ([M:I)ﬂfor dimethylmyricetin products from incubation of
ShMOMT1 with 3’-monomethylmyricetin  B) EPI spectrum of diméthyricetin product (RT 8.97), later annotated as
3',4’-dimethylmyricetin C) EPI spectrum of dimethyl product (RH®7), later annotated as 3’,7-dimethylmyricetin. Data were
acquired using a Qtrap 3200 mass spectrometer using electrospray positivenohd@¢eV collision potential.
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Figure V-8 (cont’d)
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Figure V-8 (cont’d)
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One trimethylmyricetin product was generated from incubatioswiethylmyricetin with
ShMOMTL1 (RT 10.22 min; Figure 1IV-9). The presence of m/z 167 iptbéuct ion spectrum
is indicative of A-ring methylation, which is consistent wittethylation in both 4’- and 7-
positions as these were formed independently. Furthermore, tmeeriselutes later than
3,4’,5'-trimethylmyricetin standard (RT: 9.70 min), which is coteig with its assignment as

3,4’ 7-trimethylmyricetin.

183



344.9

100% ; 300.0
80% 1
= _ 1,3A" 272.0
= 60% 167.1
1= 317.0
< 40% - .
14 215.1 2431 [M+H]
20% 200.1-. ‘ J‘ 308.9 | 361.0
0% Ll || s ||||h| Ly ﬁ“l L |||‘ ‘ " |l|1|.| |.1||LL” L ‘”hll u ||.||”J . |HHJ I ||‘ . |‘M ‘” wlh Ll ”‘ - ‘
100 150 200 250 300 350

m/z

Figure IV-9 EPI spectrum of m/z 361 ([M+IJ-rI] for trimethylmyricetin product (RT 10.22 min) from incubation &iVBOMT1
with 3’-monomethylmyricetin, later annotated as 3’, 4’, 7-trimbthyyicetin. Data were acquired using a Qtrap 3200 mass
spectrometer using electrospray positive mode and 40 V collision potential.
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Incubations of 3’-methylmyricetin with ShMOMT2 or with mixture§ ShMOMT1 and
ShMOMT2 vyielded two chromatographic peaks in XIC (m/z 347) corresponding
dimethylmyricetins using ShMOMT2 incubation and four analogdusratographic peaks in
the products from the mixed enzyme incubations. Since the two gimgticetins from
ShMOMT2 incubation were also observed in the mixed enzyme incubatwrrage of the
complete range of isomers is accomplished via analysis of ittedrenzyme products (Figure
IV-10). Considering that 3’-methylmyricetin is the startirepgent, five dimethylmyricetin
isomers are theoretically possible: (3',4"), (3,5), (3,3"), (3',5) @8d7). An exploration of
the retention times and product ion spectra was undertaken to arthetateubation products.
The chromatographic retention of the (3’,7) isomer should be greasediscussed above, and
this isomer would be expected to yield a fragment at m/z 167 shaharacteristic of a
monomethyl-subsituted A-ring. The latest eluting isomer (RT 9.B0) did indeed show this
fragment, and was therefore annotated as 3’,7-dimethylmyricefihe second eluting isomer
(RT 8.73 min) showed a strong match with retention and product ion spectra of therciaiiyne
available standard 3’,5’-dimethylmyricetin, and was annotated as sU¢te possibility that the
third eluting isomer (Figure IV-10D) was 3',5’-dimethylmyricetias then excluded. Because
the m/z 153 fragment indicates no A-ring methylation, and isrktention time (RT 8.98 min)
argues against the 3,3’-substitution (which should elute earlier). ofllgremaining candidate
is 3',4’-dimethylmyricetin, and this finding is supported by &f match of retention time and
MS/MS spectrum with the 3’,4’-dimethylmyricetin product formed S8#MOMT1 (which

exhibits 4’- methyltransferase activity) methylation ofn3&thylmyricetin (Figure IV-8). The
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remaining and earliest-eluting isomer (RT 8.34 min) is annotated the remaining options,

3,3~ or 3',5-dimethylmyricetin. As discussed above, the 5-metloyyhés is expected to give

the m/z 167 fragment peak through 1,§ BAleavage. However, this isomer only shows a

fragment at m/z 153, consistent with no A-ring methylation. Thee it is assigned as

3,3’-dimethylmyricetin.
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Figure IV-10 A) Extracted ion chromatogram (XIC) of m/z 347 ({M++I-)|]‘or dimethylmyricetin products from incubation of both
ShMOMT1 and ShMOMT2 with 3-monomethylmyricetin; B) EPI spectrefmproduct (RT 8.34 min), later annotated as
3,3’-dimethylmyricetin C) EPI spectrum of dimethyl product (B¥73 min), later annotated as 3',5’-dimethylmyricetin D) EPI
spectrum of dimethyl product (RT 8.98min). later annotated as 3',4’tdyineyricetin E) EPI spectrum of dimethyl product (RT
9.52min). later annotated as 3’,7-dimethylmyricetin. Data wegeised using a Qtrap 3200 mass spectrometer using electrospray
positive mode and 40 V collision potential.
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Figure IV-10 (cont'd)
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Figure IV-10 (cont'd)
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Figure IV-10 (cont'd)
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Figure IV-10 (cont'd)
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From these isomer annotations, it is also concluded that incubati@snethylmyricetin
with ShMOMT?2 alone vyield two isomers: 3,3- and 3',5’-dimethylmytilce and this finding
demonstrates that ShAMOMT2 can methylate at the 3- and 5’ (éepiivta 3’)-positions. A
summary of the enzymatic conversions of myricetin and the enymahomethylmyricetins is
presented in Scheme IV-1. One novel aspect of this discovery iméhigylation at the

3-position by ShMOMT2, and this activity is considered rare among plant O-tnatisjerases.
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Scheme V-1 Conversions of myricetin and monomethylmyricetins by ShMOMT1 and
ShMOMT2 enzymes. Products of ShMOMT1 alone are colored red, of ShNQilbhe are
colored blue, and products requiring both enzymes are colored brown.

As mentioned above in Section 4.3.2.1, product ion MS/MS spectra suggestetieth
fragmentation behavior of methyl groups varied based upon the positibie ofethyl group.
However, to establish different methyl group behaviors in molecoletgining multiple methyl

groups, a tag or indicator of which methyl group is present in a product ion is needexttiv&el
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methylation of flavonoids using common chemical methylation r@@stioes not offer adequate
selectivity to be useful for chemical synthesis without invokingpiemschemes for protecting
and deprotecting flavonoid functional groups. For this reason, enzysyatiteses, which are

usually more selective, were employed to introduce deuteratdryIingedups in a limited range

of positions on myricetin.

In incubations conducted using ShMOMT1 with 3’-methylmyricetin dedterium labeled
d3-SAM, the 3’-methyl-4’-@-methylmyricetin contains one unlabeled and one labeled methyl
group. The surprising finding in the product ion spectrum for [I\/T+ils|]that it gives a barely
detectable peak corresponds to loss of unlabeled methyl radicaH#r(r6/z 335 or 334
respectively), as was observed for the unlabeled compound asddsabove. Instead, only
loss of labeled methyl radical plus hydrogen atom (m/z 331 0lios8 Da) was observed (Figure
IV-11). Two explanations regarding this phenomenon are postulatédst, the initial
fragment ion from loss of the 3’-O-methyl group may undergo mapel conversion to other
ionic products than occurs following 4’-O-methyl loss. However, losmethyl radical or
methane (Che, -15 Da or CH, -16 Da) are the base peaks in product ion spectra from
commercial standards of 3’-methylmyricetin and 3’,5’-dimetiyiicetin, respectively, at the
same collision potential (40 V). These findings argue againstutistable intermediate
hypothesis. The second postulated option suggests that the ratessexf bf methyl radical
from the 3'- and 4’-positions are quite different, with loss of th@abition C33 group much
faster than loss of the 3’- methyl radical when both are ptesethe same molecule. While

kinetic isotope effects are anticipated, the magnitude of théduti&éerences would be difficult
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to explain based on kinetic isotope effects alone.

As was the case for the 3’-methyl-4'sfeémethyl isomer (Figure IV-11), the enhanced
product ion spectra of 3gkmethyl-3’-methylmyricetin show no Giradical loss (m/z 335) but
only CD3 loss (m/z 332; Figure 1V-12). As discussed above, this posidil@eis/e loss
indicates the methyl group on the 3-position is more labile undee (B conditions relative to
the 3’ position.

The findings of this experiment demonstrate that differencelsamical behavior of methyl
groups in methylated phenolic metabolites may provide a distinguishing feagfwefasisomer
discrimination. These kinds of isomers have been exceptionallyutliffecresolve using mass
spectrometry alone. Enzymatic synthesis of compounds having bothdlaoedeunlabeled
methyl groups are the key for this discovery because such compoenust available in nature
and also challenging to make by chemical synthesis. Underggati@irreactivity of O-methyl
groups and its dependence upon position of substitution provides a catt#&bit metabolite

structure identification, and its importance will be discussed more below.
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Figure IV-11 EPI spectrum of m/z 350 ([M+IJ-rI] for dimethylmyricetin product 3’-methyl-4’g@Fmethylmyricetin from
incubation of ShMOMTL1 with 3’-monomethylmyricetin ang-8AM. Data were acquired using a Qtrap 3200 mass spectrometer
using electrospray positive mode and 40 V collision potential.
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Figure IV-12 EPI spectrum of m/z 350 for dimethyl productg}{thethyl-3’-methylmyricetin from incubation of both ShAMOMT1
and ShMOMT2 with 3’-monomethylmyricetin and-8AM. Data were acquired using a Qtrap 3200 mass spectronmtey
electrospray positive mode and 40 V collision potential.
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4.3.2.3 3, 5-methylmyricetin as methyltransferase substrate

As described above, the catalytic activity of ShMOMT2 alone @arvert myricetin to
3’-methyl- and 3’,5’-dimethylmyricetins. Since trichome extsagielded an assortment of
more extensively methylated myricetins, the possibility thasé might form from actions of
multiple  methyltransferase  enzymes was explored further. ublion  of
3',5’-dimethylmyricetin with ShMOMT1 yielded two chromatograpleaks with masses (m/z
361, [M+H]+) corresponding to trimethylmyricetin isomers. The first isofil 9.70 min)
matched retention time and product ion spectra with 3',4’,5'-trignetyricetin, and was
annotated as such. For the second isomer (RT 10.14 min), its product etnurap@-igure
IV-13) gives the characteristic A-ring methylated product ioméf 167. Since its retention
time is longer than 3',4’,5-trimethylmyricetin standard (FBI70 min) the only option is

3,5, 7-trimethylmyricetin.
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Figure IV-13 A) Extracted ion chromatogram (XIC) of m/z 361 ([M:I)ﬂ‘or trimethyl product from incubation of ShMOMT1
with 3’,5’-dimethylmyricetin. B) EPI spectrum of m/z 361 for niethyl product (RT 9.71min), later annotated as
3,45 -trimethylmyricetin C) EPI spectrum of m/z 361 for tethyl product (RT 10.14 min), later annotated as
3,5, 7-trimethylmyricetin. Data were acquired using a Qtrap 32@3srspectrometer using electrospray positive mode and 40 V

collision potential.
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Figure 1V-13 (cont’d)
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Figure IV-13 (cont'd)
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Incubations of 3’,5’-dimethylmyricetin with ShMOMT?2 yielded evidenof only a single
trimethylmyricetin (RT 9.21 min) which eluted earlier than 354trimethylmyricetin standard
(RT: 9.70 min). The product ion spectrum of this isomer yielded a gtemi{z 153 but not at
m/z 167, pointing to no substitution on either the 5- or 7-positions. Theoptibn consistent
with these observations is 3,5’,3-trimethylmyricetin (Figivel4), and this structure provides
evidence of a second ShMOMT2 substrate that is methylated &gbsition. Product ion
MS/MS spectra from [M+HJf'| of the trimethylmyricetin product generated from incubations
using &-SAM showed a prominent neutral loss of 18 Da {§@&dlical; m/z 346) but no peak
corresponding to neutral loss of 15 Da @3IHdical; m/z 349) (Figure 1V-14B). Again, this
fragmentation is consistent with the finding described above that @hand 3’- (or 5’-) methyl
groups are present on the same molecule, the direct methyldasshe protonated molecule
comes almost exclusively from the 3- methyl position.

To further understand the formation of more extensively methylatsaicetins,
3',5’-dimethylmyricetin was incubated with a combination of ShMOMTid &SshMOMT?2.
Unlike the incubation with ShMOMT2 alone, the mixture of enzymegsegged two
trimethylmyricetin isomers. These peaks are assigned,@s/3rimethylmyricetin, which is
presumed to be formed by the ShMOMT1 capacity to methylateheat7tposition, and

3,5',3'-trimethylmyricetin discussed above as a product of ShMOMT2 activity.

202



100% - 346.1

A

80% |

S 680%:

£

Q

x 1,3A ek N
20%1 153.2 303.2 312 E'*,BH

192.2 275.2 | | ‘ ‘ |

0% L 1y M I L 1L, ||| i L, |.|' '|'”. 1l |

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
m/z

Figure 1V-14 A) EPI spectra of m/z 361 ([M+It|] for trimethylmyricetin product from incubation of ShMOMT2 with
3',5’-dimethylmyricetin later annotated as 3, 3’,5-trimethylmcgtin; B) EPI spectrum of m/z 364 for trimethyl product from
incubation of ShMOMT2 with 3’,5’-dimethylmyricetin ang-<6AM, later annotated as 3d3’,5 -trimethylmyricetin. Data were
acquired using a Qtrap 3200 mass spectrometer using electrospray positivenohd@¢eV collision potential.
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Figure 1V-14 (cont'd)
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4.3.2.4 3,45, -trimethylmyricetin as methyltransferase substrate

The results described above demonstrated that ShMOMTL1 can introéticd groups at
the 4’ position of myricetin, and ShMOMT2 can introduce methyls aBthand 5’-positions.
The combination of both enzymes can form 3',4’5-trimethylmyricetamd its further
transformation was investigated, since authentic substrate waserorally available and this
substrate has all three B-ring positions methylated. Incubatid@)f5’-trimethylmyricetin
with ShMOMT?2 yielded only one chromatographic peak with [MJ-?Hﬂ m/z 375 (RT 9.81 min)
consistent with a tetramethylmyricetin. The product ion MS/M&csum exhibited a strong
m/z 153 fragment ion, which indicates no A-ring methylation {Fég IV-15). The only
remaining possibility is 3,3’,4’,5'-tetramethylmyricetin, again destrating the capacity of
ShMOMT2 to methylate the 3-position hydroxyl. In incubationsngists-SAM as the
co-substrate, the counterpart product ofz3dveethyl-3',4’,5'-trimethylmyricetin gave a major
neutral loss of 18 Da (CGIm/z 360) followed by a successive neutral loss of 15 Dag(@H
345) but only a miniscule peak corresponding to loss of 16 Dgpid H) from the protonated
molecule. As observed for less methylated myricetins, whe(@B85’-), 4’-, and 3- O-methyl
groups are all present, the dominant methyl loss from the protomatedule comes from the 3-
position (Figure IV-15B). The minor peak that corresponds to ndossalof 16 Da (ChitH;
m/z 362) is believed to come from the 4’- position methyl radiess plus an additional
hydrogen atom, from sources yet to be discussed. Becausecadyatbserved when 4’ and 3’

(or 5’) methyl groups are present, direct methyl loss fronptbtonated molecule mainly comes
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from the 4’ position (Figure IV-11) unless a methyl group i© gisesent at the 3-position
oxygen. We conclude that the 3-O-methyl group is even more thbite4d’-O-methyl. Based
on all of the trideuteromethyl analogs investigated for thiseptpyve conclude when protonated
polymethyl flavonoids undergo collisional activation, the rate of adsmethyl direct from the
protonated molecule follow the ranking 3 > 4’ >> 3'(5’) >>7. The @tloss of methyl groups

provides a valuable tool that can differentiate isomers formed by methy(Ruda #3).
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Figure IV-15 A) EPI spectrum of m/z 375 ([M+It|] for tetramethylmyricetin product (RT 9.81 min) from incubation of
ShMOMTZ with 3',4’,5’-trimethylmyricetin, later annotated as 3, 8',5'-tetramethylmyricetin; B) EPI spectrum of m/z 378
([M+H] ) for tetramethylmyricetin product (RT 9.81 min) from incubationS6fiMOMT2 with 3’,4’,5'-trimethylmyricetin and
d3-SAM, later annotated as 3)d3’, 4',5'-tetramethylmyricetin. Data were acquired usin@t@aap 3200 mass spectrometer using
electrospray positive mode and 40V collision potential.
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Figure IV-15 (cont'd)
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The 3',4’,5-trimethylmyricetin was also subjected to incubationgh B hMOMT1, and
only one chromatographic peak was observed to correspond to a tettemggtfin, though in
low yield. This single product, gives m/z 167 in the MS/MS producspectrum of [M+HT,
an indication of a single methyl group on the A-ring (Figure IV-16)he two possibilities are
3,455~ or 3,45, 7-tetramethylmyricetin. The enzymatic réan product (RT 10.31 min)
eluted later than 3, 3',4’,5-tetramethylmyricetin, (RT 9.81 miajd this is consistent with
3,45, 7-tetramethylmyricetin. This finding is consistent witlBhMOMT1-catalyzed
methylation at the 7-position, as discussed above. Incubation of,4h&'3rimethylmyricetin
with the mixture of ShMOMT1 and ShMOMT?2 yielded two tetrametiyicetin products,

which are the same as those generated by incubations with the individuaéenzym
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Figure IV-16 EPI spectrum of m/z 375 ([M+It|] for tetramethylmyricetin product (RT 10.31 min) from incubatiosbMOMT1
with 3’,4’,5’-trimethylmyricetin, later annotated as 3',4’,5’,7-tmtmethylmyricetin. Data were acquired using a Qtrap 3200 mass
spectrometer using electrospray positive mode and 40 V collision potential.
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4.3.3 The origin of hydrogen radical loss from protonated O-methylflavonoids

In six authentic standards and products of enzymatic methylatianydtetin and its
methylated analogs: 3’,5’-dimethylmyricetin (Figure I'8)7 3’,4’-dimethylmyricetin (Figure
IV-7C), 3',4’,7-trimethylmyricetin (Figure 1V-9), 3',4’,5-tmethylmyricetin (Figure 1V-13B),
3,5, 7-trimethylmyricetin (Figure IV-13C) and 3',4’,5,7-tetramegtimyricetin (Figure IV-16),

a major product ion corresponding to loss of methane (16 Dalton loss)tliemrotonated
molecule is more abundant than loss ofsGH5 Dalton) using 40 V collision potential. This
behavior stands in contrast to all other methylated myricetivadmes studied, for which the
product from loss of Cglwas far more abundant than the 16 Da neutral loss. Interestitigly,
six compounds that show a significant 16 Da neutral loss have twaerer thhan two methyl
substitutions on the B-ring, therefore it is concluded that thatgparent loss of methane is
characteristic of compounds with two or more methyl groups on théend® of myricetin.
However, two methylated myricetins are exceptions to this ruse3’,5'-trimethylmyricetin
(Fig IV-14A) and 3, 3',5',7 tetramethylmyricetin (Figure 1V-21poth of which have 3-position
methyl groups which are more labile to loss of{QKan all B-ring methyl groups as discussed
above. Therefore, it is suggested that a prominent loss of Ii®manethylated myricetins is
characteristic of two or more B-ring methyl groups and no substitution atghsition oxygen.

The mechanism that leads to loss of 16 Da from methylatettetips with two B-ring

methyl groups remains uncertain. Product ion spectra for the esdireof methylated
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myricetins showed no evidence of loss of hydrogen radical from |]|\7|stling CID potentials
ranging from 25 to 80 V with 5 V increments. Subsequent 3 M&halysis of

[M+H] +—>[M+H-15]+ —> product ions also failed to yield detectable fragments negutom

a hydrogen atom loss in the second dissociation. Based on theks, ithe possibility of a
concerted loss of Cfcannot be discounted. If the elimination of f¥dere concerted, the
origin of the additional hydrogen must be within range of miiggatio the carbon of the methyl
group eliminated, such as: 1) the hydrogen involved in protonationhjragen atom from a
hydroxyl group, most likely the 3- and 4’ or 5’ positions which are ¢aB) carbon-bound
hydrogen on the B-ring (e.g. 2’ or 6’ positions); 4) hydrogen from a neanogi®yl group.

To address the source of the additional hydrogen in the 16 Da rlesrdtfom protonated
methylated myricetins, product ion spectra were generatethdodeuterated analogs described
above. An analog with a single deuterated methyl group on thengB-ri
3’-methyl-5'(dg)-methylmyricetin yielded neutral losses of 16 Da (G —CHDe, m/z 334),
17 Da (most likely -CHD, m/z 333), and 19 Da (-Gbl, m/z 331) from the protonated molecule
(Figure IV-17). In the corresponding unlabeled compound, the product éssrof CH was
more abundant than the product generated by loss gf. CHBoth losses of 17 and 19 Da from
the deuterated analog indicate that at least one deuteriunttieofi(ds)-methyl group was lost
in the neutral product. Similar results were also observed for d¢hweerated methylmyricetins
including 3’(d3),5'(d3)-dimethylmyricetin which gave a prominent neutral loss of 20({TDy,

m/z 333) from the protonated molecule (Figure IV-18). These repuitgide compelling
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evidence that methyl hydrogen are a source of hydrogen loss, astlaeconcerted loss of GH
or successive losses of g+and He. However, methyl hydrogens are not the only source of the
lost hydrogen atom. For example, the 16 Da neutral loss progua 334) from
3’-methyl-5'(dg)-methylmyricetin corresponds to loss of gHut no methyl hydrogens on the 5’
position methyl group are available to donate a proton, as all ateridens. Therefore, this
hydrogen must come from other sources. Since protonated 3',4’,5Htgimgricetin also
yields a prominent product from loss of gkFigure 1V-13B), a B-ring hydroxyl group is not a
prerequisite for generating loss of @H There is little evidence that B-ring free hydroxyl
groups are the source of the final hydrogen, since no loss of Wa®abserved for 3'-methyl-
or 4-methylmyricetin (Figure [V-3), both of which have two Bgihydroxyls. Likewise,
numerous methylmyricetins with hydroxyl groups on A- and C-ringsndidyield loss of Cl,
suggesting that these are also not the hydrogen source. Usiitgr dogic, all of these
myricetin derivatives had protons at the 2’- and 6’-positions, and thesefore cannot show
correlation with the occurrence of Ghbss. Having discounted the likelihood that the 2'- and
6’- hydrogens and hydroxyl hydrogens are important contributdfeineutral loss of Cjifrom

3’-methyl-5'(dg)-methylmyricetin, attention should turn to the proton involved in ionization.
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EPI spectrum of m/z 350 ([M+IJ—rI] for dimethylmyricetin products from incubation of ShMOMT2 with

3’-monomethylmyricetin andASAM, later annotated as 3’-methyl-53)dmethylmyricetin. Data were acquired using a Qtrap 3200
mass spectrometer using electrospray positive mode and 40 V collision potentia
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Figure IV-17 (cont'd)
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Figure 1V-18 EPI spectrum of m/z 353 ([M+IJ-rI] for dimethylmyricetin product from incubation of both ShMOMT1 and
ShMOMT2 with myricetin and ¢§SAM, later annotated as 34j5’(d3)-dimethylmyricetin. Data were acquired using a Qtrap 3200
mass spectrometer using electrospray positive mode and 40 V collision potentia



In summary, the product ion MS/MS spectra of an assortment dfylattd myricetin
derivatives demonstrated that neutral loss of CH4 is diagnostimyoicetin derivatives that
have two or more B-ring O-methyl groups are present, providesohaethyl is situated on the
3-position (Rule #4). It is anticipated that structurally simflawonoids such as quercetin

derivatives may follow these rules of annotation owing to their similar da¢imioperties.

4.3.4 Application of annotation rules for identification of methyated myricetin

metabolites inS. habrochaites LA1777 trichomes

In extracts of glandular trichomes from the wild tom&tdnabrochaites LA1777, several
compounds were detected using LC/MS profiling that exhibited maleandd fragment masses
consistent with assorted methylated myricetins. The lowldewé these compounds in
trichome extracts precluded use of techniques such as NMRfottees&ructure elucidation was
performed using LC/MS/MS. For putative dimethylmyricetingomatographic peaks in the
XIC (m/z 347) suggested two isomers of dimethylmyricetin. floee abundant of these (RT
9.51 min) matched the enzymatic product 3’,7-dimethylmyricetinbath retention and
fragmentation pattern (Figure IV-19). The earlier eluting lees abundant metabolite (RT
8.45 min) gave a product ion spectrum showing m/z 153 but not m/z 167, thugges
methylation on the A-ring (5- or 7-positions). The absence oluaaldoss of 16 Da (-Chj
argues against both methyl groups being on the B-ring (Rule #4). coByarison of

chromatographic retention with products of enzymatic methylatibas3,3’-dimethylmyricetin
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was eliminated (Rule#1). Since this metabolite eluted later tiwa 3,3’- isomer (RT 8.34
min), the only remaining possibility is 3,4’-dimethylmyricetin. end it is intriguing that a
substantial difference in the pattern of methyl group lossesolsarved in comparisons of
product ion MS/MS spectra of 3,4’-dimethylmyricetin and 3,3’-dimettyylcetin generated
using enzymatic synthesis (Figure IV-10B). For 3,3-dimethyiogfin, the dominant
fragment ion arises from loss of a single4€kin/z 332) with a substantially less abundant peak
for losses of two Ckigroups (m/z 317). In contrast, the 3,4’-dimethyl isomer yields3h7

(loss of two CH groups) as the dominant fragment ion. Consistent with our proposed& Rule

3 (lability of methyl groups), the more facile loss of theosekcmethyl argues for substitution at

the 4’ position rather than 3'.
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Figure IV-19 A) EPI spectrum of m/z 347 ([M+H] for dimethylmyricetin metabolite i&. habrochaltes LAL1777 leaf dip extracts,
later annotated as 3’,7-dimethylmyricetin (RT 9.51 min); B) §#dctrum of m/z 347 ([M+H} for dimethylmyricetin metabolite in

S habrochaites LA1777 leaf dip extracts, later annotated as 3,4’-dimethylmyni®T 8.45 min).

Qtrap 3200 mass spectrometer using electrospray positive mode and 40 bircpbigntial.
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Figure 1V-19 (cont'd)
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Trichome extracts ofS habrochaites LA1777 also yielded evidence for two
trimethylmyricetin isomers (XIC of m/z 361; Figure RO). The later eluting
chromatographic peak (RT 9.61 min) shows the m/z 167 fragment indicdta single methyl
substitution on an A-ring oxygen (Rule #2). The retention timeHr peak lies between
enzymatic  synthesis products 3,3",5-trimethylmyricetin  (RT 9.21 mirgnd
3,4, 7-trimethylmyricetin (RT 10.22 min). No authentic standard aailable that matched
this product. Based on the relatively long chromatographic retetithe, we conclude the
A-ring substituent is a methyl at the 7-position (Rule #1). Thdymt ion MS/MS spectrum
did not yield any major loss of GHrom the protonated molecule, indicating either a methyl at
the 3-position or less than two methyls on the B-ring (Rule #4)omEhis information, two
candidates remained: 3,3',7- or 3,4’,7-trimethylmyricetin. As dismisbove, the 4’-methyl
group is more labile upon CID than the 3’- methyl. Relative abwreta of the residual
precursor ion to product ions attributed to losses of one and twg gtblips are useful
diagnostics of the lability of the methyl substituents (Rule. #For this more abundant
trimethylmyricetin isomer, relative abundances match 3,3’-dighetyricetin (Figure IV-10B)
better than 3,4-dimethylmyricetin (Figure 1V-19B), so it wasnnatated as
3,3, 7-trimethylmyricetin. The less abundant isomer (RT 9.32 wiglded m/z 153 rather
than m/z 167 peaks indicating no A-ring substituent (Rule #2). te<laarlier than the
3,45~ isomer (RT: 9.7 min) but slightly later than 3,3’,5-trimghtimyricetin (9.21 min).
Excluding candidates with methylation at the 5- position (aethes expected to elute earlier)

(Rule #1), and two standards, the commercial 3',4’,5'- isomer and themenpyoduct
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3,3,5'-trimethylmyricetin which did not match retention time fsagmentation, the only
remaining option was 3,3’,4’-trimethylmyricetin.  Although two mgtfroups are situated on
the B-ring, the methyl group on the 3- position is most labile and ddesirthe product ion

spectrum, precluding the 16 Da loss that would occur in its absence.
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Figure IV-20 A) EPI spectrum of m/z 361 ([M+I1LI] for trimethylmyricetin metabolite i& habrochaites LA1777 leaf dip extracts,
later annotated as 3, 3’,7-trimethylmyricetin, (RT 9.61 min); B) §#ctrum of m/z 361 for trimethylmyricetin metabolitesSin
habrochaites LA1777 leaf dip extracts, later annotated as 3,3’,4’-trimethyloeyin. (RT 9.32 min). Data were acquired using a
Qtrap 3200 instrument using electrospray positive mode and 40 V collision potential.
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Figure 1V-20 (cont'd)
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The trichome extract yielded a single chromatographic peak (RT 10.4&oniayponding
to a tetramethylmyricetin for which the product ion MS/MS speotwas generated (Figure
IV-21). The m/z 167 fragment ion indicates one methyl substitmerthe A-ring (Rule #2).
This metabolite eluted later than enzyme product 3,3’,4’,5-tettaytmayricetin (9.81 min),
indicating that the A-ring methylation is on the 7- position (Rtlg. The absence of a
fragment corresponding to loss of gldliminates the 3',4’,5',7- isomer, and based on the
relative abundances of the unfragmented precursor and successiye losstipeaks, the best

match was 3,3',5’,7-tetramethylmyricetin (Rule #3, 4).
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Figure IV-21 EPI spectrum of m/z 375 ([M+I1LI] for tetramethylmyricetin metabolite B habrochaites LA1777 leaf dip extracts,
later annotated as 3,3’,5’,7-tetramethylmyricetin, (RT 10.48 miBata were acquired using a Qtrap 3200 mass spectrometer using
electrospray positive mode and 40 V collision potential.
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The LC/MS analysis of thes. habrochaites LA1777 trichome extract also showed
evidence of a single pentamethylmyricetin (RT: 11.18 min) foickwthe MS/MS product ion
spectrum was obtained (Figure 1V-22). Again, the fragment/atl67 indicates one methyl
substituent on A-ring (Rule #2). Only one isomer is possible with dunstraint --

3,3,4",5',7-pentamethylmyricetin.
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Figure IV-22 EPI spectrum of m/z 389 ([M+It|] for pentamethylmyricetin metabolite & habrochaites LA1777 leaf dip extracts,
later annotated as 3,3',4’,5’,7-pentamethylmyricetin, (RT 11.18 minja B@re acquired using a Qtrap 3200 mass spectrometer
using electrospray positive mode and 40 V collision potential.
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4.4 Conclusions

Structure elucidation of methylated flavonoid regioisomers has loegsepted enormous
technical challenges. In fact, a key 2004 review commentedhignsubject, “Although
isomeric compounds show a different fragmentation behavior, the gositibn of the methoxy
group could not be defined without comparison with standards or NMR arfaly3ig/ckens
2004). Since levels of these metabolites are often too low fatimolof milligram quantities,
improved strategies for mass spectrometric structure annotation havedoessary.

By combining the tools of selective enzymatic semisynthed®d,d and tandem mass
spectrometry, selective synthesis was achieved, including ebgitise introduction of
deuterated methyl groups onto the myricetin backbone. Combining tdesgques allowed
experiments to determine substrate selectivity of recombinamtet@yltransferase enzymes
whose functions had not previously been established. In addition, MS/M$aspdc
selectively labeled methylmyricetins allowed contributions péc#fic groups to observed
fragmentation chemistry to be established.

A series of rules were presented for annotatinghgiated myricetins, which are:

Rule #1 [238-240]: Methylation increases chromatographic retentiom differentially
based on the position of the methyl group following the order 7>3¥853>5;

Rule #2: The number of methyl groups on the A-ring is evident frbaracteristic
fragment ions (m/z 153 means 0; m/z 167 means 1; and m/z 181 means 2 methyl groups);

Rule #3: Methyl groups exhibit differential lability upon csitinal activation, with the
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rates of methyl loss following the order 3>4'>>3'(5")>>7;
Rule #4: Characteristic neutral loss of 16 Da (loss of)Gsidiagnostic for two or more
methyl substituents on the B-ring, and the absence of a methyl group at position 3.
Application of these rules does not require any derivatization whigjimtnmntroduce
unanticipated artifacts or complicate analyses of otheahoétes. This strategy of using
LC/MS analysis coupled to recombinant enzyme assays may headpplto other methylated

flavonoids or even other enzyme catalyzed chemical isomers study.
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CHAPTER FIVE
DETERMINATION OF BETAINE METABOLITES AND
DIMETHYLSULFONIOPROPIONATE IN CORAL TISSUES USING LIQUID
CHROMATOGRAPHY/TIME-OF-FLIGHT MASS SPECTROMETRY AND STA BLE

ISOTOPE-LABELED INTERNAL STANDARDS

5.1 Introduction

Corals are in decline worldwide [272, 273], and one of the most impodases of this
decline is described as ‘bleaching'—a reduction or loss of populationsosbnthellae, which
are algae that live in symbiotic relationships within coralitss Bleaching has been attributed
to stresses of elevated water temperature and high lighsityteacting in a synergistic manner
[274-276]. Seawater temperatures only a few degrees Celsius @mhdit®nal norms have
been suggested to be responsible for coral bleaching [272, 273, 277]. WHsrexpesience
bleaching, the primary insult is often to the complex of proteins knasvphotosystem Il or to
pathways of electron flow downstream from photosystem Il in dbeal algal symbionts
[274-278]. Urgent attention deserves to be focused on factors thenodin vivo levels of
metabolites with potential to protect photosystem Il in coralghagstresses of high temperature
and high irradiance.In several organisms, a group of endogenous metabolites called vetaine

have been reported to stabilize photosystem Il functions [279, 280].
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Betaines of amino acids are quaternary ammonium metabolitesedldrom enzymatic
methylation at the amino group nitrogen. The related analog ditselfloniopropionate
(DMSP) is a tertiary sulfonium metabolite produced by a washge of higher plants and marine
algae, and also found in (sometimes produced by) bacteria and aji#@&t283]. Each of
these metabolites possesses a functional group with a permanenepdsitige and an acidic
moiety such as a carboxylic acid that combine to confer zwittecharacteristics at
physiological pH. The most firmly established function of betineanimals is as osmolytes
[284, 285], a role for which they are well poised because of their didnfipawith normal
structures and functions of macromolecules. In addition, in vascwdatspand free-living
algae, glycine betaine was found to play a key role in protectinggystem Il against a number
of stresses, of which high temperature and high irradiance arerartitg [286-290]. These
effects are sufficiently established that multiple cropglants used as models in crop research)
have been genetically engineered to increase betaine exprassiomay of enhancing resistance
to photosystem stress [291-296].

From preliminary investigations, accumulation of betaines tomuollr concentrations in
coral tissues has been found. This finding suggests that coralsss&mthgh concentrations
of betaines to resist the damaging effects of stressfulamagnts, including those with elevated
temperatures. In this context, Professor Richard Hill oMlahigan State University Zoology
Department collected coral samples from a field location Gemacao to investigate whether

betaine levels showed correlations with intensity of solar adiatvith depth in water serving
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as an influence on light intensity. To achieve this goalel@ble and accurate analytical
method for quantification of betaines from coral tissues needed to be developed.

One of the challenging aspects of analysis of betaines and DMSP lies in their lack of
useful chromophores, and their chemical structures have permanently charged groups
that preclude gas chromatographic separation unless they are partially demethylated and
converted to volatile derivatives. In the 1980s, analyses of betaines and DMSP relied on
gualitative or semi-quantitative colorimetric tests that employed planar chromatography
and Dragendorff's reagent [297, 298]. Because these methods are limited in their
sensitivity, selectivity and quantitative accuracy, and ability to resolve multiple betaines,
knowledge of the identities and absolute concentrations of betaines in biological tissues
remained elusive. Pyrolytic dealkylation has allowed betaines and DMSP to be detected
as their dealkylated forms using gas chromatography [299-307]. However these
methods suffer from potential non-specificity, particularly if the dealkylated forms are also
present in the native state. The reaction conditions used for dealkylation may convert
other endogenous compounds to trimethylamine and dimethylsulfide after alkaline
treatment. As aconsequence, such methods may overestimate levels of tissue betaines
and DMSP. For direct analysis of betaines or DMSP, chromophoric derivatives were
developed for HPLC/UV detection [308-311]. However, during the use of this approach,
the abundance of numerous other acidic metabolites compromises the selectivity of
detection and analytical accuracy, and laborious extraction and sample preparation

procedures are needed to remove matrix interferences. Similar derivatization schemes
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were developed using capillary electrophoresis and UV detection, but are subject to
similar complications [312-315].

The permanent cationic moieties of betaines and DMSP make mass spectrometry an
attractive method for their detection, and the advent of soft ionization techniques provides
a convenient means for determining their molecular masses and for efficient and
mass-selective detection [316, 317]. Betaines in plant extracts were analyzed using
electrospray ionization MS using off-line chromatographic clean-up [318], but the
procedure employed strong basic conditions (6 M NH3) that could cause artifacts in the
measurement of metabolites such as DMSP and p-alanine betaine that are subject to
base-induced decomposition. While a recent report described use of an
ultraperformance liquid chromatography (UPLC)-MS method using a reversed phase
column, and the procedure was applied to measure DMSP in marine algae [319], this
approach relied on derivatization with a hydrophobic fluorescent tag to ensure adequate
chromatographic retention on a reversed phase column and low level detection.
Successful HPLC separations of betaines and DMSP have been reported using ion
exchange (IC) chromatography [309, 320, 321]. However, coupling of IC with MS is
complicated by mobile phase salts employed for IC separations owing to suppression of
electrospray ionization by salts. These earlier achievements in the application of MS
advanced the analysis of polar betaine metabolites and DMSP, but they highlight a need

for improved separations of underivatized polar metabolites.
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In recent years, numerous stationary phases have been developed for separations of
polar metabolites [322-324]. In an earlier report from the Jones laboratory, the presence
of cationic nitrogen-containing functional groups contributed to greater retention on a
pentafluorophenylpropyl (PFPP) column using water-acetonitrile mixtures as mobile
phase. Such retention of cationic analytes was more pronounced at high organic
composition, and was attributed to simultaneous electrostatic interactions of analytes with
silanol residues and hydrophobic or polar interactions of analytes with the
pentafluorophenylpropyl group [325]. Mobile phase pH was found to be a critical
parameter for selectivity of separation of basic compounds on PFPP column owing to
pH-dependent shifts in ionization of silanol groups and analytes [325]. Such prior
research offered prospects that betaines and DMSP might be separated using HPLC on
PFPP columns and coupled to a mass spectrometer for metabolite identification and
guantification.

In this chapter, describe a non-targeted quantitative method is described for
measuring multiple betaines and DMSP in extracts of small biological samples without
derivatization using HPLC-TOF-MS and a pentafluorophenylpropyl (PFPP) column for
separation. This approach involves minimal sample processing, gentiessing conditions,
and provides chromatographic resolution isdmeric and isobaric analytes with stable
isotope-labeled internal standards for accurate quantification. In addition, this chapter
presents an alternative synthetic scheme for preparation of deuterium-labeled DMSP for

use as an internal quantification standard.
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5.2 Materials and methods

5.2.1 Chemicals

Glycine betaine hydrochloride}-alanine, y-aminobutyric acid (GABA), iodomethane,
iodomethane-gl 3-mercaptopropanoic acid, and 5-aminovaleric acid were purcHeased
Sigma-Aldrich (St. Louis, MO, U.S.A.). L-alanine and pivalic asere obtained from Fluka.
Proline was purchased from Applied Science. Glycine, ammoniunatecehethanol, 88%
formic acid, and acetonitrile were purchased from VWR Scientific, ai@lWas purchased from
Isotec, Inc. Unless otherwise stated, all other reagentsamaigtical or HPLC grade and were

used without further purification.

5.2.2 Collection and extraction of coral tissue samples

Samples of whole corals were collected from Curacao (Natias|Antilles) and frozen as
soon as possible in liquid nitrogen or dry ice. Coral samples stered in dry ice during
shipping and stored in a -80°C freezer afterward until samptaction. Pieces of coral (~1-9
cm2 surface area) were removed from the freezer, held at roopetatare for 10-15 minutes,
and transferred into a small polyethylene bag. Tissue wasbfasted from the coral surface
using a high-pressure stream of ice-cold distilled water fmowater-pik. The volume of the

water with blasted tissue (collectively termed hhestate) was measured in a graduated cylinder.
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Typical volume of blastate was about 50 mL. Then the blastateamvasdiately mixed 2:1
(v/v) with methanol and acidified to 3% formic acid. = The tredikdtate was vortexed to
suspend any cellular debris. A 596-uL aliquot was promptly remowed4® pL of a stock
solution containing a mixture of eight deuterated internal standasdsadded. Based on
results from preliminary coral tissue extractions, the intestaaidard was added to yield gl
(36 nmol) for deuterated betaines of glycine and proline angi.@ach (3.6 nmol) for the
remaining six deuterated standards. Extraction was faeditay sonicating the extracts in an
ice bath for 10 min followed by centrifugation at 80§0for 5 min and removal of the
supernatant. The pellet was then resuspended in the sanwi@xtsalvent by vortexing, and
centrifugation was repeated, to improve extraction efficien@ye supernatants were combined
and evaporated to dryness using a SpeedVac. The dried residtireewasdissolved in 600 pL
of initial HPLC mobile phase (1% methanol/99% water, adjusted to pHv8tBSormic acid) in

preparation for LC-MS analysis.

5.2.3 Internal standard synthesis, characterization and quantification

Betaine standards that were not commercially available wgméhesized following
procedures described previously [326]. Betaine standards were syethbgizeaction of 1
mmol of amino acid and 16 mmol of GHn 20 ml 1:1 (v:v) methanol/water mixture plus 1 g

of KHCO3. Reaction vessels were protected from light using aluminuméenod reactions

were allowed to proceed for 16 hours at 25 °C. Deuterium labelethéet@ndards were
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made by incubating the same amino acids withlglGB3ing the same amounts of reagents and

reaction conditions. The reaction solvent was then evaporated untleara sf ¥ gas and

the residue was partitioned using 5 ml of chloroform with 5 ml dflléid water. The upper
agueous layer, which contains betaines, was collected. Labelednkimbled standards of
dimethylsulfoniopropionate (DMSP) were synthesized by the wractf CHl with
3-mercaptopropanoic acid in the same fashion but with 0.03 g of NaO6l Bhd of KHHPOy
as buffer. To stabilize the base-sensitive DMSP after sopestitioning, the aqueous layer
was promptly adjusted to pH~3 by addition of formic acid. All ofdgtedards were stored at

-20 °C until further use.

5.2.4 NMR characterization and quantification

. - . .
Synthetic standards were characterized ByNMR spectroscopy using a Varian Inova

300 MHz spectrometer. For synthetic standard quantification, 1.0 npivaiic acid was
added to 1.00 ml of synthetic standard solutions and co-dried iryiagdoven at room
temperature. Dried residue was redissolved in 99.%20.DA1H water suppression pulse
was employed to suppress the water resonance to aid aceuegfation of methyl proton
resonances. Peak areas of the methyl group proton resonance fréimaguvhaand methyl
group proton resonances from betaines were integrated, and useglciitate betaine
concentrations. Concentrations of synthetic deuterium-labelethé&tavere determined by

LC-MS by comparisons to responses from unlabeled betaines. Quardifiwas performed
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by comparing peak areas of extracted ion chromatograms of knowmtatioss of unlabeled
betaine and DMSP standards with responses for deuterium-lab&ételend DMSP solutions.
After establishing concentrations of stock solutions of deuterium-labelaishéstnd ¢ DMSP,

known amounts, ranging from 1.6 to 34 nmol of deuterated betaineg&d$P, were added

to each coral tissue extract, and isotope dilution was employediifgubetaines and DMSP

in these extracts.

5.2.5 LC-MS analyses of metabolites

Three Shimadzu LC-20AD HPLC pumps and SIL-5000 autosampler weed fitith a
pentafluorophenylpropyl HPLC column (158 2.1 mm, 5 um particles, Supelco
Discovery-HS-F5) that was coupled to a Waters LCT Premienogoinal acceleration
time-of-flight mass spectrometer. The column temperature mastained at 60 °C.
Separations employed a ternary gradient based on solvents (A) agjtested to various pH
values for method optimization ranging from 3.4 to 4.3 by addition ofifoacid, (B) methanol,
and (C) 0.15% aqueous formic acid containing 10 mM ammonium acefdte.total flow rate
was 350uL/min and the injected volume was 0. Metabolite detection was conducted using
electrospray ionization (ESI) in positive mode. Nebulization gas fas 350 L/h at 35@C,
and the source temperature was 100 °The capillary and the cone potentials were set to 3100
and 10 V, respectively. The mass spectrometer was operated incy mmatde, tuned to give

mass resolution (FWHM) of 5000. Mass spectra were acquiredatd af 1 s/spectrum using
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dynamic range enhancement, and employed a 0.05 s interscan dé&gbolite quantification

was performed by calculating extracted ion chromatogranhSs{Xfor [M+H]+ ions for each

zwitterionic betaine and DMSP using a mass window of 0.2 Da.

5.2.6 Preparation of calibration and quality control standards

Since no coral tissues were found to be devoid of betaines, it evaduded that
determining limits of detection by spiking a blank coral tissueaet with standard betaines at
low levels was not feasible. Instead, extracts of fieldectdld coral tissues were subjected to
addition of unlabeled betaine standards at different levels. c@onglish this, calibration
standard solutions were prepared by adding NMR-standardized batalnBMSP standards
into pH 3.85 formic acid solution (the initial mobile phase used foreaasation) to give eight
different concentrations ranging from 0.1-300 uM. Aliquots of stocdktisols of deuterated
internal standards (IS) were added to give concentrations pM6@ach of glycine betainegd
and proline betainegd and 6.0uM for the remaining deuterated standards. Low-, medium-
and high-level quality control (QC) spiked solutions were prepseparately to contain 0.3, 20,
and 250uM of unlabeled standards and the same concentrations of deuterateatdstassl
described above. Triplicat®ladracis senaria tissue extracts were spiked with unlabeled
standards to reach 20 or 250 uM of unlabeled betaines and DMSP itrtutseto serve as QC

extracts.
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5.2.7 Evaluation of analytical method performance

Peak integration, generation of calibration curves, and calculatioasabfte levels were
performed using the QuanLynx routine within MassLynx v. 4.1 soft(\Maters). Calibration
curves were based upon triplicate analyses and seven non-zeroolbetlevels, and linear
regression of ratios of XIC peak areas of unlabeled metabtwit€ékC peak areas for deuterated
internal standards (fA|s) against levels of the unlabeled metabolites.

Limits of detection (LOD) were defined as signal-to-RMSseadf 3 for each XIC, and low
limit of quantification (LLOQ) was defined as the lowest conemn that yielded signal
meeting all of the following criteria: S/N 5, accuracy between 80-120% of the true value, and
relative standard deviatio15%. Two different measures of LOD were calculated.
Instrumental LODs were determined by adding standards to pH 3.85 aduoeuics acid and
measuring S/N for different metabolite concentrations, and exat@pglto calculate the
concentration for which S/N = 3. LODs for coral tissue exdraeere determined by spiking
extracts with deuterated internal standards, quantifying betainésDMSP, measuring S/N
ratios for each metabolite peak, and extrapolating to the metabolicentration corresponding
to S/N = 3.

Effects of the coral extract matrix on method accuracy aedigion were evaluated by
preparing and analyzing QC samples consisting of a coral tidsuserfaria) extract with a
cocktail of metabolites (20 or 250 uM) added both pre- and post-processinghree QC

metabolite cocktail solutions (0.3, 20, and 250 uM for each metabolite)redepapH 3.85
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agueous solution. Five technical replicate analyses were perfoegasd day for all QC
solutions over a 3-day period.

To evaluate metabolite recoveries, coral tissue blastate wasgkaimed by vortexing and
divided into three 500-pL aliquots. The same amount of unlabeled betaktailc@ther 20
or 250 uM) was added to one aliquot before the processing stepgadiftiert centrifugation,
solvent evaporation, and redissolution. The same amount of betaine cocdaddded to a
second aliquot after processing, and the third aliquot did not receyverdabeled betaines.
The cocktail of deuterated internal standards was added to eacpraftessing. Recovery (R)

was calculated for each metabolite using the following equation:

Apost / AIS— post Apre / AIS— pre
Apost / AIS— post Aendog / AIS—endog

whereApog is the analyte peak area for unlabeled betaine introducedsaftesle processing,

R=1-

Apre is analyte peak area spiked before sample processiigogfis peak area of endogenous
analyte (no spike), and |&post, AlSpres and Asendog are peak areas of deuterated internal
standard for the corresponding solutions. Four technical replicates analyzed by LC/MS

for each solution.
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5.3 Results and Discussion

5.3.1 Standard synthesis, characterization and quantification

Before this report, the standard method employed for synthesis of
dimethylsulfoniopropionate (DMSP) has involved reaction of dimethydgulvith acrylic acid
[327]. A drawback of this synthetic approach is posed by thetiltglaand odor of
dimethylsulfide. Here, a new synthetic method is describedatrmtls using dimethylsulfide,
and allows for synthesis of deuterated DMSP using the sdraketareagent (C£) as was used
for synthesis of deuterated betaines. Synthesis of DMSP wldsvad in this case by
methylation of 3-mercaptopropanoic acid using an excess of hiethge. The synthesis was
carried out by mixing an aqueous solution of 3-mercaptopropanoic ag@H in.0 phosphate
buffer with an equal volume of methanol, followed by addition oBICHReaction conditions
avoid exposing DMSP to alkaline conditions, which promote its rapid ylettn to
dimethylsulfide and acrylate [328].

The carboxylic group on DMSP or betaines offers a secondary potgteiaf reaction with
iodomethane to form methyl esters. To ensure that such undesetbig ester formation had
not occurred to a significant extent, characterization of allhgjaat products was performed
using both LC-MS and NMR. A single peak in the extracted iomnshtogram for the
protonated zwitterion was observed for each synthetic standard. dpEdra of all synthetic

standards matched expected spectra without showing detectable sioigletrpsonances around
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3.7 ppm corresponding to -OG@GHconfirming that methyl esterified products were below limits
of detection (<< 1% of total), even in the case of the DMSP synthesis.

Separation of betaines and DMSP was achieved on the PFPP columgnaugernary
gradient based on water and methanol, with the aqueous pH adjustquldib differences in
pKa values for the carboxylic groups of the various metaboliteshe rmore hydrophobic
betaines such as 5-aminovaleric acid betaine required botther ldgganic concentration and
addition of 10 mM ammonium acetate to the mobile phase, owing to threg stetention of
hydrophobic cationic analytes at high proportions of methanol. Using I@6#anol, 30
minutes of isocratic elution failed to elute 5-aminovalerid d®taine from the column. Such
retention behavior is consistent with contributions of ion-exchangeanirhs at high organic
contents as observed in an earlier study [325]. Incorporation obamm acetate in the initial
mobile phase decreased retention and resolution of early-elutingdsetdierefore this additive

was added later in the gradient.

5.3.2 Extraction of Metabolites from Coral

Several extraction methods were tested on corals beforeirsglétté method described
above. Overnight extractions of pieces of coral skeleton withetisgere judged to extract
metabolites from deep in the coral skeleton, and thus were presoisethple residues left from
dead tissues. Repeated extractions of whole coral pieces witdr/m@thanol mixtures

suggested a slow and persistent release of betaines from theketeton or dead tissues within
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the skeleton, with levels in the third extraction declining to about @bketaine relative to the
first extraction. To focus analyses on tissues alive atirtiee df coral harvesting, an approach
was used employing a Water-pik, commonly used in coral studieselietive removal of coral
tissues from the skeleton surface to minimize contributions fh@rbulk coral skeleton and to
generate information about betaine levels in tissues aliveedine of sample collection [329].
Various mixtures of methanol and water were tested as potdaéisting solutions, with
methanol proving to be incompatible with the Water-pik construction. d ®@ater blastate was
immediately mixed with methanol and acidified with formic atodquench metabolism and
minimize metabolite degradation because although most betainssable during extraction,
DMSP and3-alanine betaine are susceptible to decomposition to acrylate ursitecbaditions
[328, 330].

The recoveries for all target betaines and DMSP from cissald extracts are summarized
in Table V-1. Since most betaines exhibit chemical stabihty ligh aqueous solubility, the
double extraction gives high recovery for analytes from 82 -104% . milinar losses of DMSP
(82-92% recovery) during sample processing do not present problemgaiatitative analysis,

but highlight the value of using isotope-labeled DMSP as an internal standard.
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Table V-1 Mean recoveries of betaines and DMSP in spiked coral tissue extracts (n=4).

Compound Recovery (%)
Low Spike High Spike
(20 uM) (250uM)
Glycine betaine 95 95
Alanine betaine 90 88
B-Alanine betaine 104 91
DMSP 82 92
GABA betaine 98 91
Proline betaine 90 94
Hydroxyproline betaine 88 87
Aminovaleric acid betaine 102 94

5.3.3 LC-MS analyses of betaines and DMSP

Initial efforts to analyze betaines using an assortmentvefsed phase HPLC columns (C4
and C18) and mobile phases provided unsatisfactory results owimgitexd| retention using all
conditions. While addition of perfluoroheptanoic acid as an ion pairirentagfforded
acceptable retention, it was decided to pursue separations that wnouldsk long-term
instrument contamination by ion pairing reagents.

As an alternative, both ion-exchange and hydrophobic retention mechanisms offered
by the PFPP stationary phase were exploited, and metabolite separations capitalized on
subtle differences in pKa of the carboxylic acid moiety to achieve separation of metabolite
isomers and isobaric analytes. By adjusting the pH of mobile phase, analytes including

internal standards were resolved, allowing separation of multiple betaines and DMSP
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metabolites (Figure V-1) in coral samples, their detection using LC-MS, and quantification

by stable isotope dilution. Betaines and DMSP have groups with a permanent positive
charge that confer increased water solubility and yield poor i@tensing reversed phase LC
separations. Though retention of such metabolites can often be achisigy anionic
ion-pairing reagents, such reagents often suppress ionization irs s@Ectrometry.
Pentafluorophenylpropyl (PFPP) columns offer enhanced retention iohicaanalytes using
water-organic mobile phases. Unlike alkyl silica phases rthaimize ionic mechanisms of
retention [331], PFPP columns exploit a combination of ionic and hydropheteation

mechanisms that provide suitable retention of betaines and DMSP.

247



H3C\@
HaC //N COOH
HiC

Glycine betaine

@coonq

N
c/ \CH3

Proline betaine

Hs

CHs

HsC @/k HiC. © cooq HC_ @
N COOH SN N """ cooH

Alanine betaine B-Alanine betaine GABA betaine
HO
HiC @ cooH HC @ COOH
@ COOH ;N/\/\/ \S/\/
HSC/ \CH3 H3C H3C
Hydroxyproline betaine Aminovaleric acid betaine  pimethylsulfoniopropionate
(DMSP)
COOH
© X
/N/\/ | @®
H3C / /
HsC T
CHj
Taurine betaine Trigonelline

Figure V-1  Structures of betaines and DMSP detected in extracts of coral tissues.
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All tested analytes yielded abundant [MIHQJns (based on M corresponding to the neutral
zwitterionic form), but several analytes are isomers or oland require chromatographic
separation. In addition to the two isomers of alanine betaine, dexgterium-labeled standards
all give signals at a common nominal mass: namely, alanitanbed), 3-alanine betaineg]
DMSP-g; are all detected as [M+Itl]at m/z 141. Subtle differences in charge and solubility
were exploited to resolve these compounds (Figure V-2). Both alarnia@dandp-alanine
betaine eluted in mobile phases containing < 50% methanol, which corredpofréserse
phase”-like conditions using PFPP columns [325]. Systematic adjnstof the aqueous
solvent pH to a point near the reported pKa values, yielded chromattagr@solution that
could not be achieved through hydrophobic interactions alone [331]. rticgpated that the
greater distance between the carboxylic group and the arlestthdrawing positive charge in
B-alanine betaine and DMSP would make their carboxylic acid groupsadgdic than betaines
of alpha amino acids, and therefore have a higher proportion in niutraivithin specific pH
conditions. Adjusting pH of the aqueous mobile phase component to lie hetstmated
carboxylic acid pKa values of alanine betaifelanine betaine, and DMSP enhanced retention
differences. Since reference pKa values for all three compoungsnoet found, the optimal
pH for resolving these metabolites was determined empiricaRetention of alanine betaine
was unchanged from pH 3.4 to 4.3 (Figure V-2). Carboxylic acid pKa vaheee estimated to
be ~2 for betaines ak-amino acids, so the specified retention behavior of alanine besine i
consistent with the carboxylic acid group being largely in aniéoim at pH 3.4-4.3. For

DMSP and3-alanine betaine, the greater distances between the cation and carbodyioaps
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are expected to result in less acidic carboxylic acid groufs.mobile phase pH increases, an
increase in retention of bofiralanine betaine and DMSP is observed, but retention decreases
upon further pH increase (Figure V-2). The increased retentiatirisuted to an increase in
ionization of surface silanol groups, followed by a decreasa@ntien as the carboxylic group
becomes ionized at pH>4. The optimized retention is consisteht avihydrophobically
assisted ion-exchange mechanism [332, 333], in which both ion-ion imeraaod hydrophobic
interaction are important for the retention. Mobile phase pH shouldgaeded as the critical
parameter that can be adjusted to optimize separation of these dmpounds. Optimal
separation of these three metabolites was achieved at pH 3.85 &muib@us component of the
mobile phase. DMSP, alanine betaine ghdlanine betaine were well resolved using this
solvent composition (Figure V-3). Adjusting column temperatures ¢werange of 30-60 °C

had negligible effect on resolution of these three analytes.
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Figure V-2 Retention times of alanine betaimg,(DMSP () andp-alanine betaine&) on a
pentafluoropropyl HPLC column over pH 3.4 to 4.3 in the aqueous mobile phase component.

Binary gradients based on aqueous formic acid (pH 3.85) and methdedl tielute
aminovaleric acid betaine, which is more hydrophobic than the othectetbtenetabolites.
Such behavior is attributed to the greater hydrophobicity and theneatchange retention,
which is more pronounced at high organic mobile phase content. Totleisitenetabolite
without compromising the separation described above, a ternary dradisnmplemented to
elute long-chain and short-chain betaines in a single HPLC siepari@able V-2). This
gradient was based on incorporation of a second aqueous componentutéieraéithe more
hydrophilic betaines, that incorporated 10 mM ammonium acetate addedater, with
subsequent adjustment to pH 3.85 with formic acid. The ammonium aqetateles a

mechanism for displacement of the ionic retention of aminovaleiicketaine by ammonium
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cation. This gradient allowed for elution and resolution of all of thaife analytes using a
15-min gradient.

Detection of betaines and other metabolites employed time-of-flighd sBEeCtrometry with
high mass accuracy and high mass resolution. Narrow mass-wimdav@.{) extracted ion
chromatograms filtered out signal from ions with the same ndmiaas, and yielded clean
chromatograms for coral extracts that were useful for looéita quantification. This approach
aided nontargeted metabolite profiling for corals and other marganisms, providing accurate
mass measurements for metabolite discovery with simultaneousifigatioh of targeted
metabolites using stable isotope dilution. In addition to the antcpletaines and DMSP
metabolites described above, additional metabolites (Figure \4dipne¢abetaine (observan/z
168.0727, theoreticain/z 168.0689) and trigonelline (observedz 138.0555, theoreticatvz
138.0584) were observed in coral extracts and confirmed based on aotasatemeasurements

and separate offline MS/MS analyses.
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Figure V-3 Extracted ion chromatograms showing betaines and DMSP egtrfiota the
tissue covering about 0.05 mmarea of skeleton in a specimen of the coral spédasacis
mirabilis collected in the Netherlands Antilles. (A): Peak #1, glycineibet@/z 118, R 1.41
min); peak #2: alanine betaineVg 132, i 1.60 min); peak #33-alanine betaineniz 132. |

2.71 min); peak #4: DMSRHM(z 135, k 2.36 min); peak #5: proline betaine/¢ 144, R 1.67
min); peak #6: GABA betainar(z 146, R 6.68 min); peak #7: hydroxyproline betaimg4 160,

tr 1.28 min) and peak #8: aminovaleric acid betam& (60, g 8.57 min); (B): Extracted

ion chromatogram fomv/z 141, which shows peaks corresponding to chromatographically
resolved internal standards alanine betaigdjeak a) DMSP-l (peak b) andB-alanine
betaine-d (peak c).
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Figure V-3 (cont’d)
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Table V-2 Solvent composition used in the ternary gradient for elution of long-crad
short-chain betaines on the pentafluorophenylpropyl silica columnyver@oA: water adjusted

to pH 3.85 with formic acid, solvent Bmethanol, solvent C: 0.15% aqueous formic acid + 10
mM ammonium acetate.

Time (min.) A% B% C%
1.00 99 1 0
3.00 99 1 0
3.01 75 25 0
6.50 50 50 0
7.50 50 50 0
7.51 0 50 50
11.00 0 50 50
11.01 99 1 0
15.00 99 1 0

5.3.4 Method Performance and Validation

Although there are clear and comprehensive guidelines for validatiaugtitative methods
in the context of administration of exogenous xenobiotics, there anadee questions than
answers regarding how to validate methods for endogenous metabgslitesially for materials
other than human plasma samples [334]. These challenges arelg@dytimcute for studies of
field-collected marine invertebrates because tissue auaiaisi limited by the remoteness of
sampling locations.  Furthermore, the evidence from this study dagtiegs endogenous
betaine levels are high in all coral samples collected, arldlami matrix was available that is

free of betaines that could be used for spiking experiments to determitsedirdetection.
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To address a desire to evaluate method performance, calibratias cueve constructed
using 7 different concentrations for each betaine and DMSP in aqgetutn instead of
sample matrices. Linear responsezsdr0.99) were obtained over metabolite concentrations
ranging from 100 nM to 300 pM. These curves were used to estimalgi@al limits of
detection (LOD) for standards prepared in agueous formic aci®.@&) and using spiked coral
tissue extracts (Table V-3). Based on this approach, it imastl that LODs for all tested
betaines and DMSP ranged from 6-50 nM in redissolved extractsorafl tissue, which

corresponds to endogenous metabolite concentrations measured in <C?.(IB gample tissue

using the current protocol.

Table V-3 Limits of detection (LODs) of betaines and DMSP deterdhimeaqueous formic
acid and in coral tissue extract matrix.

Compound LOD (nM) LOD (nM)
(in aqueous (coral tissue
solvent) extract)
Glycine betaine 30 20
Alanine betaine 30 30
B-Alanine betaine 50 40
DMSP 8 15
GABA betaine 6 12
Proline betaine 30 30
Hydroxyproline betaine 8 6
Aminovaleric acid 6 11
betaine

Method intra-day and inter-day accuracy and precision are sunechanizZlable V-4. All

of the quality control analyses met the criteria that acgusatween 80-120% of the true value,
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and relative standard deviatigd5%, demonstrating that the method is robust and reproducible.
The data from the two quality controls made in coral extragjgests that using the aqueous
calibration curve with stable isotopic labeled standards canmaebuand precisely quantify the
sample in coral matrix.

All coral tissue extracts contained one or more abundant betamtkb|aak field-collected
coral tissues were not available for evaluating method performssicg procedures normally
employed for exogenous xenobiotics, as commonly practiced in a ptertical analysis
context. To address effects of the coral tissue extractixmatr instrument response and

guantitative performance of the method, the matrix effect (ME) was caddat

. Apost o Aendog

ME =
Asspike

where Ayg is metabolite peak area for post-process standard additigipgfis the peak area of

endogenous metabolite without spike, angpfie is metabolite peak area for spiked aqueous
solvent without tissue extract. After addition of a betaine cddktaa coral tissue extract at
two different metabolite levels (20 and 250 uM), the processedcexirgere analyzed and the
effect of matrix on analyte signal was calculated (Tabl).V- The decrease in analyte signal
caused by the matrix was never greater than 11% for atheahetabolites. This surprisingly
small matrix effect is attributed to the high betaine concgots found in corals relative to
other cellular constituents, which allowed blasting of tissue questfia few milligrams or less
into a blastate volume of about 50 mL. This extensive dilution reduces concentatioaisix

constituents, including betaines and DMSP, by 2-3 orders of magnit&idstances that might
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suppress ionization are also diluted, and have minimal effects ontionizd betaines and

DMSP.
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Table V-4 Accuracy and precision of quality control samples with additiomwitiple betaine
metabolites and DMSP.

Intra-day (n=5) Inter-day (n=3)
Nominal
Compound concentration Accuracy Accuracy
(uM) (%) CV (%) (%) CV (%)
Glycine betaine 0.3 89 6 92 5
20 93 4 91 5
250 95 4 96 7
20 (coral matrix) 106 6 103 6
250 (coral matrix) 103 2 106 3
Alanine betaine 0.3 91 5 95 4
20 106 6 106 3
250 98 4 95 5
20 91 6 94 5
250 94 9 97 6
B-Alanine betaine 0.3 116 8 112 8
20 98 5 95 8
250 97 5 96 5
20 (coral matrix) 93 3 92 2
250 (coral matrix) 109 13 106 12
DMSP 0.3 84 3 90 6
20 89 6 93 7
250 95 4 96 6
20 (coral matrix) 95 5 92 5
250 (coral matrix) 97 5 97 7
GABA betaine 0.3 94 5 91 7
20 106 7 112 4
250 102 5 108 5
20 (coral matrix) 97 7 95 10
250 (coral matrix) 93 10 91 12
Proline betaine 0.3 91 7 93 7
20 94 5 93 4
250 97 4 99 6
20 (coral matrix) 108 8 107 3
250 (coral matrix) 108 4 105 6
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Table V-4 (cont'd )

Hydroxyproline 0.3

90 4 91 6
betaine 20 96 4 93 4
250 106 7 108 8
20 (coral matrix) 98 3 94 4
250 (coral matrix) 103 6 99 6
Aminovaleric acid 0.3 108 9 109 11
betaine 20 96 7 95 6
250 96 4 94 6
20 (coral matrix) 92 9 93 10
250 (coral matrix) 102 4 94 5

Table V-5 Experimental determination of matrix effect on determinationindiividual
betaines and DMSP in coral tissue extracts (n=3).

Compound QC sample (20M) QC sample (25.M)
Matrix Matrix
Effect Effect
(%) CV (%) (%) CV (%)
Glycine betaine 89 6 90 8
Alanine betaine 90 4 92 6
B-Alanine betaine 93 3 92 7
DMSP 93 7 94 8
GABA betaine 95 5 94 7
Proline betaine 93 4 93 7
Hydroxyproline betaine 93 5 94 5
Aminovaleric acid betaine 97 5 96 6

Since subtle changes in mobile phase pH have critical effects on chroaphiogesolution

of the two alanine betaine isomers and DMSP, the stabilityeshly prepared mobile phase

solvent was also tested. Three replicate 250 ml volumes of sélweete prepared at pH 3.85

and stored in sealed glass bottles at room temperature.

The hatkeopened to the air every

12 h, and the solution pH was measured using a calibrated pH meker.rate of pH drift was
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calculated to be 0.020.01 pH units/24 h, and reached pH 3t9¥.03 after 7 days storage.
Since baseline chromatographic resolution of DMSP and the two @lbeiaine isomers was
achieved over the pH range of 3.8-4, it is recommend that fresh npdizike solution A be

prepared at least once a week.

5.4 Betaine in coral reef samples

Betaines were the most abundant metabolites detected within the 50B3)5@® range of
molecular masses from coral extracts. Tissue molar contengraf betaines were estimated
by assuming a model tissue thickness of 1 mm. Taking this aprb@% of the tissue shows
molar concentration of a individual betaine in mmol per liter of tissue volumeuamued tissue
molar concentrations of all betaines estimated in this way #&te 204 (mean = 75) mmol per
liter of tissue volume in 110 coral samples. Studies of other phobatinbrganisms indicate
that tissue molar concentrations of this magnitude are sulffitoe stabilization of protein and
membrane functions by betaines [293-296]. Operative subcellulandetancentrations in
Curacao coral tissues are probably substantially higher tieme testimated here because the
estimation assumes a homogenous subcellular distribution, whereagbeata probably, in fact,
more concentrated in some subcellular regions than others.

Although the biological function of betaine in coral is yet to auheieed, this study shows
strong evidence that corals substantially modulate tissue concentratiatiainéb in response to

environmental conditions.

261



For study of patterns of variation in betaine concentrations lith fiepulations of corals,
Madracis mirabilis was the focal species because its is common at a wideohdgpths, where
it grows almost always in fully exposed (unshaded) locations [383hat (on a given reef) the
depth of a colony is an excellent proxy for the irradiance thleny experiences. The
concentrations of several betaines: glycine betaine (GlyBhinglabetaine (AlaB), proline
betaine (ProB), and hydroxyproline betaine (HproB) varied imberaith depth (Table V-6).
The second specie@dadracis pharensis occurs in both exposed and highly shaded locations at
most depths shows concentrations of several betaines averagedaanglyifnigher in exposed
than shaded colonies (Table V-7). Furthermdfeadracis senaria, which is the most exposed
colonies available at three depths (5, 10, and 20 m) at two times fgamil afternoon) shows
GlyB, AlaB, and HProB were more concentrated in afternoon (15:30-13da0 time) - than
morning (09:30-11:00 local time) -collected specimens (Table V-8).

The metabolite profiling of betaine shows the correlation of betawe Wwith irradiance
level, which calls for focused consideration of the full range adsrohat betaines play. The
deeper understanding of betaine function may give opportunities to ptbeetecline of coral

worldwide.
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Table V-6 Concentrations (meatt SE) in Madracis mirabilis collected from exposed
(unshaded) locations. Values for specific depths are listed onlgofopounds that showed
statistically significant differences in concentration afuraction of depth. AlaB = alanine
betaine,BAlaB = B-alanine betaine, DMSP = dimethylsulfoniopropionate, GlyB = glycine
betaine, HProB = hydroxyproline betaine, ProB = proline betaineB Fataurine betaine, Trig
=trigonelline. n =24, 8, 8, and 8 for the four columns.

. -2
concentration (10@ pmol cm )

compound all colonies colonies at colonies at colonies at
sampled 5m 10 m 20m

DMSP 6.01+ 0.23

GlyB 39.8+ 2.6 52.6+ 3.2 37.2+1.9 29.5t 34
AlaB 3.55+0.18 4.05t 0.32 3.64+ 0.27 2.96t 0.24
BAlaB 2.23+0.45

ProB 1430+ 71 1640+ 112 1520t 94 1140+ 92
HProB 2.73£0.31 3.32£ 0.46 3.16t 0.65 1.7+ 0.28
TauB 23.7+ 2.7

Trig 4.58+ 0.39 5.90Gt 0.51 4.04t 0.34 3.79 0.88
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Table V-7 Concentrations (meah SE) in Madracis pharensis at 10 m. Values for exposed
and shaded colonies are listed only for compounds that showed stilyissignificant
differences in concentration as a function of exposure. n =19, 10, and 9 for the three.columns

. -2
concentration (10@ umol cm )

compound all colonies exposed colonies  shaded colonies
sampled

DMSP 7.05+ 0.82

GlyB 38.7+ 3.2 43.7+ 5.0 33.2- 3.2

AlaB 2.99+ 0.25 3.36t 0.32 2.58t 0.37
BAlaB 5.96+ 1.9

ProB 1020+ 87 1190+ 127 829+ 84
HProB 4.56+ 2.5

TauB 164+ 2.1

Trig 2.70+ 0.33
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Table V-8 Concentrations (meanSE) inMadracis senaria collected from exposed locations.
Values for colonies collected in morning (09:30-11:00) and afternoon (15:80) are listed
only for compounds that showed statistically significant differemcencentration between
the times. n = 25, 7, and 18 for the three columns. Pheophytin and pretémuaits of

100x mg cm .
concentration (10@ pmol cm_2)
compound all colonies morning-collec afternoon-colle
sampled ted colonies  cted colonies
DMSP 8.84+ 0.67
GlyB 55.1+4.1 35.9t 6.1 62.6t 4.0
AlaB 2.27+0.20 1.63t 0.26 2.5+ 0.23
BAlaB 0.601+ 0.21
ProB 27.2+ 3.4
HProB 0.861+0.083  0.546:0.072  0.983 0.099
TauB 24.0+ 2.4 14.4+ 1.3 27.8t2.9
Trig 11.2+0.94 8.50t 0.82 12.3t1.2

In summary, the pentafluorophenylpropyl HPLC separation providdgsafas effective

analyses of betaines and DMSP with high accuracy typicakaibpe dilution quantitative

methods. This method avoids analyte derivatization and employs avaelpphat is simple,

rapid, and easy to conduct.

This is beneficial for analysis ofbiesimetabolites such as

DMSP, and is suitable for analysis of field-collected tissie$ are frozen upon collection.

The metabolite profiling of betaine metabolite by LC/MS shdiws most comprehensive

coverage of betaine metabolites in coral reef samples soAajuestion aroused from this study

is the subcellular distribution of betaines and the mechanismsthdate betaine accumulation.

In an animal—-alga symbiosis, the subcellular sites of metalzmdemulation (animal or algal)
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can differ from sites of metabolite biosynthesis. To fully urtdeid the betaine function and
mechanism, the localization of betaine relative to the photosynihexdisin need to be studies
therefore subcellular analysis is necessary. Based on theesalycoral extracts, this LC/MS
method routinely detected multiple betaines at levels correspondiexgraxtion of as little as
0.05 mm2 area of tissue. The detection limits achievable (below 100 nMtiacts) highlight

the potential for using this method to perform spatially resojwediling analyses of betaine

metabolites in coral tissue if suitable microsampling methods can be developed
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CHAPTER SIX

CONCLUDING REMARKS

Compared to the more established approaches typical of modern gentamscriptomics,
and proteomics, metabolomics is currently practiced by feveeareh teams, but its application
is growing at a rapid pace. Much of the appeal of metabolodecwes from the close
relationship between cellular metabolite composition and phenotypes. in(poetant aspect
that one learns when doing metabolomics is an awareness ofridiailig between individual
samples and between individual portions within a single tissue. Tiéiea can probably be
attributed to localized variation in environment, as the availabditynutrients and other
regulatory molecules need not be uniform across a tissue. Agartamt consequence of this
variability, it follows that metabolome analyses need to be peddron large numbers of tissues,
using organisms grown under various environmental conditions and treatments cafiddiyg
subsamples from different cell populations within a tissue or asgani These factors drive an
emerging principle of metabolite profiling — specificially tlsch analyses must be performed
faster, ought to cover the metabolome more deeply, and must prefédatites in smaller local
domains within a tissue.

Identification of novel metabolites remains one of the great bettles in metabolome
analysis, and this limitation is particularly acute when sarsigkes are small or when metabolite
levels are low. Chapter Il of this dissertation presented ppécation of a new technology

called multiplexed collision induced dissociation, which generatess rapectra using several
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collision energies, to profile and identify metabolites from glandiehomes of single gland
types. This technology has several layers of merit. The m@$s spectrometry platform is
inexpensive compared to other instruments that provide high massicesalutl accuracy, and
the multiplexed CID approach vyields such information for both makecahd fragment ions
which are important for identification of novel metabolites. Mbudtked CID yields
nonselective activation and fragmentation of all ions, and does not remaHenowledge of
metabolites, nor does it involve data-dependent acquisition, whichooapramise comparison
between samples. This approach also eliminates compound optimgtasn and can extend
the dynamic range for quantifying high level metabolites [11T)ith this methodology,
information about thousands of metabolites was captured in a sirgligsian By using this
approach, metabolite profiles were used to make intra- and int&rspesmparisons for
trichome metabolites in specific cell types. Metabolite i@®frevealed the differences in
abundances of bioactive compounds in trichomes including acylsugars, Ikiyjoiss,
flavonoids, and several novel terpenoid related metabolites. When comitietranscript
data for trichomes collected from the same tissues, the repdétabase has helped identify
candidate genes that may be responsible for regulating biosyntliespeafic metabolites.
Research to confirm these gene functions is continuing in the laboratbc@taborators Robert
Last and Cornelius Barry at Michigan State University, andh Piahersky at the University of
Michigan. One important discovery from metabolite profiles of tedlatrichomes is the
recognition that discrepancies between transcript and mewalddia point to the need to

investigate the dynamic behavior of both the transcriptome and metabolome.
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Since metabolites may be synthesized at confined locationissua such as a single cell
or organelle, bulk analysis of large tissue samples often taildifferentiate biochemical
behavior of cell types. As a result, metabolite profiles fronoles tissues represent multiple
cell types, and the behavior of individual cell types may be tosheé noise from the tissue
metabolome. In Chapters Il and V, sampling methods were des¢almllect metabolites in
individual trichomes and also from epidermal tissues from fieltdkcigld corals. The resulting
metabolite profiles, generated using mass spectrometribongt provide some of the first
evidence for the abundance of certain metabolites in specifieesissnd cell types, and this
information is expected to serve as the foundation for engineerang productive biological
production of valuable chemicals and as the basis for understandiab responses to
environmental stresses.

The need for rapid and localized metabolite profiling was addressetapter 11, which
presented a scheme capable of high throughput profiling of individaabines using contact
printing and laser desorption ionization mass spectrometry fraborcasubstrates. These
advances have provided some of the clearest details regarding hemuabcells from a single
tissue vary in chemical composition. The observation that individuadigldiffer substantially
in composition provides a powerful reason to propel further developmemetdbolome
imaging mass spectrometry, or ‘micrometabolomics’. At theebws this project, nearly all
imaging mass spectrometry reports focused on analyses ohlamsues which were usually
sectioned to yield a flat layer of tissue. Such an approach waappobpriate for imaging

trichomes on plant tissue surfaces owing to their fragilitysmadgicity on a single sectioned plane.
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The contact printing method addresses several technical cledldng mass spectrometric
imaging of trichome metabolites. By rastering the lasgoss the printed cells, trichome
chemical imaging is performed across the whole leaf tisshide wreserving spatial information
about metabolite location. This approach avoids the tissue deforreationntered when fresh
tissues are placed in vacuum, and also eliminates the intergggimgjs coming from cells below
the trichomes. The graphite substrate employed for tissue prugitieg a clean background
spectrum using laser desorption ionization, and the cleaner sgenphfies interpretation of
metabolite mass spectra. The simple sample preparation methidd damaging the integrity
of metabolite localization which is often encountered when applyiatrix to cells. The
images generated in this research reached 50 pum resolution, wisghable for single gland
analysis. Chemical images of trichomes showed heterogeneoalsotitet distribution across
the surface ofolanum leaflet tissues. The factors driving this phenomenon remain unloléga
these findings may indicate that different glands were atréiit developmental stages at the
time of sampling.

Some of the challenges encountered in distinguishing isomeric metahwoére addressed
in Chapter IV, which focused on identification of isomeric methglafiavonoids. By
combining enzymatic semi-synthesis using recombinant enzymestigel incorporation of
deuterium labels using enzymatic synthesis, and retention times andotetécsiomer-selective
fragment ions using MS/MS, an entire suite of methylated fladoisoimers were distinguished.
The success of this approach illustrates the power of combinintipl@auinstrumental and

biochemical tools to accelerate solutions to the problems of metabolite whidiii
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Due to the diversified physicochemical properties of metabolitesnprehensive
metabolome coverage often requires nontraditional column separgiemisularly for polar
hydrophilic metabolites. In Chapter V, a novel separation schexaal@eveloped for separating
an assortment of betaine metabolites extracted from a@eifls collected from marine field
locations. The separation of several hydrophilic isobaric and isonmeetabolites was
achieved through combination of judicious choice of mobile phase pH amtuanal stationary
phase chemistry. Accurate profiling of betaines and the defattabolite DMSP, a precursor
of atmospheric dimethylsulfide, was achieved using stable isotbgedimethodology. One
important finding of this work has been that tissue levels ofirestacorrelate with light levels
across multiple coral species, and may represent a metalbaltation of corals to high light
stress.

Although metabolomics technologies and applications have advanced rapidiyhe\erst
decade, numerous substantial challenges remain. One major gbaiehe lack of reference
compounds to support structure identification, and this remains one gfetliebottlenecks for
metabolomics research. Second, analytical instruments and protosolgenerate chemical
information at remarkably fast rates. For example, betwbenMichigan State University
Mass Spectrometry Core and the Jones laboratory, approximately 20,@0blite profiles are
generated each year, with hundreds to thousands of compounds measupeafileer The
primary goal of metabolome analysis is to answer biologicaltigmss but this can rarely be
accomplished from metabolite profiles alone. Combining metabolonaewdidt modern tools

of genetics, bioinformatics, and molecular biology promises to posegreater interpretation
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and analysis challenges, and building interdisciplinary teams atitatk these issues from
multiple directions should be pursued to accelerate biological disesverAlthough we remain
far away from a holistic understanding of plant metabolism, thientéogy-driven progress

made in a short time has enlightened the path towards this ultimate goal.
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