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Characterization of Food Carbohydrates by
Liquid Chromatography-Mass Spectrometry Methods
ABSTRACT
Carbohydrates are the most abundant biomolecules in nature, and they are involved in
many biological functions. These biomolecules play a key role in shaping the human gut
microbiome. However, little is known about how the specific structures of food carbohydrates
mediate this link between the gut microbiome and health. Characterizing carbohydrate structures
remains a significant challenge, and their compositions in food remain unknown. The chapters
presented in this dissertation include a series of advance liquid chromatography-mass
spectrometry (LC-MS) methods to characterize food carbohydrates. Chapter I includes
structures, functions, and biosynthesis of plant carbohydrates. In addition, the chapter describes
the functions of dietary carbohydrates serving as prebiotics followed by the modern LC-MS
methods to characterize carbohydrates at the monosaccharide, glycosidic linkage, and sequence
levels. Chapter Il presents a novel high-throughput ultra-high performance liquid
chromatography triple quadrupole mass spectrometry (UHPLC-QqQ MS) workflow to determine
the absolute quantitation of monosaccharide composition in 850 foods. The resulting
monosaccharide compositions were used to generate a glycan encyclopedia (Glycopedia) for
feeding studies and personalizing diets. Chapter 111 presents the development of a de novo
multidimensional LC-MS workflow to structurally elucidate oligosaccharides derived from plant
polysaccharides at the sequence, monosaccharide, and glycosidic linkage levels. Chapter IV
presents a glycosidic linkage method to elucidate linkages in food and feces for monitoring

carbohydrate-microbe interactions in clinical feeding studies involving mice and humans.
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Chapter 1

Introduction to Food Carbohydrate Analysis by
Liquid Chromatography-Mass Spectrometry



Structure, Functions, and Biosynthesis of Plant Carbohydrates
Structure

Food carbohydrates are a class of macromolecules composed of carbon, hydrogen,
oxygen, and at times containing nitrogen. These biomolecules possess hydrogens and hydroxyl
groups attached to the carbon backbone to form ring structures in pyranose (6-membered) or
furanose (5-membered) forms.! The building blocks for carbohydrates in their simplest form are
monosaccharides.? Chemically, monosaccharides with aldehydes at their reducing ends are
aldose saccharides, while monosaccharides that contain ketones are ketose saccharides. Common
monosaccharides found in plants belong to one of several classes of: hexoses, pentoses,
deoxyhexoses, hexuronic acids, and N-acetylhexosamines (Figure 1.1). The monosaccharides
found in plants include glucose (Glc), galactose (Gal), fructose (Fru), mannose (Man), ribose
(Rib), xylose (Xyl), arabinose (Ara), fucose (Fuc), rhamnose (Rha), N-acetylglucosamine
(GIcNAC), N-acetylgalactosamine (GalNAc), glucuronic acid (GIcA), and galacturonic acid
(GalA). Common monosaccharide names, abbreviations, cartoon representation, and structures

found in plant carbohydrates are listed in Table 1.1.
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Figure 1.1. Monosaccharide structures that are commonly found in plant-based foods.



Table 1.1 Common plant monosaccharides with their corresponding names,

abbreviations, cartoon symbols, and structures.

name abbreviation  Symbol structure name abbreviation symbol structure
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Carbohydrates in food exhibit a broad range of degrees of polymerization including
monosaccharides, disaccharides, oligosaccharides, and polysaccharides.® In the human diet,
carbohydrates account for anywhere between 40-80% of the energy needed to fuel our bodies.* ®
In the food industry, large molecular weight carbohydrates provide unique textures, sweetness,
and viscosity to processed foods while providing many functions.® 7 For example, xanthan gum

is a polysaccharide commonly used as a food additive serving as an effective thickening agent



and stabilizer to prevent ingredients from separating.® On the other hand, products containing
smaller molecular weight carbohydrates such as high fructose corn syrup (HFCS) are added to
food as a low cost alternative for adding sweetness to products.® Furthermore, HFCS adds
longevity to the food’s shelf life. However, over consumption of HFCS has been associated to

poor health outcomes. 1% 1t

Disaccharides are carbohydrates composed of two monosaccharides units that are linked
through a glycosidic bond. The most common disaccharides found in food include sucrose,
lactose, and maltose. Sucrose is the most common disaccharide composed of a Glc (31—2) Fru
primarily used as sweetener or table sugar. The non-reducing saccharide sucrose is naturally
found in fruits, honey, maple sugar, and vegetables in lesser amounts. This disaccharide is
typically extracted from sugar cane plants and sugar beets mass-produced for commercial use in
the food industry. Lactose, present in many dairy products, is composed of Gal (f1—4) Glc and
makes up to 2-8% by weight in milk.*? It is also commonly added to make milk and baked
products.®® Lastly, maltose is a disaccharide composed of Glc (01—4) Glc and is less common
than sucrose and lactose. Maltose is composed of two glucose monosaccharides linked at the

a1—4 position and is a common byproduct of starch degradation using alpha-amylases.'*

Plant-based foods also contain native oligosaccharides. Fructooligosaccharides (FOS),
galactooligosaccharides (GOS), xylooligosaccharides (XOS) are examples of different
oligosaccharide families found in plants. A common FOS found in legumes is a class of raffinose
family oligosaccharides (RFO).™ Raffinose is a hexose trisaccharide (Hexs) composed of a Gal
(al—6) Glc (al—2) Fru structure. Other RFO includes stachyose, a Hexs oligomer, and
verbascose, a Hexs oligomer.® These oligosaccharides are produced in the vacuole of plant cells

and are found in beans, cabbage, broccoli, and other vegetables.!” While these compounds are
5



not digested in the stomach and small intestine, they can be readily fermented in the large

intestine by gut bacteria producing beneficial organic acids and even flatulence.® 1

Most food polysaccharides are found in plant and fungal cell walls and exhibit an
enormous amount of structural diversity. Homopolysaccharides are those compounds that
contain repeating units of the same monosaccharides and have the same repeating anomer
content. For example, galactan, a side chain of the pectin backbone, consists of repeating (1—4)
Gal units. Heteropolysaccharides are those that contain multiple monosaccharides, diverse
glycosidic linkages, and spatial features. For example, a heteropolysaccharide, galactomannan,
comprises a repeating 1—4 mannan backbone capped with (a1 —6) Gal units approximately
every 4-6 mannan residues. Furthermore, galactomannan from various sources can have different
galactose substitution patterns. For example, galactomannan from guar is 38 % substituted with
galactose, and galactomannan from carob seed is only 22% substituted with galactose.?® Often
polysaccharides from different plant species and tissue have different structures.?! 22 Common
cell wall polysaccharides found in plant cells and thus food as part of a complex and
heterogeneous mixture are displayed in Figure 1.2. In addition, plants and foods contain
different amounts of these cell wall polysaccharides. For example, fruits contain higher amounts
of pectin polysaccharides, whereas, in grains, arabinoxylans are the most abundant polymers
aside from starches.?® ?* Table 1.2 illustrates some unique cell wall polysaccharides found in

foods.?®
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Figure 1.2. Polysaccharide structures commonly found in plant cells.



Table 1.2 List of polysaccharides and oligosaccharides found in plant cells and major food

sources. Table reprinted with permission from Critical Reviews in Food science and Nutrition.?®

Class Polymer Structure Major sources
Starch Amylose (1—4)-e-linked D-glucose Cereals, tubers, legumes, pulses
Amylopectin (1—4)-c-linked D-glucose
(1— 6)-e-linked branches
Glucose Cellulose (1—4)-g-linked D-glucose Fruit, vegetables
Callose (1— 3)-g-linked D-glucose Cereal grains
Mixed linkage glucan (1—3,1—4)-f-linked D-glucose Seaweeds, yeast and other fungi
Mixed linkage glucan (1—3,1—6)-f-linked D-glucose
Hemicellulose Xyloglucan (1—4)-f-linked D-glucose Fruit, vegetables, tamarind
Glucomannan (1— 6)-ce-linked D-xylose substitutions
(1—4)-f-linked D-mannose
(1— 6)-c-linked D-glucose substitutions
Galactomannan (1—4)-g-linked D-mannose Guar, locust, and carob beans
Glucuronomannans (1— 6)-r-linked D-galactcose substitutions Fungi, algae
Galactans (1— 2)-f-linked D-mannose and D-glucuronic acid Seaweeds (carageenins, agar)
Arabinoxylan D-galactose and L-arabinose substitutions Cereal grain
(1— 3)-p-galactose Cereal grain
(1—4)-3,6-anhydro-c-D or L-galactose
(1—4)-f-xylose(1— 2)- and
(1— 3)-xr-L-arabinose and ferulyolated L-arabinose substitutions
Glucoronarabinoxylans As arabinoxylans with D-glucuronic acid substitutions
Pectins Homagalacturan (HG) Highly methyl esterified chains of Fruit and vegetables

Oligosaccharides

(RGI) Rhamnogalacturan | (RGI)

Rhamnogalacturan Il (RG 1)

Fructans
Raffinose

Stachyose

(1— 4)-x-D-galacturonic acid

Repeated (1— 4)-w-linked D-galacturonic acid

(1 2)-ar-D-rhamnose disaccharides.

Substitutions of rhamnose with

(1—4)-g-galactan, arabinan, arabinogalactan chains
HG backbone with side chains containing several
types of sugar linkage

(1— 2)-8-linked-D-fructose

D-galactose (1—6)-ce-D-glucose (1—-2)-g-D-fructose

Galactose (1—6)-ce-raffinose

Fruit and vegetables
Fruit and vegetables
Fruit and vegetables

Chicory, Jerusalem
artichoke, cereals
Legumes, vegetables
Legumes, vegetables

Function

Carbohydrates in plant cells have many functions. One function of the cell wall

polysaccharides is to provide structural rigidity to the cell and plant tissues. The plant cell wall

comprises cellulose microfibrils intertwined with xyloglucans and rhamnogalacturonan | &I1.

Cellulose, the primary wall component, provides cellular structural support.?* In contrast,

secondary wall components such as xyloglucan and rhamnogalacturonan provide elasticity and

modularity to the cell wall.?® Furthermore, the secondary cell wall components further provides

water impermeability capabilities and prevents cellulose aggregation to facilitate cell wall



expansion.?” A model of the cell wall in a Arabidopsis leaf tissue with three major classes of

polysaccharides: cellulose, hemicelluloses and pectins is shown in Figure 1.3.

oy, -

C iy ’ - Sy

cellulose synthase

plasma membrane

cellulose microfibril

__L\xw y RGI | 50nm |

" HG with Ca** Bonms

Figure 1.3. Plant cell wall illustrates polysaccharide diversity, composition, and complexity.
Secondary cell wall components such as xyloglucan (XG), glucoronoaraninoxylan (GAX),
homogalacturonon (HG), and rhamnogalacturonoan | &1l (RGI and RGII) are all intertwined

around cellulose microfibrils. Figure reprinted with permission from Science.?

Another essential function of polysaccharides is the energy source they provide. 28 Starch

polysaccharides store energy in different regions of the plant (tissues, seed, and roots) in the



form of starch granules.?® Starch is composed of two types of large molecular weight
polysaccharides: amylose and amylopectin. Amylose is a long linear homopolysaccharide
composed of a glucose backbone with (a1 —4) glycosidic linkages. Amylopectin also has a
glucose (a1 —4) backbone, but has occasional branching points at (al—6) linkage positions
every 24-30 glucose residues.®® The branched points in amylopectin increase accessibility for a
amylases and amyloglucosidases to depolymerize the polysaccharides. In contrast, amylose has
no branch points and can hydrogen bond on itself, making it more difficult for chemicals and

enzymes to depolymerize the structure.
Biosynthesis

Carbohydrates are produced in plant cells by the process of photosynthesis. The
biosynthesis of cell wall polysaccharides is a highly sophisticated process that uses multiple
enzymes, and many metabolic intermediates.3* Glycosyltransferases (GTs) are responsible for
forming glycosidic linkages from activated saccharides or nucleotide sugars. Uracil-diphosphate
(UDP)-D-glucose is the initial precursor to synthesize the cellulose and micro-fibril polymers.
These polymers are then extruded to the outer plasma membrane for structural support of the
cell. Furthermore, other nucleotide sugar precursors like UDP-D-galactose, UDP-L-rhamnose,
UDP-D-glucoronic acid, UDP-D-xylose, UDP-L-arbinose, guanosine diphosphate (GDP)-D-
glucose, and adenosine diphosphate (ADP)-glucose are further converted in the Golgi into
different oligosaccharides and polysaccharides.®?3* The biosynthetic pathway for
polysaccharides in Arabidopsis tissues is shown in Figure 1.3. Secondary cell wall
polysaccharides such as xylan and glucomannans synthesis require more enzymes and are

substantially more complicated.®®

10
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Figure 1.3. Biosynthesis process to produce cell wall polysaccharides Figure reprinted

with permission from Molecular Plant.3
Carbohydrates as Prebiotics

Plant cell wall polysaccharides also serve an important nutritional role for humans.
Nearly every cell wall polysaccharide is indigestible by human digestive enzymes and can thus
serve as food for microbial communities found in the colon.3® These carbohydrates are often
termed “dietary fibers” and can reach the large intestine where they are available for degradation
and utilization by host gut microbes. Dietary fiber can be termed “prebiotic,” in which it is
defined as “a substrate that is selectively utilized by host microorganisms conferring a health
benefit.”®” In recent years, there has been increasing interest in utilizing the gut microbiome to

modulate our health. The detailed knowledge of carbohydrate-microbe interactions remains
11



limited. In general, however, the fermentation of dietary fiber results in the production of
metabolites as short chain-fatty acids (SCFA). These metabolites provide the host with benefits
such as immune support and are associated with reducing the risk of and ameliorating various

metabolic disorders.38-4

The human gut is home to trillions of bacteria primarily found in the large intestine.*!
These bacterial species collectively possess thousands of genes encoding for the production of
carbohydrate-active enzymes (CAZymes) that used to breakdown and utilize the diverse
structures within dietary fiber.*? Table 1.3 displays list of dietary fibers and some corresponding

glycosyl hydrolyses (GH) and polysaccharide lyases (PL) to degrade respective substrate.
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Table 1.3. lllustrates 18 dietary fibers with their respective chemical structure. Each

carbohydrate substrate has unique degradation enzymes and CAZymes families GHs. Table

13



reprinted with permission from Journal of Molecular Biology .3

Dietary fibers Chemical structures Degradation enzymes® CAZymes families®
RS Linear a-(1,4) Glu units, a-Amylase, glucoamylase, GH4, GH13, GH14, GH15,
N branched with a-(1,6) Glu isoamylase, pullulanase, GH31, GH57, GH63, GH97
Pectins
Homogalacturonan Linear a-(1,4) GalA units partially  Polygalacturonase, pectin GH28, CE8, CE12, CE13,
methylated and acetylated methyl esterase, pectin PL1, PLO, PL1O
lyase, pectin acetyl esterase
RG I Linear a-(1,4) GalA and a-(1,2)  RG lyase, RG hydrolase, GH2, GH28, GH42, GH105,
Rha units RG acetyl esterase CE4, CE6, CE12, PL4,
PL9, PL11
Pectic galactan Composed of §-(1,4) Gal, -(1,6) B-(1,4) Galactanase, +(1,6) GH2, GH3, GHS5, GH10,
Gal, a-(1 4) Ara units galactanase, a-arabinosidase GH30, GH43, GH53
Arabinogalactan of B-(1,3) Gal, B(1,6) B-(1 3) Galactanase, -(1,6) GH2, GH3, GH10, GH30,
Gal, o-(1 ,5) Ara, and (1,3) galactanase, a-(1,5) arabinanase, GH35, GH43, GH51
Ara units a-L-arabinofuranosidase
Arabinan Composed of a-(1,5), (1,3) and a-(1,5) Arabinanase, GH2, GH3, GH10, GH43,
a+(1,2) Ara units a-L-arabinofuranosidase GH51, GH54, GH62
RG II° Linear a-(1,4) GalA units Not known®
Dha, Fuc, Gal, GluA, Kdo,
Rha, Xyl
Cellulose Linear B+(1,4) Glu units Endoglucanase, GH1, GH3, GHS5, GH7,
cellulobiohydrolases, GH8, GH9, GH44, GH48,
B-glucosidases GH51, GH74
Hemicelluloses
Arabinoxytan® B-(1,4) Xyl units as the backbone Xylanase, a-glucuronidase, GH3, GH5, GH7, GH8,
with side chains of Ara units a-L-arabinofuranosidase, GH10, GH11, GH39, GH43,
linked via a-(1,2), a-(1,3), and B-xylosidase, feruloyl esterase, GH51, GH52, GH54, GH62,
a+(1,5). Gal, GluA, and FerA acetyl xylan esterase GH67, GH115, CE1, CE2,
units may also be present in CE4, CES6, CE7
the branched points
Xyloglucan B-(1,4) Glu units as the backbone  Xylogluconase, xylosidase GH1, GH2, GH5, GH7,
with single unit side chains of B-o-gluconase, p-o-gﬂactosldase GH12, GH16, GH42, GH44,
a-(1,6) Xyl. Gal, and Fuc may also GH45, GH48, GH51, GH74
present in the branched point
Glucomannan Linear or slightly branched B-Mannanase, -mannosidase, GH1, GH2, GH4, GHS5,
backbone chain of B-(1,4) Man B-glucosidase, a-galactosidase  GH26, GH27, GH36, GH57,
and B-(1,4) Glu GH97, GH110, GH113.
Galactomannan Linear or slightly branched B-Mannanase, B-mannosidase, GH1, GH2, GH4, GH5,
backbone chain of -(1,4) Man B-glucosidase, a-galactosidase  GH26, GH27, GH36, GH57,
and B-(1,4) Glu with side chains GH97, GH110, GH113.
of a-(1,6) Gal
B- Glucan Repeating linear polymer of Licheninase, B-glucan GHS, GH6, GH8, GH9,
two B-(1,4) Glu altemated with endohydrolase, endo (1,4) GH10, GH12, GH16, GH26,
£-(1,3) Glu units B-glucanase GH44, GH45, GH48, GH51
Polyfructans
Inulin B-(2,1) Fru Inulinase, B-(2,1) fructanlyase GH32, GH91
Levan B-(2,6) Fru Levanase, B-fructofuronosidase GH32, GH68
Gums
Carrageenan Sulfated galactans, units of x-Carrageenase GH16
$+(1,3) Gal and a-(1,4) linked
3,6 anhydro Gal
Alginate Linear B+(1,4) ManA and Alginate lyase PLS, PL6, PL7, PL15, PL17
a-(1,4) GluA

Abbreviations used: AceA, aceric acid; Ara, arabinose; Api, apiose; Dha, 3-deoxy-D-lyxo-2-heptulosaric acid; FerA, ferulic acid; Fru,
fructose; Fuc, fucose; Gal, galactose; GalA, galacturonic acid; Glu, glucose; GluA, glucuronic acid; Kdo, 3-deoxy-p-manno-2-octulosonic
acid; Man, mannose; Man, mannuronic acid; Rha, rhamnose; Xyl, xylose.

® Enzymes required for complete degradation of the corresponding dietary fiber structure.

= Possible CAZymes families that harbor the corresponding degradation enzymes for the given dietary fiber structure. For more detall,
refer to CAZymes database (www.cazy.org) [24).

© Chemical structures of pectin and arabinoxylans are illustrated below.

9 Enzymes degrading RG Il are not known [88]; however, Martens et al. reported that enzymes secreted by B. thetaiotaomicron to utilize
RG Il belong to enzymes families of GH2, GH28, GH33,GH43, GH78, GH95, GH105, GH106, and PL1 [75).
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Carbohydrate Analysis

Dietary carbohydrates derived from plants are highly challenging to characterize
structurally. Their structural complexity arises from their diverse monosaccharide and glycosidic
linkage compositions, disordered sequences, and anomer content. Furthermore, tertiary and
quaternary structural dynamics add another layer of difficulty to the analysis and make chemical
modifications challenging to employ. As a result, plant carbohydrates are far more complicated,
diverse, and larger than those found in animals. In addition, polysaccharides can have masses up
to a million Daltons in size, which provides the need for modification for their analysis.
Furthermore, their structures contain a variety of isomers, each with distinct anomeric content,
glycosidic linkage, and spatial structure. Often, cell wall polysaccharides contain modifications
such as methylated species or acetyl groups attached to specific monosaccharides, which are

difficult to capture.

For years the analysis of carbohydrates entailed using traditional analytical methods for
characterization. The traditional carbohydrate analysis utilized a gas chromatography-mass
spectrometry (GC-MS) approach.* The sample preparation for these analyses involves an
extensive sample preparation that takes up to three days and requires many derivatization
steps.*> %% Furthermore, the chromatography separation on GC has long run times and can very
well reach over an hour. In addition, the samples are prepared and analyzed in a single sample
manner, thereby providing very low throughput. Lastly, these analyses provide minimal
structural specificity, limited carbohydrate monitoring, and do not provide absolute quantitation.

Hence, there is a need for modern analytical methods to characterize carbohydrates.
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Liquid chromatography coupled to mass spectrometry (LC-MS) is another alternative for
carbohydrates analysis. The LC-MS analysis provides excellent figures of merit, including high
sensitivity, high selectivity, high reproducibility, high mass accuracy (often linked to a high mass
resolution instrument), and capable of high throughput analysis. However, the analysis of
carbohydrates has not advanced as other biomolecules, such as proteomics and genomics. On the
other hand, although amendable to LC-MS, carbohydrates exhibit many unique challenges and
usually require multiple analytical approaches for their characterization. The slow progression in
the field has severely limited the studies of these important molecules. Due to recent interest in
the gut microbiome and its role in modulating our health, there is a need to characterize

carbohydrates in food as they are the main driving force for shaping gut microbial communities.
Monosaccharide analysis

One approach to characterize food carbohydrates is monosaccharide compositional
analysis using an LC-MS platform. This strategy involves the hydrolysis of disaccharides,
oligosaccharides, and polysaccharides to their respective monosaccharide units.*” The liberated
monosaccharides are then derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP) followed by
a C18 chromatographic separation (Figure 1.4b) and subjected to a targeted dynamic multiple
reaction monitoring (AMRM) MS analysis.*® Two product ions from the PMP labeled
monosaccharide are monitored, enabling further confirmation of the monosaccharide structure.
The most abundant product ion m/z 175.0 is used as a quantifying ion. The qualifier ions
monitored are m/z 217.2 and m/z 216.1 which can distinguish between hexoses and N-
acetylglucosamine, respectively (Figure 1.5). This analysis provided simultaneous monitoring of

14 monosaccharides, and the results yielded absolute quantitation using an external calibration
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curve. The limit of detection approached the attomole level while providing an excellent linear

dynamic range of up to 6 orders of magnitude.
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Figure 1.4. Monosaccharide compositional analysis sample workflow (a) and dIMRM
chromatogram of 14 plant monosaccharides (b). Figure reprinted with permission from

International Journal of Mass Spectrometry.*’
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Figure reprinted with permission from Analyst.*®
Linkage analysis

Another approach to characterize plant carbohydrates is glycosidic linkage analysis. The
linkage analysis provides unique structural information of the parent carbohydrate. A linkage can
be determined from a compound containing two or more monosaccharides linked to the
glycosidic bond. The method entails complete methylation of all free hydroxyl groups using
saturated NaOH in DMSO and iodomethane. After complete methylation, a hydrolysis step is
employed to release saccharides at the glycosidic bond, followed by PMP labeling using the
protocol as in the monosaccharide analysis. The derivatized glycosides are subjected to UHPLC
separation and detection using an MRM MS method. The recently reported linkage analysis

method is the first analysis performed on an LC-MS platform.*® The linkage profile of standard
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oligosaccharides is shown in Figure 1.6. There are serval advantages to using the LC-MS
approach over the traditional GC-MS approach; namely, this approach provides more detected
linkages, greater sensitivity, higher throughput and only requires 50 g of starting material for

analysis.
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Figure 1.6. Complete glycosidic linkage analysis workflow on an LC-MS platform (a) and the
MRM chromatogram of the linkage present in a pool of known oligosaccharide structures (b).

Figure reprinted with permission from Analytical Chemistry.*°

Sequence analysis

Lastly, methods for oligosaccharide analysis involving liquid chromatography-tandem
mass spectrometry (LC-MS/MS) have been developed for the structural elucidation of

carbohydrates.>*>® This method involves fragmenting the precursor ion by collision induced
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dissociation (CID) and monitoring generated product ions. The LC-MS/MS platform yields
structural information such as degree of polymerization (DP), monosaccharides classes, and
sequence, revealing the connectivity of the oligosaccharide structure.> Furthermore, a novel
middle-up approach can be employed to characterize polysaccharides. However, due to the large
size of polysaccharides, their direct analysis by MS is not feasible and must be depolymerized
into respective oligosaccharides. Typically, mild acid hydrolysis methods and enzymatic
approaches are used for their depolymerization. However, they have many disadvantages such as
producing monosaccharides and requiring multiple enzymes to depolymerize all food
polysaccharides. Therefore, a new method to depolymerize polysaccharides was recently
developed.®® The method involves a Fenton’s chemistry where a Fe3* catalyst reacts with H,0
to generate hydroxy radials and induce oxidative cleavage on the backbone of polysaccharides to

create oligosaccharides. The oligosaccharides generated can then be probed for LC-MS analysis.
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Figure 1.7. Fenton’s reaction to oxidatively depolymerize xyloglucan into respective

oligosaccharides. The released oligosaccharides can further be probed on an LC-MS platform for

profiling.
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CONCLUSION

Dietary carbohydrates are the most abundant components in foods. These have many
biological functions, such as providing energy, structural support for cells and plant tissues, and
a major food source for gut bacteria. These biomolecules have essential biological functions, and
are the main driving force for modulating the gut microbiome. However, carbohydrates are
difficult to structurally characterize. Traditional carbohydrate analysis are performed on a GC-
MS platform; however, the modern LC-MS approach has revitalized carbohydrate analysis with
better figures of merit (throughput, sensitivity, and specificity). The chapters herein encompass a
series of LC-MS-based methods for the structural characterization of dietary carbohydrates. The
results from the work presented will enable a more profound understanding of the interaction
between carbohydrate structures revealing the unknown mystery of carbohydrates compositions

in foods.
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Chapter 2

Glycopedia: A Glycan Encyclopedia for Food
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ABSTRACT

The molecular complexity of the carbohydrates we consume has been deceptively
oversimplified due to a lack of analytical methods that possess the throughput, sensitivity, and
resolution required to provide quantitative structural information. Such information is becoming
an integral part of understanding how specific glycan structures impact health through their
interaction with the gut microbiome and host physiology. In this work, the primary goal was to
catalogue the glycans present in complementary foods commonly consumed as the first foods
after breast milk by toddler. The monosaccharide compositions of over 800 foods from diverse
food groups including fruits, vegetables, grain products, beans/peas/legumes/nuts/seeds, sweets
and beverages, animal products, and more were obtained and used to construct the Glycopedia,
an open-access database that provides quantitative structural information on the carbohydrates in
food. While many foods within the same group possessed similar compositions, hierarchical
clustering analysis revealed similarities between different groups as well. The Glycopedia can
be used to formulate diets rich in specific monosaccharide residues to provide a more targeted

modulation of the gut microbiome, thereby opening the door for a new class of therapeutic diets.
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INTRODUCTION

Carbohydrates make up the largest component of human diets, comprising up to 85%
depending on geographic location and socioeconomic status. These biomolecules play a
profound role in shaping our gut microbial communities, the spectrum of microbial metabolites
produced and the resulting impacts on our health. For example, in early life, human milk
oligosaccharides (HMOs) play a large role in feeding Bifidobacteria, thereby shaping the infant’s
microbial communities and providing health benefits such as priming the immune system,
strengthening the gut barrier, and blocking pathogens.? In adults, a high fat/high carbohydrate or
“Western” diet has long been implicated in a variety of metabolic diseases such as cardiovascular
diseases, type 2 diabetes, obesity, and gastrointestinal disorders.® 4 On the other hand,
consumption of plant-based foods are associated with reducing the risks of those metabolic

diseases.’

Recent research has emphasized the important role of the gut microbiome in the
nutrition-health paradigm. Specifically, dietary carbohydrates have been shown to play an
important role in human health through their interaction with the gut microbiome.® 7 Despite
their importance and being one of the most abundant components in foods, their structures,
abundances, and functions are still poorly characterized due to a general lack of appropriate
analytical methods.® While the analysis of proteins and lipids have advanced greatly, the analysis
of carbohydrates has been hindered by the complexity of carbohydrate structures. Current
methods categorize carbohydrates into the broad and widespread classifications of sugars, starch,
and soluble/insoluble fiber. Furthermore, the term “fiber” gives no monosaccharide or structural

specificity. The total carbohydrates in most foods are measured indirectly by gravimetric mass
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difference of other macronutrients and micronutrients.® Current analytical methods make it
difficult to resolve the relationships between carbohydrates, the gut microbiome, and host health.
There is thus a need for high throughput methods that is capable of characterizing carbohydrate

structures and their microbiome interactions in large feeding studies.*®

A major challenge in understanding the specific role of carbohydrates is the lack of
knowledge of carbohydrate structures. Food carbohydrates are comprised of a diverse set of
molecules ranging from free monosaccharides, disaccharides, oligosaccharides, and large
polysaccharides. Additionally, each monosaccharide residue connects to another through
numerous linkages (as many as 10 for each glycosidic linkage). Methods for oligosaccharide
analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS) have been
developed for structural elucidation, however the analyses remain very difficult and require a
number of separation steps and structural elucidation techniques.® Furthermore, even the most
fundamental information, the monosaccharide composition is not known in most foods. The lack
of this basic structural information inhibits our understanding of the role of the most abundant
material in our diet. It prevents effective design of important clinical trials that could elucidate

the specific roles of specific carbohydrate structures in food.

In this research, a recently developed workflow utilizing a high-throughput UPLC-QgqQ-
MS method was employed to determine the monosaccharide compositions of over 800 food
samples. Foods from diverse groups such as fruits, vegetables, fats, grains, dairy, beverages, and
processed foods were subjected to monosaccharide analysis, and the resulting monosaccharide
compositions were used to create a foundational collection of monosaccharide compositions or

the glycan encyclopedia (Glycopedia). The method entails the absolute quantitation of 14
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naturally occurring monosaccharides separated on a five-minute UPLC-QqQ MS analysis in a
96-well plate format. This platform and the resulting Glycopedia allows us to formulate feeding
trials where the diets may be highly enriched for specific monosaccharide residues. Tailoring
diets will enable future studies to better understand the role of food carbohydrates in shaping the
gut microbiome in infants and adults. Furthermore, the presented findings will allow for dietary
interventions that are more precisely formulated for modulating the gut microbiome and

impacting human health.

MATERIALS AND METHODS

Selection of foods for inclusion in the Glycopedia. Foods were initially selected for the
Glycopedia based on designing a feeding trial to selectively enrich beneficial gut microbiota in
toddlers (12-36 months). The toddler foods selected for the Glycopedia include single foods
recommended for toddlers according to the 2020-2025 Dietary Guidelines for Americans®!
which include a diverse group of vegetables that also contain appreciable amounts of arabinose
such as dark and green vegetables; red and orange vegetables; beans, peas, and lentils; in
addition to lower arabinose-containing vegetables, fruits and starches. In addition to analyzing
single foods, the Glycopedia includes food mixtures and snacks that contain various levels of
arabinose. Additional foods were then selected to cover foods that are commonly consumed by

adults.

To determine foods commonly consumed by adults, three datasets were reviewed: (1) the
Nutritional Phenotyping study (NutPheno),*? (2) What We Eat in America (WWEIA) 2017-
2018, and (3) the Food and Nutrient Database for Dietary Studies Ingredients Database
(FNDDS-Ing).** The NutPheno study was a cross-sectional study that included healthy male and
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female adults, aged 18-66 y, living near Davis, CA. The NutPheno study included 393 adult
subjects who reported dietary intake with up to 4 days of 24-hour recalls using the Automated
Self-Administered 24-hour Dietary Assessment Tool (ASA24).2> WWEIA is the dietary
component of the National Health and Nutrition Examination Survey (NHANES), a nationally-
representative cross sectional study and consists of two 24-hour dietary recalls. Both the
WWEIA dietary assessment and ASA24 use the Food and Nutrient Database for Dietary Studies
(FNDDS), and the food descriptions and numeric identifiers (Food Code) come from FNDDS.
The FNDDS-Ing database file describes the ingredients used to build FNDDS mixed foods
(recipes), and therefore lists ingredients that might otherwise not be reported through WWEIA or
ASA24 (in which subjects typically report final dishes instead of each individual ingredient in a

food).

In the NutPheno study, a total of 2435 unique foods (corresponding to 2435 unique
FNDDS Food Codes) were reported from a total of 1499 recalls. To identify candidate adult
foods to add to the Glycopedia from the NutPheno study, the frequency of each food reported in
NutPheno was counted, and the 200 most frequently reported foods was manually cross-matched
to the Glycopedia by searching the food description in the Glycopedia for the closest match. Of
the top 200 most frequently consumed foods, 135 did not have a matching Glycopedia food. A
second round of manual curation was conducted on these 135 NutPheno foods to identify
candidate foods to add to the Glycopedia (e.g. would likely contribute to dietary glycan

consumption and/or are typically consumed in large quantities or very frequently, n = 59).

The same process described above for NutPheno foods was used for FNDDS-Ing and
WWEIA. A total of 2744 unique ingredients were identified in FNDDS-Ing. The frequency of an

ingredient corresponds to the total number of times the ingredient is used in FNDDS recipes. Of
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the top 200 most frequently reported ingredients, 137 did not have matches to the Glycopedia, 79
of which were considered as candidates to add to the Glycopedia. A total of 7083 foods were
reported in WWEIA. Of the top 200 most frequently consumed foods, 130 had no Glycopedia

match, and 49 were considered as candidates to add to the Glycopedia.

The candidate foods from NutPheno, FNDDS-Ing, and WWEIA were compared and
discussed by the study team. Foods that were frequently consumed and with potentially high
glycan content were prioritized and selected to add to the Glycopedia, and candidate foods that
were consumed in relatively low amounts or could be approximated using other Glycopedia

foods were given low priority.

All foods and food products were purchased from local markets (Davis and Sacramento,
CA) including Safeway, Trader Joe’s, Davis Food Co-op, Whole Foods, Nugget Markets, Target,
and online (Amazon). Trifluoroacetic acid (TFA) (HPLC grade), 3-methyl-1-phenyl-2-
pyrazoline-5-one (PMP), chloroform (HPLC grade), ammonium hydroxide solution (NH4sOH)
(28-30%), ammonium acetate, sodium acetate, glacial acetic acid, methanol (HPLC grade), D-
fructose, D-mannose, D-allose, D-glucose, D-galactose, L-rhamnose, L-fucose, D-ribose, D-
xylose, L-arabinose, N-acetyl-D-glucosamine (GIcNAc), N-acetyl-D-galactosamine (GalNACc),
D-glucuronic acid (GIcA), and D-galacturonic acid (GalA) were purchased from Sigma-Aldrich
(St. Louis, MO). 96-well Nunc plates were purchased from Thermo Scientific. Arabinoxylan was
purchased from Megazyme (Bray, Ireland). Viscozyme® was provided by Novozyme (Davis,
CA). Acetonitrile (ACN) (HPLC grade) was purchased from Honeywell (Muskegon, Ml).

Nanopure water was used for all experiments.
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Preparation of food samples. A total of 800 foods including fresh, frozen, commercial, and
processed were purchased from local grocery stores in Davis, CA. Each food was documented
with detailed descriptions prior to the sample preparation. Most foods were aliquoted raw for
analysis. For some raw and packed foods, samples were cooked, baked, or steamed as indicated
in the package for cooking instructions. Foods were lyophilized to complete dryness and the
moisture content was obtained. Samples underwent a dry bead blast or mortar and pestle to
homogenize the samples. A 10 mg aliquot of dried food sample was weighed into a 1.5 mL
screw cap Eppendorf tube and was reconstituted with water to make a stock solution of 10
mg/mL. The stock solution then underwent a bullet blending procedure follow by heat treatment

(1 h at 100°C) and another round of bullet blending prior to monosaccharide analysis.

Monosaccharide analysis of food samples. The monosaccharide analysis of foods was adapted
from Xu et al.*® and Amicucci et al.” with the following modifications. A 10 uL aliquot from the
homogenized stock solution was subjected to incubation with Viscozyme (Novozyme, Davis,
CA) treatment at 50°C for 1 hr in 390 uL of 25mM acetate buffer (pH 5). A 100 pL aliquot from
the enzyme digest was subjected to hard acid hydrolysis with 4 M TFA for 1 h at 121°C and
quenched with 855 pL of ice-cold water. A pool of monosaccharide standards consisting of D-
fructose, D-mannose, D-allose, D-glucose, D-galactose, L-rhamnose, L-fucose, D-ribose, D-
xylose, L-arabinose, N-acetyl-D-glucosamine (GIcNAc), N-acetyl-D-galactosamine (GalNACc),
D-glucuronic acid (GIcA), and D-galacturonic acid (GalA) were to generate a calibration curve
and were prepared in water ranging in concentration from 0.001 to 100 pg/mL. The released
monosaccharides in samples and standards were then derivatized with 0.2 M PMP solution in

methanol and 28% NH4OH at 70°C for 30 min. Samples were then dried to completeness by
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vacuum centrifugation. The excess PMP was removed by a chloroform extraction. A 1 uL

aliquot of the derivatized monosaccharides were subjected to UPLC-QgQ MS analysis.

Mass spectrometry instrumental analysis. Derivatized glycosides were separated on an
Agilent Poroshell HPH-C18 column (2.1 x 50 mm, 1.9 um) and guard using an Agilent 1290
Infinity 11 UPLC system. A constant flow rate of 1.050 mL/min was employed on a 2 min
isocratic elution at 12% solvent B followed by a 1.6 min flush at 99% solvent B and 0.79 min
equilibration for a total run time of 4.6 min for the separation of compounds. Solvent A
consisted of 25mM ammonium acetate in 5% acetonitrile. Solvent B consisted of 95%
acetonitrile in water. The separated glycosides were then detected on an Agilent 6495B triple-
quadrupole mass spectrometer (QqQ-MS) operated in positive ion mode using dynamic multiple

reaction monitoring (dMRM).

Data analysis. Raw LC-MS files were analyzed using Agilent MassHunter Quantitative
Analysis software (Version B 08.00). Chromatographic peaks were manually integrated and
matched with standards. Monosaccharides were quantified by external calibration curve fitted
with linear regression. Clustering analysis based on monosaccharide profiles were done with R
using circlize library (v 0.4.13). Dendrograms and heatmaps in Figure 2.8a were also generated
using circlize. Enrichment of food groups in each cluster was determined using hypergeometric

test and statistical significance was assigned based on FDR-adjusted p-values.

Assigning food groups to Glycopedia foods. The Glycopedia food groups are adapted from the
FNDDS food groups that are defined by the first two digits of the FNDDS Food Code:* (1) Milk
and Milk Products, (2) Meat, Poultry, Fish, and Mixtures, (3) Eggs, (4) Beans, Peas, Other

Legumes, Nuts, and Seeds, (5) Grain Products, (6) Fruits, (7) Vegetables, (8) Fats, Oils, and
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Salad Dressings, and (9) Sugars, Sweets and Beverages. Food groups were assigned based on a
Glycopedia food’s first ingredient. For example, both mango juice and fresh yellow mango are
Fruits, and orange preserves (first ingredient is sugar) is in Sugars, Sweets, and Beverages. Two
different study personnel (Y.B. and S.B.) assigned food groups to all foods. A third person (E.C.)
compared the assignments. The foods with different assignments were re-evaluated by Y.B. and

S.B. A final comparison and check of the food groups was done by E.C.

RESULTS

We employed a recently developed rapid-throughput LC-MS based method to determine
and quantitate the total monosaccharide composition of over 800 foods. The resulting
compositions provided insight into both the quantities and structural characteristics of the sugars,
oligosaccharides, and polysaccharides that are present in the complementary foods commonly
consumed by toddlers and older subjects in the US population. The resulting glycan composition
of foods were used for cluster analysis and grouping of foods based on the monosaccharide
profile. For the first time, the Glycopedia can be used to create personalized diets based on the

absolute monosaccharide amounts in meals for the purpose of altering the gut microbiome.

Monosaccharide compositional analysis in foods

Foods purchased in local markets were documented with detailed descriptions and were
processed using a sample preparation procedure that entailed cooking (where applicable),
lyophilization, and dry homogenization to ensure homogenous sampling. Moisture content was
determined at the lyophilization step. A 10 mg aliquot was then taken to prepare a stock
suspension in water, which was further subjected to homogenization via heating and bullet bead
blending. Liquid aliquots were then further subjected to a rapid, optimized monosaccharide
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compositional analysis in 96-well plate format. This consisted of an enzyme digestion targeting
polysaccharides containing galacturonic acid (GalA) and subsequent acid hydrolysis to
breakdown oligo- and polysaccharides into monosaccharides as quantitatively as possible. The
liberated monosaccharides were then derivatized to make them more amenable to reversed-phase
chromatography and mass spectral analysis. The absolute monosaccharide composition of each

food were then be determined in a 5 minute UPLC-QqQ-MS analysis.
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Food counts

Figure 2.1. Number of foods assigned to each of nine total food groups. The number of foods
analyzed in each food group is noted above each bar graph. Those groups containing plant-based
foods contributed the largest number while animal-based and low carbohydrate groups

contributed the least.

Foods were assigned to one of nine food groups as detailed in the Methods section. The
number of food samples within each food group are summarized in Figure 2.1. The largest

groups were fruits, vegetables, grain products, and beans/peas/legumes/nuts/seeds, while the
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groups with the smallest representations were those containing animal-based products,
fats/oils/salad dressings, and sugars/sweets/beverages. Figure 2.2a-j illustrates the average
monosaccharide profile obtained for each food group. Of the 14 monosaccharides monitored,
glucose and fructose accounted for the majority of the monosaccharides measured. They were
present in their free forms, as sucrose, and as starch. Other common and abundant
monosaccharides included xylose, arabinose, galactose, and GalA, which correspond to cell wall
polysaccharides such as arabinoxylan and pectins.®2° Xylose was most abundant in grains
(Figure 2.2¢) along with arabinose due to the presence of arabinoxylans in the cell walls of
grains, while beans, fruits, and vegetables (Figure 2.2a, d, i) tended to contain more GalA and
rhamnose as part of pectins.'® 2% Grain products had the highest overall measured carbohydrates
by fresh weight (Figure 2.2e) due to high starch and low moisture content. This was followed
by beans, peas, and legumes, fruits, and vegetables (Figure 2.2a). Eggs and fats/oils/salad
dressings (Figure 2.2b and 1c, respectively) were found to contain the lowest carbohydrate
content. The meat/poultry/fish group contained significant amounts of glucose likely from free
glucose and glycogen (Figure 2.2f) contrary to what the carbohydrate content listed on their

nutrition labels often suggest.
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Figure 2.2a-j. Average monosaccharide compositions of all nine food groups. The y-axis

follows a square root scale. Error bars represent the standard deviation.

Each plant-based food group had markedly different monosaccharide compositions.
Figure 2.3a-d depicts the monosaccharide compositions of 20 representative foods from each
plant-based food group. Fruits (Figure 2.3a) exhibited diverse monosaccharide compositions
and tended to contain significantly more fructose than other groups due to a higher sugar content.
Grain products (Figure 2.3b) exhibited the highest glucose content from starch, but also
contained xylose, arabinose, and galactose. Aside from high-starch vegetables such as potatoes

and corn, vegetables (Figure 2.3c) had diverse monosaccharide profiles similar to that of fruits
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consisting of glucose, fructose, galactose, xylose, arabinose, GalA, and mannose while
containing markedly less fructose compared to fruits. Beans, peas, legumes, and nuts (Figure
2.3d) were all similar in that they tended to contain relatively high amounts of arabinose.

However, beans and peas had larger amounts of glucose than nuts due to a higher starch content.
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Figure 2.3a-d. Monosaccharide compositions of selected representative foods from each plant-

based food group for fruits (a), grains products (b), vegetables (c), beans, peas, legumes, and nuts
(d).

Foods within each food group also exhibited varying compositions. Solanaceous foods
(or nightshades) like tomatoes, eggplant, and bell peppers (Figure 2.3c) contained very little
arabinose and non-glucose glycans while members of the Brassicaceae family like brussels
sprouts, broccoli, kale, and cauliflower (Figure 2.3c) exhibited significantly larger quantities of
arabinose and other glycans such as GalA, galactose, rhamnose, and fucose. Similar differences
were observed in the other food groups. In nuts, almonds contained the largest amount of
arabinose while tahini (made from sesame seeds) contained large amounts of mannose (Figure
2.3d). In fruits, pears and guava tended to contain more xylose than other fruits while berries
were very low in non-glucose and non-fructose monosaccharides (Figure 2.3a). In grains,
“white” products like white bread, flour tortillas, and white rice tended to contain less non-
glucose monosaccharides than their whole grain counterparts like whole-grain bread, grains, and

brown rice (Figure 2.3b).

Monosaccharide composition of diets

The results from the Glycopedia were used to quantitate carbohydrates in a standard diet.
According to the USDA Dietary Guidelines for Americans 2020-2025 and USDA MyPlate, it is
recommended for adults to consume 2 cups of fruits, 2.5 cups of vegetables, 6 ounces of grains,
5.5 ounces of protein, and 3 cups of dairy in a day.!* These recommendations are based on
consuming 2,000 calories per day and have different food groups compared to the food groups

described in this work. To generate a relative chart of each food group (Figure 2.4), the
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recommended servings in an example meal was converted from cups and ounces to grams. The
ingredients for the example dinner meal included 4 ounces of chicken breast, 0.5 cups of
broccoli, 0.33 cups of carrots, 0.33 cups of summer squash, 0.75 cups of pasta, 1 tablespoon of
oil, 1 cup of a navel orange, and 1 cup of milk. Based on the USDA Dietary Guidelines for
Americans 2020-2025, the recommended food groups relative composition for the example meal
yielded 30 % for Vegetables, 26 % for Fruits, 19 % for Dairy, 13 % for Grains, and 12 % for

Proteins.

-
i

Figure 2.4. Mass percentages of food groups used to generate an example meal based on

recommendations in the USDA Dietary Guidelines for Americans 2020-2025.



g
°

5035
o 0.30
=

5 6.0 5

2 8 015

8 .10

2 40 g 00s

S 30 0.00

8 20 H steamed brocooli i
5
||

b o
o o

charide (
B g

o
monosaccharide (g)
SN o s
o o

a
=
o

£10
00 = Inl -

navel orange

whole milk

monosaccharide

key
mGlucose

mGalactose
ofructose
mXylose
mArabinose
oFucose
mRhamnose
mGIcA
mGalA
mGlcNAC
mGalNAc
mMannose

cooked pasta

grilled chicken breast
0.03

5003

@
2 002
oAllose

aQ
§ 002
ERibose

2
2 001
5
g 001

0.00
olive oil

i n

steamed butternut squash

steamed carrots

Figure 2.5. Example meal with quantitative monosaccharide bar graphs of each ingredient. The

serving amounts are based on the USDA Dietary Guidelines for Americans 2020-2025.

The total dietary carbohydrate content in the example meal was determined using values
from the Glycopedia. Additionally, the monosaccharide concentrations and composition of each
ingredient in the meal were determined (Figure 2.5). The calculated total carbohydrate content
in the entire meal was 89.09 g (Table 2.1). The cooked penne pasta, navel orange, and glass of
whole milk resulted in the highest total carbohydrate amounts (per ingredient and serving) with
values of 62.4 g, 10.4 g, 9.1 g, respectively. As expected, olive oil, and grilled chicken breast had
minimal carbohydrates (per ingredient and serving) with values 0.0 g, and 0.4 g, respectively.
The cooked penne pasta had less relative monosaccharide diversity with glucose from starch as
the most abundant. On the other hand, steamed broccoli, steamed carrots, navel orange and
steamed butternut squash had the most (non-glucose) monosaccharide diversity with higher

amounts of galactose, fructose, xylose, arabinose, and galacturonic acid present. The whole milk
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“contained glucose (4.27 g) and galactose (4.74 g) per 1 cup of whole milk and matched the

known composition of lactose.

Table 2.1. The absolute monosaccharide composition and amounts in an example dinner meal.

monosaccharide (g)

food serving amount  amount (grams) moisture (%) Glc  Gal Fruc Xyl Ara Fuc Rhm GlcA GalA GlcNAc GalNAc Man All Rib  total

grilled  chicken breast 40z 113.4 62 0.14 0.01 002 0O 4] 1] 1] [} o] Q 1] 003 0 017 04
steamed  broccoli 0.5 cups 38 89.6 036 013 0 006 0.14 001 002 0 0.2 4] 1] 002 0 002 09
steamed carrots 0.33 cups 50 871 166 029 0.17 003 016 002 002 0 026 Q 1] 004 0 0O 2.7
steamed butternut squash 0.33 cups B6.7 89.6 229 019 042 003 003 001 001 © 0.2 4] 1] 002 0 0 3.2
cooked pasta 0.75 cups 150 54.7 57.6 051 045 21 151 0 002 001 003 0 0 015 0 003 624
olive oil 1 Thsp 14.3 0.8 002 0 001 0 0 0 0 0 0 0 0 o 0 o0 0

navel orange 1 medium orange 165 87.3 6.37 0.37 2.64 012 0.24 004 006 0 06 0 0 0 0 0 104
whole milk 1 cup of milk 245 89 427 474 0O 0 001 0 0 0 0 0 0 003 0 001 91

total N/A N/A N/A 72,7 6.25 3.72 235 2.09 009 0.13 0.01 1.21 0 0 03 0 025 89.09

In addition to determining the total carbohydrate content in each ingredient in a meal, the
database was used to determine the total amount of each monosaccharide by adding the total
monosaccharides from each ingredient. In the exemplified meal above, the glucose was the most
abundant monosaccharide with a total of 72.70 g. The next most abundant monosaccharides were
galactose and fructose with a total of 6.25 g and 3.72 g, respectively. Xylose (2.35 g) and
arabinose (2.09 g) were similar in abundance, while fucose (0.09 g), rhamnose (0.13 g),
galacturonic acid (1.21 g), mannose (0.30 g), ribose (0.25 g) were present in smaller amounts.
With the Glycopedia, the monosaccharide profile of a meal can be altered by simply swapping an

ingredient from the same food group with a higher concentration of the desired monosaccharide.
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For example, if more arabinose is desired the navel orange (0.15 g/100g arabinose) from the

meal above can be exchanged for a Bartlett pear (0.37 g/100g arabinose).
Personalized nutrition based on specific monosaccharide abundances

The Glycopedia can be used not only to compare foods but to create personalized meals
rich in specific monosaccharides and, by extension, fibers for altering and modulating the gut
microbiome or other nutritional studies. Arabinose is a prime target for this purpose as it is
found commonly only in plants, is not digested or absorbed endogenously, and has been shown
to play an important role in shaping the gut microbiome.?! Arabinose is not abundant in foods as
a free monomer, rather it is a part of ubiquitous cell wall polysaccharides such as arabinoxylan in
grains and pectins in fruits and vegetables.® 22 While this method does not differentiate from
which polymer the arabinose originates, arabinose can nonetheless be quantitated to identify
foods to maximize dietary this saccharide. Figure 2.6 provides the broad arabinose content of
the individual food groups. The highest average arabinose content was observed in Food Group
1 (1.249/100g fresh weight) followed by groups 2, 3, and 4 (0.8, 0.27, and 0.249/100g fresh
weight). In general, the highest arabinose concentrations were found in plant-based foods such
as legumes, grains, vegetables, and fruits. However, the range of arabinose in each plant-based
food group was large and depended on the specific food and moisture content. For example,
pear cultivars tended to have more arabinose than apple cultivars. Relatively dry foods like
cereals, nut butters, and dehydrated legume, vegetable, and fruits products consistently displayed

the highest arabinose concentrations and total measured carbohydrate in each group.
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Figure 2.6. Average arabinose abundances in all food groups. Food group 1 yielded the highest

arabinose amounts and group 9 yielded the least, respectively.
Processed foods — monosaccharide composition in commercial complementary foods

To investigate the carbohydrate content in processed foods or foods containing multiple
ingredients such as commercial complementary foods, we compared the levels of arabinose in 23
products in a subset of a store name brand. In processed foods, multiple ingredients were used to
make the final product where the monosaccharide abundances of ingredients vary. Because the
ingredients mostly contained raw food ingredients, the arabinose concentration (by fresh weight)
for that whole food was used to generate the heat map (Figure 2.7) in commercial
complementary foods. For example, the raw ingredients for “Happy Tot Super Foods: pears,
mangoes, spinach, super chia” included raw pears, mangoes, and spinach and were found to
contain 0.27, 0.67, and 0.17 g of arabinose/100 g of fresh weight, respectively. Among this

product, the arabinose content in mango (0.67 g/100 g fresh weight) was highest from all
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ingredients, while the total arabinose content of the complementary food product had lower
amounts (0.47 g/100 g fresh weight). For the rest of the complementary food for babies and

toddlers had a varying range from 0.097 to 0.77 g/100 g fresh weight.

Product Ingredient 1 Ingredient 2 Ingredient 3 Ingredient 4 Ingredient 5
bananas, sweet potatoes, & papayas banana sweet potato papaya lemon juice vitamin C
a ) pears, squash, & blackberries pear butternut squash  blackberry vitamin C lemon juice
apples, guavas, & beets apple beet vitamin C lemon juice
apples, pumpkin, & carrots apple pumpkin carrot vitamin C lemon juice 1
apples, blueberries, & oats apple blueberry oats vitamin C lemon juice
bananas, raspberries, & oats banana raspberry oats vitamin C lemon juice
apples, kale, & avocados apple kale avocado vitamin C lemon juice
pears, kale, & spinach pear kale spinach vitamin C lemon juice
bananas, pineapple, avocado, & granola banana pineapple oats avocado quinoa
zucchini, apples, peas, quinoa, & basil zucchini apple peas quinoa basil
bananas, plums, & granola banana plum oats amaranth vanilla extract
purple carrots, bananas, avocados, & quinoa purple carrot banana avocado quinoa vitamin C
apples, sweet potatoes, & granola apple sweet potato oats quinoa vanilla extract 0.5
b ) oatmeal, sprouted quinoa, bananas, strawberries oats apple blueberry quinoa chia seed
oatmeal, sprouted quinoa, apples, blueberries oats banana apple strawberry quinoa
squash ravioli with squash, pumpkin, & sage sauce tomato sweet potato pear tomato
cheese & spinach ravioli with marinara sauce butternut squash pumpkin apple v corn starch
fiber & protein- pears, raspberries, carrots, butternutsquash pear raspberry carrot butternut squash  pea protein
super foods- apples, sweet potato, carrots, cinnamon, super chia apple sweet potato carrot chia seed cinnamon
super foods- pears, beets, blueberries, super chia pear beet blueberry chia seed lemon juice
super foods- pears, mangos, spinach, super chia pear mango spinach chia seed lemon juice =0
fiber & protein- pears, kiwi, & kale pear kiwi kale pea protein chia seed
super foods- pears, green beens, peas, super chia pear green beans peas chia seed lemon juice

1 0.8 0.6 0.4 0.2 0
g of arabinose/ 100 g fresh weight

Figure 2.7. Heat map of 23 commercial complementary foods from Happy Family brand. The
bar graphs on the left represents the total amount of arabinose found in the complementary food
product along with the list of corresponding ingredients on the right with arabinose content in the

ingredient whole food for babies (a) and toddlers (b).

The first whole food ingredient in processed foods contributes greatly to the
monosaccharide composition. For example, when bananas were the first ingredients in the
“Happy Family” infant products, the total arabinose content was low (less than 0.2 g of
arabinose/100 g fresh weight). On the other hand, when pears were the first ingredients, the total
arabinose had greater than 0.2 g of arabinose/100 g fresh weight with exception of the “Super

Foods: pears, green beans, peas, super chia” product. The cheese & spinach ravioli with marinara
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sauce meal in the “Happy Family” toddler product yielded the highest arabinose content, likely

due to the minimal moisture content.

Monosaccharide and Clustering Analyses

To visualize common features and differences among individual monosaccharide
compositions irrespective of food group, we performed an unsupervised hierarchical clustering
analysis. The average monosaccharide compositions of each cluster are depicted in Figure 2.8b-
k. A total of 10 clusters were chosen to divide the 828 foods into clusters based on their total
monosaccharide compositions. Food belonging to the same groups (fruits, vegetables, grain
products, etc.) largely clustered together and were defined by their monosaccharide
compositions. Cluster 1 was the largest, comprising of over half of the total foods surveyed. This
cluster was significantly enriched in fruits and vegetables, but also contained legumes, plant-
based milks, and few members of the sugars, sweets, and beverages food group. The average
monosaccharide composition for this cluster (Figure 2.8b) was most dissimilar to clusters 2-9
(Figure 2.8c-j, respectively) and reflected the fruit and vegetable food groups. Specifically,
cluster 1 contained significantly lower amounts of glucose and a larger overall diversity than
other clusters. Cluster 2 was significantly enriched in grain products which were largely cooked
whole grains such as oats, barley, millet, quinoa, and rice. Additionally, cluster 2 contained
bean-based pastas and dried fruits. Cluster 3 was significantly enriched in foods from the beans,
peas, legumes, nuts, and seeds group, but like Cluster 1 also contained fruits, vegetables, and
grain products. Clusters 4-9 were all significantly enriched in grain products. However, each
cluster differed in their average monosaccharide compositions, namely their glucose content.
Cluster 4 contained the least average glucose, the highest average fructose, and grouped closer to

cluster 2 which contained many cooked whole grains and dried fruits. Clusters 5-9 contained the
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highest average glucose and total carbohydrate and consisted mostly of dried grain products such
as cereals and snacks. Cluster 10 contained only coconut flour due to its unique composition of

mostly mannose.
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Figure 2.8. (a) Hierarchical cluster analysis of all 828 foods based on their absolute
monosaccharide compositions, (b-k) Average monosaccharide composition of each cluster. The

y-axis follows a square root scale. Error bars represent the standard deviation.
DISCUSSION

The Glycopedia revealed the most abundant monosaccharide in foods was primarily
glucose from simple sugars such as sucrose and starch polysaccharides. Plants have evolved to
pack seeds, grains, tubers, and fruits with glucose, while other components of the plant have
significantly less glucose, but larger amounts of other monosaccharide residues such as
arabinose, xylose, ribose, and mannose. From an evolutionary and agricultural perspective,
humans have historically used innovative strategies to cultivate sugar- and starch-dense foods
and parts of foods as a source of energy. While these energy-rich foods were once a necessity
for survival, increasingly sedentary lifestyles, and overconsumption of highly processed versions
of these foods has contributed to a variety of metabolic disorders such as obesity, type 2 diabetes,
and heart disease particularly in Western populations. The Glycopedia provides information not
only on digestible glucose content, but also on non-glucose content corresponding to various
dietary fiber structures. This information can be used to inform dietary choices to alleviate these
metabolic disorders by reducing starch and sugar consumption and increasing the consumption
of specific fiber types to shape the gut microbiome in a targeted manner. In early life for infants,
HMOs play a large role in shaping the infants gut microbiome. The next source of carbohydrates
in an infant’s diet are from plant-based foods containing dietary fiber. Toddlerhood (12 to 36
months) is a window in life when the gut microbiome is unstable?® and provides an opportunity
to shape the gut microbiome with selective dietary plant oligosaccharides (e.g., prebiotics).

Specifically, bifidobacterial species that utilize plant-derived carbohydrates are purported to
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confer several beneficial properties on their host such as eliciting immune-modulation,
enhancing gut barrier function? and thwarting the colonization of pathogenic microbiota.?® The
sequence of the bifidobacterial genome reveals extensive glycosyl hydrolase activities, of which
several were predicted to be involved in arabinose oligosaccharide utilization.?® Furthermore,
comparative genomics of 40 bifidobacterial species reported a highly diverse gene repertoire
involved in the catabolism of arabino-oligosaccharides even in phylogenetically close species.?’
Currently, supplementing infants’ diets with commercially-available complementary foods is
widely accustomed and practiced. The commercial complementary foods analyzed in this work,
provided the monosaccharide compositional information that can be used to modulate the
microbiome based on the monosaccharide diversity and abundances. This information can
thereby influence the infant’s health and development.

Our research also demonstrated that monosaccharide compositions can vary within food
groups with several implications for nutrition research. It will be necessary for nutrition studies
to resolve their dietary data at the individual food level, rather than summarizing servings at the
food group level, if the intent is to study food-microbiome structure relationships. Mixed meals
will need to be resolved at the ingredient level. Finally, the database will eventually need to be
expanded to incorporate the full variety of plants consumed. This is both a blessing and a curse;
it means more work, but it also means more opportunity to alter human health via specific

breeding or selection of specific existing varietals.

While the human genome contains just 17 enzymes for the saccharolytic dissection of
dietary carbohydrates, the microbial genomes of the gastrointestinal tract include thousands of
enzymes,?® underscoring the importance of elucidating the structure of dietary carbohydrates in

order to understand the relationship between diet and microbiome. Further, numerous lines of
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evidence demonstrate that specific oligosaccharides and polysaccharides have direct effects on
human cells, even in the absence of microbes, influencing intestinal barrier function and
inflammation in vitro.?®3* Thus, the carbohydrate aspect of diet potentially has far-reaching
effects that we can now begin to investigate in the context of whole foods, rather than in the

context of isolated polysaccharides such as inulin.

The broad epidemiologic importance of carbohydrates in the diet is well established.
Their role in caloric transfer is critical to human health, but this simple view belies their
important intrinsic biological activities. Increased consumption of carbohydrates that resist
digestion by the host, typically termed “dietary fiber,” has been associated with a reduced risk of
obesity, type 2 diabetes, certain gastrointestinal disorders, and coronary heart disease.*® Even
monosaccharides, the smallest carbohydrate unit, have their own inherent activities.>® More
recently, the ability of carbohydrates to modulate the gut microbiome has become of
considerable interest.!% 3" While carbohydrates in food are undisputedly a necessary part of any
healthy diet, the relative amounts, types of carbohydrates, and whether some foods can be called
carbohydrates at all are the subject of considerable and even broad disagreements.®® The conflicts

regarding carbohydrates stem from our general ignorance of their chemical structures.

Current methods in dietary carbohydrate analysis are limited to quantifying sugars,
starch, and fiber. Within the definition of fiber is an immense amount of structural complexity
that can alter the gut microbiome and affect host health. Dietary recommendations emphasize
the importance of consuming fiber. However, the term “fiber”, including dietary and indigestible,
makes no distinction of the monosaccharide composition nor the primary structure of the
molecule. The reality is that food glycans are a very large number of compounds, each with their

unique structural variations and potentially specific activities. Thus, the advice “eat more fiber,”
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is not meaningful because fiber from two different sources can have completely different
monosaccharide compositions, glycosidic bond linkages, degree of polymerization, and in turn,
biological functions. The analytical methods used to measure carbohydrates must be updated to
match the evolving throughput and coverage of sequencing and metabolomic analyses. To
address this need, we developed and utilized a rapid-throughput, LC-MS based monosaccharide
analysis to determine the total monosaccharide composition of 800 foods to create a food
“Glycopedia” which will inform future feeding studies in infants transitioning to complementary
diets, toddlers and adults. The total monosaccharide composition and quantitation provides more
useful information on dietary carbohydrates than traditional gravimetric methods especially in
the context of the gut microbiome and infant nutrition. This comes with greatly increased sample

throughput making the construction of large food glycan libraries possible.

Even within the monosaccharide compositions determined in the Glycopedia, there lies
an enormous amount of structural diversity as the polysaccharide and glycosidic linkage level
information are not captured. Additionally, the methods utilized here did not employ sample
preparation steps to separate free sugars and oligosaccharides from polysaccharides. Thus, for
example, free fructose and glucose are not differentiated from inulin or starch, respectively.
Future method development will utilize a rapid-throughput analytical workflow in which free
saccharides and polysaccharides are identified and quantitated separately for a comprehensive
and high-resolution picture of food carbohydrates.

CONCLUSION

A novel rapid throughput UPLC-QgQ-MS workflow was developed to determine the

absolute quantitation of 14 monosaccharides in 800 foods. Foods from diverse groups such as

fruits, vegetables, fats, grains, dairy, beverages, and processed foods were subjected to
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monosaccharide analysis and the resulting monosaccharide compositions were used to create a
“Glycopedia.” The results from the Glycopedia can be used to determine specific
monosaccharide amounts in foods and is capable of tailoring diets. Correlations were made
within monosaccharides found in food. Clustering analysis was performed to see correlation in
food groups based on guantitative monosaccharide compositions and amounts. Using this LC-
MS method, we determined the monosaccharide composition of foods. The resulting information
provided for a more precise diet tailored to modulate the gut microbiome, which could lead to

better health.
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Chapter 3

A Multidimensional Mass Spectrometry-based Workflow for de Novo

Structural Elucidation of Oligosaccharides from Polysaccharides
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ABSTRACT

Carbohydrates play essential roles in a variety of biological processes that are dictated by
their structures. However, characterization of carbohydrate structures remains extremely difficult
and generally unsolved. In this work, a de novo mass spectrometry-based workflow was
developed to isolate and structurally elucidate oligosaccharides to provide sequence,
monosaccharide compositions, and glycosidic linkage positions. The approach employs liquid
chromatography—tandem mass spectrometry (LC—MS/MS)-based methods in a 3-dimensional
(3D) concept: one high performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (HPLC-QTOF MS) analysis for oligosaccharide sequencing and two ultra high
performance liquid chromatography-triple quadrupole mass spectrometry (UHPLC-QgQ MS)
analyses on fractionated oligosaccharides to determine their monosaccharide and linkage
compositions. The workflow was validated by applying the procedure to maltooligosaccharide
standards. The approach was then used to determine the structures of oligosaccharides derived
from polysaccharide standards and whole food products. The integrated LC-MS workflow will

reveal the in-depth structures of oligosaccharides.
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INTRODUCTION

Carbohydrates have a wide range of important functions that are dictated by their specific
structures. For example, human milk oligosaccharides (HMOs) are not digested by the infant’s
innate metabolism. However, they are catabolized by the infant gut bacteria thereby providing
nutritional value in the form of short chain fatty acids to the infant.%? The specific structures of
HMOs correspond uniquely to bacterial enzymes that ferment them.>° In human cells,
oligosaccharides are also found on cell surfaces where they play important roles in cell to cell
recognition and cell binding processes.** Under some conditions, gut bacteria are known to
consume host cell glycans in a similarly structure-specific manner.t® In food, carbohydrates are
often the largest component of the adult diet and are similarly responsible for shaping the

composition of the gut microbiota.6:’

Dietary  oligosaccharides  such  as  fructooligosaccharides  (FOS)  and
galactooligosaccharides (GOS) are termed prebiotics because they are similarly not digested by
the host, but are consumed by gut bacteria.’®?° These oligosaccharides are similarly selectively
fermented by microbes in a structure specific manner in the large intestine.?*?? While FOS and
GOS represent major industrial products, they are relatively homogenous and are composed
primarily of only a single monomer (fructose or galactose). Very many plant-based
oligosaccharides may already be accessible to gut bacteria, however we currently lack the methods
to produce and characterize them. Methods for the de novo structural elucidation of
oligosaccharides and polysaccharides are critically needed to develop new classes of prebiotics

with potentially higher biological efficacy.
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The development of methods for the complete analysis of oligosaccharides presents major
challenges. A variety of techniques are typically employed to determine different aspects of their
structures. Size exclusion chromatography (SEC) is used to separate oligosaccharides from
complex matrices and gives insight into the average degree of polymerization, but does not
elucidate the identity of the monosaccharides nor glycosidic linkages.?® Other methods including
capillary electrophoresis (CE), high performance liquid chromatography (HPLC), and high
performance anion-exchange chromatography (HPAEC) are used to separate oligosaccharides,
while ultraviolet-visible (UV-Vis) spectrophotometers, refractive index detectors (R1D) and pulsed
amperometric detectors (PAD) are used for detection.?*2” While these methods are sensitive, they
lack throughput, structural information, and integration in a way that allows a deep characterization
of structure. Gas chromatography (GC) is typically less used for the analysis of oligosaccharides,
but has long been used as the standard method for monosaccharide and linkage analysis.?®?° GC
methods, however require long separation times, have low sensitivities and throughput, require
extra derivatization steps in the sample preparation, focus on a limited number of monosaccharides
and linkages, and yield little to no absolute quantitative information.3*32 Mass spectrometry
method such as collision-induced dissociation (CID) have been employed with sodiated
oligosaccharides to yield specific structural information.®*° Newer MS techniques, such as ion
mobility mass spectrometry (IM-MS) while still being developed could potentially provide anomer
and sequence information. However, these and similar methods do not yet provide de novo

monosaccharide nor linkage information.36-%8

The impact that carbohydrates have on the microbiota has renewed interests in developing
analytical methods for poly- and oligosaccharide analysis.3*“3 The understanding of the role of

HMOs, for example, has increased when we developed methods to obtain complete structures of
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large pools of compounds through LC-MS profiling. Tandem mass spectrometry (LC-MS/MS)
further revealed structural information such as the degree of polymerization (DP) with composition
and some sequence information when mass heterogeneity of the monomers are available.*4*°
However, challenges in oligosaccharide analysis using LC-MS/MS remain. Many
monosaccharides have identical masses so that CID fragmentation is insufficient for differentiating
the isomers or branching positions. A hexose monosaccharide with a single mass can have several
isomers which include fructose, glucose, galactose, mannose, or allose, and cannot be resolved
using standard LC-MS/MS workflow. Enzymatic treatments coupled with LC-MS/MS have been
employed to identify the monosaccharide isomers and yield complete oligosaccharide structures.*®

Enzymes used in this way were effective, however they require prior knowledge of the

monosaccharide compositions, possible linkages, and further require commercial availability.

In this report, we describe a workflow for de novo structural elucidation of oligosaccharides
derived from plant polysaccharides. The concept involves three types of LC-MS/MS analyses
representing a 3-Dimensional mass spectrometry (3D-MS) approach to reveal each
oligosaccharide’s sequence, composition, and linkages. HPLC separation of the oligosaccharides
is performed followed by a two-way split to an in-line fractionation and a high-resolution
quadrupole time of flight mass spectrometry instrument. A 96-well plate fraction collector is used
to isolate the oligosaccharides. Structural information regarding the DP is obtained through tandem
MS (MS/MS). The collected fractions are subjected to a series of rapid-throughput methods to
provide monosaccharide and linkage profiles.*474® For each oligosaccharide, the method yields
absolute quantitation of the monosaccharides and the relative abundance of each glycosidic

linkage. Using this combinatorial approach that comprises sequence information from the QTOF
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MS/MS and the monosaccharide and linkage compositions from separate LC-MS/MS analyses,

the in-depth oligosaccharide structures of the mixtures are elucidated.

EXPERIMENTAL SECTION

Samples and materials. Sodium acetate, hydrogen peroxide (H202) (30% v/v), iron(l11) sulfate
pentahydrate (Fe2(SOa)3), trifluoroacetic acid (TFA) (HPLC grade), chloroform (HPLC grade),
ammonium acetate, sodium hydroxide pellets (semi-conductor grade 99.99% trace metals basis),
ammonium hydroxide solution (NHsOH) (28-30%), 3-methyl-1-phenyl-2-pyrazoline-5-one
(PMP), dichloromethane (DCM), methanol (HPLC grade), anhydrous dimethyl sulfoxide
(DMSO0), glacial acetic acid, D-galactose, D-mannose, D-glucose, D-allose, D-fructose, D-xylose,
L-arabinose, D-xylose, L-fucose, L-rhamnose, N-acetyl-D-glucosamine (GIcNAc), N-acetyl-D-
galactosamine (GalNAc), D-glucuronic acid (GlcA), and D-galacturonic acid (GalA) were
purchased from Sigma-Aldrich (St. Louis, MO). Maltotriose, maltotetraose, maltopentaose,
maltohexaose were obtained from Carbosynth (Compton, UK). Galactan was purchased from
Megazyme (Bray, Ireland). C18 and porous graphitized carbon (PGC) solid phase extraction (SPE)
plates were purchased from Glygen (Columbia, MD). Formic Acid (FA) (99.5% optima LC/MS
grade) was purchased from Fisher Scientific (Hampton, NH). Acetonitrile (ACN) (HPLC grade)
was purchased from Honeywell (Muskegon, MI). All purchased chemicals were used without
further purification. Butternut squash was purchased from Pedrick Produce (Dixon, CA).

Nanopure water was used for all experiments.

Preparation of the maltooligosaccharides. A stock solution comprising of maltotriose,
maltotetraose, maltopentaose, and maltohexaose were prepared in water at a concentration of 2

mg/mL. A 10 uL aliquot was subjected to the 3D MS workflow.
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Preparation of polysaccharide derived oligosaccharides. An oxidative digestion step, Fenton’s
initiation towards defined oligosaccharide groups (FITDOG) was used to generate
oligosaccharides from polysaccharides.*® Briefly, a reaction solution was prepared containing
95% (v/v) 40 mM sodium acetate buffer adjusted to pH 5 with glacial acetic acid, 5% (v/v)
hydrogen peroxide (30% v/v), and 65 nM iron(l11) sulfate. The reaction mixture was added to 1
mg of dry galactan, and 1 mg lyophilized butternut squash to make a final solution of 1 mg/mL of
both. The reaction was incubated at 100°C for one hour. The reaction was quenched by adding
half of the reaction volume of cold 2 M NaOH. Glacial acetic acid was added for neutralization.

A total of thirty reactions were performed on a 96-well plate.

Oligosaccharides generated from galactan were purified by 96-well plate PGC cartridges.
The cartridges were washed with 80% acetonitrile and 0.1% (v/v) TFA in water. The
oligosaccharides were loaded and washed with five column volumes of water. The
oligosaccharides were eluted with 40% acetonitrile with 0.05% (v/v) TFA in water. Samples were
pooled, dried by vacuum centrifugation, and reconstituted in water prior to the de novo

oligosaccharide analysis.

An additional C18 clean up step was employed to oligosaccharides generated from
butternut squash before the PGC cartridge enrichment. For the C18 cleanup, cartridges were
washed with pure acetonitrile followed a water wash five times the columns volumes. Analytes
were loaded and eluted with two column volumes of pure water. The effluent containing the

oligosaccharides were then enriched using the PGC protocol described above.

Mass spectrometry analysis.
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Fractionation of oligosaccharides. The oligosaccharide separation was performed on an Agilent
1260 Infinity 1l series HPLC. Inline fractionation was performed on a two-way flow splitter
coupled to an Agilent 6530 QTOF mass spectrometer and a Teledyne Isco Foxy 200 96-well plate
fraction collector. A 150 mm x 4.6 mm Hypercarb column from Thermo Scientific with a 5 um
particle size was used to chromatographically separate the oligosaccharides. A binary gradient
consisting of solvent A: (3 % (v/v) acetonitrile/water + 0.1 % (v/v) formic acid) and solvent B: (90
% (v/v) acetonitrile/water + 0.1 % (v/v) formic acid) was used. A 45-minute gradient with a flow
rate of 1 mL/min was used for the separation of maltooligosaccharides 0.00-30.00 mins, 8.00-
10.00 % B; 30.00-30.01 mins; 10.00-99.00 % B; 30.01-33.00 mins, 99.00 % B; 33.00-33.01 mins,
99.00-8.00 % B, 33.01-45.00 mins, 8.00 % B. A 120-minute gradient with a flow rate of 1 mL/min
was used for chromatographic separation of oligosaccharides generated from galactan and
butternut squash: 0.00-90.00 mins, 5.00-12.00 % B; 90.00-99.01 mins, 12.00-99.00 % B; 90.01-
110.00 mins, 99.00-99.00 % B; 110.00-110.01 mins, 99.00-5.00 % B; 110.01-120.00 mins, 5.00

% B.

A two-way flow splitter was used to divert 90 % of the effluent to the fraction collector
and the remaining 10 % of the effluent to the QTOF mass spectrometer. Fractions were collected
on 96-well plates at a rate of 0.5 min/fraction. The fractions were then dried to completion under
vacuum centrifugation and reconstituted in 100 uL of nano-pure water. A 10 pL aliquot was
transferred to a separate 96-well plate for monosaccharide composition analysis, while the
remaining 90 pL of solution was used for glycosidic linkage analysis. Both 96-well plates were
then dried to completeness by vacuum centrifugation prior to monosaccharide and linkage

analysis.
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Sample was introduced into the QTOF instrument using an electrospray ionization (ESI)
source operated in positive mode. The instrument was calibrated with internal calibrant ions
ranging from m/z 118.086-2721.895. Drying gas was set to 150 °C and with a flow rate of 11
L/min. The fragment, skimmer, and Octapole 1 RF voltages were set to 75, 60, and 750 V,
respectively. The collision energy was based upon the compound mass and expressed by the linear
function (Collision Energy =1.3*(m/z)-3.5). The QTOF data was acquired using Agilent
MassHunter Workstation Data Acquisition version B.08.00. The data was then further analyzed

by Agilent MassHunter Qualitative Analysis software version B.07.00.

Monosaccharide analysis of fractions. Monosaccharide compositional analysis performed on
separated oligosaccharides used methods from Amicucci et al.*” and Xu et al.*8, The separated
oligosaccharides underwent a hard acid hydrolysis with 4 M TFA for 2 hours at 100°C. The
released monosaccharides were dried to completion by vacuum centrifugation. A calibration
curve consisting of monosaccharides standards containing D-glucose, D-galactose, D-mannose,
D-fructose, D-allose, L-fucose, L-rhamnose, L-arabinose, D-xylose, D-ribose, GIcA, GalA,
GIcNAc, and GalNAc were prepared in water at concentrations ranging from 0.001 pg/uL to 100
pg/uL. Samples and monosaccharide standards were derivatized with 0.2 M PMP dissolved in
methanol and 28% NH4OH at 70°C for 30 minutes. Derivatized products were dried to
completion under vacuum centrifugation and reconstituted in nano-pure water. Excess PMP was
removed with chloroform extraction. A 1 pL aliquot from the aqueous layer was analyzed by an
Agilent 1290 Infinity 11 UHPLC coupled to an Agilent 6495A QqQ MS employing dynamic
multiple reaction monitoring (dAMRM) mode. An external standard curve was used for absolute

guantitation of each monosaccharide in the fraction. The data analysis was performed using
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Agilent MassHunter Qualitative Analysis software version B.07.00. and Agilent MassHunter

Quantitative Analysis software version B.05.02.

Linkage analysis of fractions. Linkage analysis performed on separated oligosaccharides used
the method from Galermo et al.* In short, permethylation was performed on separated
oligosaccharides by reacting the compounds with 5 pL of 1.26 g/mL saturated aqueous NaOH
and 150 pL of DMSO. A 40 uL aliquot of iodomethane was added to the mixture and reacted
under argon on a shaker at room temperature for 50 minutes. Residual NaOH and DMSO were
removed by extraction with DCM and water. The DCM layer was dried to completion by
vacuum centrifugation. Permethylated oligosaccharides were hydrolyzed and derivatized in the
same manner as the monosaccharide analysis. After PMP derivatization step and the drying step,
the permethylated glycosides were reconstituted in 100 pL of 70% (v/v) methanol/water. A 1 pL
aliquot was analyzed on an Agilent 1290 Infinity Il UHPLC coupled to an Agilent 6495A QqQ
MS instrument in multiple reaction monitoring (MRM) mode. The data analysis was performed
using Agilent MassHunter Qualitative Analysis software version B.07.00. and Agilent
MassHunter Quantitative Analysis software version B.05.02. A pool of oligosaccharide

standards was used to assign linkages.

RESULTS AND DISCUSSION

Description of the overall workflow. A 3D mass spectrometry workflow was developed to
structurally elucidate oligosaccharides from polysaccharides using a combination of high
resolution and targeted mass spectrometry methods. This approach incorporates a non-enzymatic
digestion step to generate polysaccharide-based oligosaccharides followed by three mass
spectrometry analyses to obtain the in-depth structural characterization of oligosaccharides.

Oligosaccharides were subjected to the workflow shown in Figure 3.1. The oligosaccharides are
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first subjected to HPLC separation using a Hypercarb PGC column. During the chromatographic
run, the effluent was split two ways, one toward a QTOF MS and the other toward a 96-well
plate fraction collector. The isolated oligosaccharides were characterized in the QTOF by their
respective MS and MS/MS spectra. To further determine the monosaccharides and linkages of
the separated oligosaccharides, collected fractions were subjected to monosaccharide analysis
and linkage analysis. The workflow is the first to use a combination of three LC-MS platforms to
elucidate the in-depth structures of oligosaccharides. Furthermore, it provides several
advantages, namely higher throughput in the monosaccharide and linkage determination

employing a 96-well plate format.
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Figure 3.1. Workflow for the de novo structural elucidation of oligosaccharides using the 3D
LC-MS/MS. Samples are injected in the LC-QTOF MS. The eluant is split using a flow splitter
between the LC and the QTOF MS to a 96-well plate collector. The collected oligosaccharide
fractions are subjected for UHPLC-QqQ MS analyses to determine monosaccharide and linkage

compositions.
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Workflow validation using maltooligosaccharides. The workflow was demonstrated using an
oligosaccharide mixture comprised of maltotriose, maltotetraose, maltopentaose, and
maltohexaose. The maltooligosaccharides were chosen to model plant-based oligosaccharides
derived from polysaccharides. A stock solution of the standards were pooled and subjected to the
workflow. To isolate the oligosaccharides, chromatographic conditions were optimized to yield a
45-minute run while still achieving base peak separation for the oligosaccharides. Complete
chromatographic separation of the oligosaccharides was preferred, yet challenging to achieve, as
many oligosaccharides had similar structures that tend to coelute in the more complicated

mixtures described below.

The first dimension of MS results in the workflow was oligosaccharide analysis obtained
through LC-QTOF MS. Two scan modes were employed on the oligosaccharides: a precursor
ion scan mode to identify possible oligosaccharides based on their corresponding m/z value and a
fragmentation mode, where collision-induced dissociation (CID) was employed to selected
oligosaccharide ions. Fragmentation of oligosaccharide ions yielded structural information. In
general, native oligosaccharide ions fragmented under CID inducing cleavages at the glycosidic
bonds. Depending on the monosaccharide type (a hexose versus a pentose or a deoxyhexose),
oligosaccharides can produce unique fragmentation spectra. For example, hexose, pentose, and a
deoxyhexose yield losses of 162, 132, and 146 Da, respectively. The neutral mass differences
and the resulting fragment ions are used to determine the monosaccharide class, some spatial
arrangements, and the DP. We further note that rearrangements can occur with protonated

species during CID, and these rearrangements can complicate structural analysis.

For the standards, the LC-QTOF MS chromatogram revealed a total of four

oligosaccharides in the mixture shown in Figure 3.2A. The MS and MS/MS analysis revealed
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the m/z 505.178 as a trisaccharide, m/z 667.231 tetrasaccharide, m/z 829.283 pentasaccharide,
and m/z 991.331 hexasaccharide. The compounds were split by the alpha and beta anomer

content except for the trisaccharide, which did not interact as strongly on the stationary phase.
The DP of the oligosaccharides and the monosaccharide compositions (hexoses) were readily

identified in the standards.
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Figure 3.2. Elucidated maltooligosaccharide structures obtained from 3D LC-MS/MS workflow.
(A) The 1% dimension corresponds to base peak chromatogram (BPC) to yield the
oligosaccharide profiles. (B) The 2" dimension revealed the absolute monosaccharides
abundances in the fractions (inverted solid line graph). The 3 dimension produced the

glycosidic linkages within the oligosaccharide (Inset, pie charts).

To illustrate the details of the oligosaccharide analysis, maltohexaose was used. In the

positive mode, the precursor ion corresponded to the mass of the protonated species [M+H]*
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(991.331 Da, Figure 3.3A). Maltohexaose was subjected to CID fragmentation at a collision
energy of 9.4 eV and yielded abundant fragment ions revealing the connectivity and confirming
the DP (Figure 3.3B). The fragment ions m/z 163.062 (B1), m/z 325.113 (B-z), m/z 487.166 (B3),
m/z 649.212 (B4), and m/z 811.272 (Bs) corresponded to one to five hexose residue(s),
respectively. The observed fragment ions were consistent with the known structure of

maltohexaose.
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Figure 3.3. (A) MS and (B) MS/MS spectra of protonated maltohexaose species [M+H]" with

assigned fragmentation obtained from the LC-QTOF MS.

The next dimension of MS in the 3D workflow yielded the monosaccharide
compositional analysis. This analysis was performed on the collected fractions that were split
from the LC-MS and collected in 96-well plates. A total of 76 fractions were collected and
subjected to acid hydrolysis to produce monosaccharides. The released monosaccharides were

then reacted in a PMP derivatization and subsequently analyzed by UHPLC-QqQ MS. The LC-
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MS monosaccharide analysis was performed in 10 minutes. For the standard pool, the
monosaccharide results were plotted as an inverted chromatogram shown in Figure 3.2B. The
chromatogram was constructed by plotting the absolute monosaccharide concentrations in each
collected fraction with line smoothing performed to produce the figure. The compositional

analysis included 14 monosaccharides; however only glucose was found as expected.

The absolute quantitation of monosaccharides was used to validate the fractionation of
the oligosaccharides. Recovery analysis was performed on the LC of the maltooligosaccharide
pool. LC fractions were analyzed for glucose content using the method for monosaccharide
analysis. The total amounts of glucose in the fractions were compared to measured values.
Fractional recoveries were obtained using the absolute amounts measured in each fraction (Table
3.1). The glucose recoveries for maltotriose, maltotetraose, maltopentaose, and maltohexaose
were determined to be 69.0%, 85.8 %, 89.8%, and 82.5%, respectively. There were high
recoveries of the oligosaccharides with variations possibly due to some degradation in the strong

acid hydrolysis treatment.

Table 3.1. Percent recoveries of pre and post fractionation of maltooligosaccharide pool based

on the total glucose quantitation.

Degree of Collection  Prefractionated Fractionated  Glucose

Maltooligosaccharide Polymerization window glucose amount  glucose amount recovery
(DP) (min) (ug) (ug) (%)
maltotriose 3 4-8 21.9 15.1 69.0
maltotetraose 4 8-12 16.6 14.2 85.8
maltopentaose 5 14-18 13.3 12.0 89.8
maltohexaose 6 21-26 111 9.2 82.5
Total N/A N/A 62.9 50.5 80.2
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The third MS analysis in the workflow was used to determine the glycosidic linkages.
Linkage analysis was performed by permethylating the oligosaccharides, subjecting to acid
hydrolysis, and labeling with PMP. The partially methylated compounds were subjected to
UHPLC-QqQ MS analysis. The separation for the UHPLC-QgQ MS analysis was performed in
15 minutes for each fraction. This analysis revealed only two types of species: a terminal glucose
(t-glucose) and 4-linked glucose (4-glucose) for all fractionated oligosaccharides (Figure 3.2B).
For the oligosaccharides, maltotriose, maltotetraose, maltopentaose, and maltohexaose were
observed to contain t-glucose and 4-glucose in ratios 1.24, 0.75, 0.56, 0.43. The expected values
were 0.50, 0.33, 0.25, 0.20, respectively. The relative abundances for observed and expected
values were plotted as a function of DP (Figure 3.4) and showed an over-representation of t-
glucose compared to 4-glucose (Table 3.2). The disparity is likely due to specific issues such as
differences in the ionization between the various partially methylated species. In general, the
MS method may overrepresent terminal linkage species over internal linkage residues.
Nonetheless, the analysis generally provided reliable relative abundances of each residue with

some quantitative information.
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Figure 3.4. Plot of the ratios of T-glucose/4-glucose relative linkage abundances versus DP of

observed and expected maltooligosaccharide linkages.

Table 3.2. Degree of polymerization (DP) versus relative linkage composition of observed and

expected linkages for maltooligosaccharides.

Observed linkages Expected linkages
Ratio Ratio

t-glucose 4-glucose (t-glucose  t-glucose  4-glucose  (t-glucose

Maltooligosaccharide DP (%) (%) /4-glucose) (%) (%) /4-glucose)
maltotriose 3 55.4 44.6 1.24 33.3 66.7 0.50
maltotetraose 4 42.8 57.2 0.75 25.0 75.0 0.33
maltopentaose 5 35.8 64.2 0.56 20.0 80.0 0.25
maltohexaose 6 30.2 69.8 0.43 16.7 83.3 0.20

Based on the three LC-MS/MS analyses, the structures of each maltooligosaccharides
were deduced. The first QTOF MS with MS/MS, yielded the DPs as 3, 4, 5, and 6. The
quantitative UHPLC-QgQ MS analysis revealed that the maltooligosaccharides were solely
composed of glucose, while the linkage UHPLC-QqQ MS analysis yielded 4-glucose and t-
glucose were the only two linkage species observed. The maltooligosaccharide structures were
determined to be composed of (1—4) glucose repeating units as shown in the annotated
chromatogram in Figure 3.2A. While the o/ stereochemical information is currently not

obtained with this workflow, future strategies are described below.

Validation of structural analysis of oligosaccharides from standard polysaccharide sources.
A homopolysaccharide galactan was chemically digested using the Fenton’s initiation toward
defined oligosaccharide groups (FITDOG) process described in previous publication.*® In this

process, polysaccharides were subjected to oxidative cleavage with Fe3*/H.02 conditions. The
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process yields distinct oligosaccharides corresponding to each polysaccharide. The resulting
oligosaccharides were subjected to the workflow. The generated oligosaccharides were
chromatographically separated using a 120-minute run and collected into 192 fractions. The
oligosaccharides were then analyzed using Q-TOF MS to determine the DP, hydrolyzed, and
then derivatized to determine the monosaccharide compositions with UHPLC-QgQ MS analysis,
and permethylated, hydrolyzed, and derivatized to determine the glycosidic linkages with

UHPLC-QqQ MS analysis.

The LC-QTOF MS chromatogram of the digested galactan yielded at least seven
dominant oligosaccharides (Figure 3.5A). The MS and MS/MS results revealed a Hexs (6.5 min,
7.5 min), Hexs (12.5 min, 15.0 min), Hexs (19.5 min, 22 min), Hexe (24.5 min, 27.5 min), Hexz
(31.5 min, 34.5 min), Hexs (45.0 min, 47.0 min), Hexo (65.0 min), and Hexyo (83.0 min).
Partially modified oligosaccharides were observed and annotated (asterisk) in the inset of Figure
3.5A. These non-intact compounds corresponded primarily to higher oxidized products.
Subsequent optimization can eliminate these side products.*® Separation of anomers (alpha and
beta at the reducing end) resulted in split peaks with the exception of Hexg and Hex1o. The CID
spectra confirmed the presence of anomers and were further consistent with the proposed

monosaccharide compositions (hexoses).
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Figure 3.5. Characterization of oligosaccharide structures derived from galactan using the 3D
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oligosaccharide structures. (B) Mirrored chromatogram represents the monosaccharide

composition in fractions and relative linkage compositions are shown in pie charts both obtained

through UHPLC-QqQ MS analysis.

The monosaccharide analysis confirmed the composition to be exclusively galactose

(Figure 3.5B). The linkage analysis similarly yielded only two species, namely 4-galactose and

t-galactose. The ratios of t-galactose and 4-galactose were consistent with the expected ratios,

although the terminal linkage species were overrepresented as observed for the

maltooligosaccharide (Table 3.3). The ratios of t-galactose and 4-galactose as function of DP

were plotted and were found to follow the trend as with the expected values (Figure 3.6). The

measured ratios were generally higher than expected, and were significantly higher for the low
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DP oligosaccharides suggesting an over representation of t-galactose. As mentioned with the
maltooligosaccharide example, the terminal species are more abundant than internal linkage
species with the effect decreasing with higher DP. A response factor normalized to a polynomial
curve may be deduced and used for future measurements if quantitation of the linkages were
desired. Nonetheless, the information provided the oligosaccharide structures using the 3D MS
analyses. Based on the information, the oligosaccharide structures were determined to be a linear

(1—4) linked galactose oligomers as expected for galactan.
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of observed and expected linkages from galactan oligosaccharides.
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Table 3.3. Degree of polymerization (DP) and relative linkage composition of observed and

expected linkages for fractionated galactose derived oligosaccharides.

Observed Linkage Expected Linkage

Ratio Ratio

t-galactose  4- galactose (t- galactose t- galactose  4- galactose  (t- galactose

DP (%) (%) /4- galactose) (%) (%) /4- galactose
3 68.0 32.0 2.13 333 66.7 0.50
4 58.3 41.7 1.40 25.0 75.0 0.33
5 53.3 46.7 1.14 20.0 80.0 0.25
6 45.4 54.6 0.83 16.7 83.3 0.20
7 44.0 56.0 0.79 14.3 85.7 0.17
8 39.3 60.7 0.65 12.5 87.5 0.14
9 36.2 63.8 0.57 11.1 88.9 0.13
10 35.5 64.5 0.55 10.0 90.0 0.11

Determination of oligosaccharides produced from food polysaccharides. The 3D MS
approach was performed on oligosaccharides produced from a plant product, namely butternut
squash. The LC-QTOF chromatogram (Figure 3.7A) of the resulting oligosaccharides were
separated and collected into a total of 96 fractions. The mirrored chromatogram was constructed
from the respective monosaccharide analysis results (Figure 3.7B). The resolution of the LC-
QTOF was limited by the flow splitter between the LC and the QTOF. Chromatograms without
the flow splitter were of significantly higher resolution and were used to confirm the identities of
the broad peaks. The major components were composed of DPs varying from disaccharides to
pentasaccharides (Table 3.4). As expected, a complete plant product such as butternut squash is
composed of several polysaccharides. The resulting oligosaccharides yielded a small number of
major products namely those composed primarily of hexose units. The monosaccharide analysis
of the fractionated effluent yielded the general monosaccharide compositions of the peaks
(Figure 3.7B). Based on the combined analyses, several compounds were readily identified as

those composed of starch. These oligosaccharides consisted of three, four, and five monomer
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units (m/z 505.180 at 11 minutes, m/z 667.235 at 27 minutes, and m/z 829.285 at 41 minutes).
Split chromatographic peaks were observed and corresponded to the alpha and beta anomers.
These compounds were comprised almost exclusively of glucose (81.7 %, 90.4 %, 78.1 %,
respectively). The co-elution of other compounds decreased the relative glucose abundances. The
linkage analysis of these compounds yielded 4-glucose (43 %, 59 %, 55 %, respectively) and t-
glucose (48 %, 38 %, 39 %) (Pie chart inserts, Figure 3.7B). By combining the results from the
three analyses, we conclude that the oligosaccharides were maltotriose, maltotetraose, and
maltopentaose, respectively. Both the retention times and tandem MS matched the

maltooligosaccharide standards, although different LC gradients were used in the separate

analyses.
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Figure 3.7. Results from the 3D LC-MS/MS workflow for butternut squash oligosaccharides.

(A) Oligosaccharide profiles from QTOF MS analysis with annotated elucidated structures. (B)
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Mirrored chromatogram represents the absolute monosaccharide compositions of each fraction.
Linkage compositions are shown in pie charts. In the inset structures, the “X” denote undefined

linkages.

Oligosaccharides with mixed monosaccharide compositions were also present. A
disaccharide was found to consist of glucose (49.5%) and fructose (50.5%), while the glycosidic
linkage revealed the presence of t-glucose. Fructose is a ketosugar and does not derivatize well
with PMP, therefore its linkages could not be determined. However, the results from the LC-
QTOF MS showed the presence of hexose disaccharides. The structure was consistent with a
disaccharide having a fructose reducing end and glucose nonreducing end (inset, Figure 3.7A).
A trisaccharide was observed clustered at retention times 18-26 minutes. The oligosaccharide
was composed of glucose (Glc, 35.6%), galactose (Gal, 26.8%), and fructose (Fru, 37.7%).
Tandem MS yielded identical fragmentation. The multiple peaks suggested the presence of a
reducing monosaccharide and the presence of anomers. Fructose does not produce anomers at the
reducing end, eliminating the possibility of fructose being on the reducing end.>*%! The linkage
analysis of the oligosaccharide suggested the structure as Gal-(1—X)-Fru-(2—4)-Glc. The “X”
corresponds to undefined linkage for the reasons written in the text below. Lastly, a
tetrasaccharide at 45 minutes was found to consist of glucose (20.4%), galactose (20.9%), and
fructose (58.8%). The linkage analysis revealed t-galactose (33.3%), and 6-glucose (20.1%).
Because t-galactose (33.2 %) is higher in abundance compared to t-glucose (11.1 %), the t-
galactose was assigned the terminal position leaving the 6-glucose to be in the internal position.
The monosaccharide analysis revealed the presence of galactose and glucose residues, and

linkage analysis yielded the structure Gal-(1—6)-Glc-(1—X)-Fru-(2—X)-Fru.
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Table 3.4. Table of saccharides characterized using the de novo structural analysis of

oligosaccharides generated from butternut squash with retention time, monosaccharide

composition, and linkage composition.

Monosaccharide
composition (%)

Linkage

composition (%)

m/z RT
Compound [M+H]* (min) Glc Gal Fru 4-Glc 6-Gal 6-Glc t-Fru t-Gal t-Glc
2Hex 343.116 6 438 51 511 6.7 0.6 0.6 1.8 185 71.9
3Hex 505.180 11 817 6.8 115 | 425 0.8 0.8 0.3 7.3 48.4
3Hex 505.180 19,24 356 268 37.7 16.8 9.6 9.6 0.1 36.8 27.1
4Hex 667.235 27 904 24 7.2 59.0 0.3 0.3 0.0 2.2 38.2
5Hex 829.285 41 78.1 7.9 14.1 54.8 0.2 0.2 0.0 6.0 38.8
4Hex 667.231 45 204 209 58.8 155 20.1 20.1 0.0 33.2 11.1
Glc- Glucose

Gal- Galactose

Fru- Fructose

Limitation of 3D MS for oligosaccharide analysis. The concept of 3D MS provides structural
information of oligosaccharides that have previously not been achievable by any single method.
However, there are clear limitations to the method. Coelution of several compounds can limit the
specificity of the analysis. This condition can be remedied by further optimizing the separation
conditions, by using a different stationary phase such as HILIC, and by significantly longer

chromatographic separation.

The unique structure of fructose makes it difficult to obtain linkage information. Being a
keto sugar, it was difficult to label with PMP, and its sensitivity was significantly lower
compared to other monosaccharides. In the partially methylated form, the monosaccharide
appeared even less reactive to PMP thereby restricting the formation of labeled, partially

methylated fructose. The differences in reactivity need further investigation. However, the
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terminal fructose was observable and measured. Work is currently being performed to find a

better labeling method for fructose.

There are additional limitations with the method serving as a reminder of the difficulties
in elucidating complete structures. The o/p character of the glycosidic linkages could not be
resolved using the 3D MS workflow. However, the workflow can differentiate oligosaccharide
isomers by yielding differential retention times for distinct o/f linkages. For example,
maltotriose with a(1—4) linkages and cellotriose with f(1—4) linkages are isomers with widely
different retention times (a difference of as much as five minutes was observed on the PGC
column). Furthermore, other techniques may be used and adapted to the workflow. One approach
is enzymatic treatments that can be applied on separated oligosaccharides.>? Enzymes can be

targeted based on the elucidated monosaccharide and linkage information.
CONCLUSIONS

A 3D LC-MS/MS-based workflow was developed for the structural elucidation of
oligosaccharides derived from plant polysaccharides. This workflow can be employed to pure
oligosaccharides, polysaccharides, and complicated polysaccharide mixtures such as those found
in plants or food. This approach utilized LC-MS with inline collection of fractions that are
further probed by separate LC-MS analyses yielding the corresponding monosaccharide
compositions and linkage information on the eluting oligosaccharide. Method validation was
performed on maltooligosaccharides, oligosaccharides derived from the polysaccharide galactan,
and a food product, butternut squash. The optimized workflow yielded separated
oligosaccharides with structures. The approach can also be applied to rapidly build glycome

libraries of new and novel oligosaccharides.
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Chapter 4

A Method for Monitoring Glycosidic Linkages in

Food and Feces for Clinical Trials
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ABSTRACT

Carbohydrates are the largest components in plant-based foods and play important roles
in many biological functions. Dietary carbohydrates that are non-digestible by the host and end
up in the distal gut as food for gut bacteria. Glycosidic linkages play an important role in this
interaction as bacterial enzymes have high linkage specificity to degrade the carbohydrate
substrates. The structural diversity of dietary carbohydrate in addition to their complicated
matrices, such as foods and feces, makes their analysis difficult. In this research, a high
throughput linkage analysis method was established to monitor food-microbe interactions in
clinical trials for mice and human studies. A total of 33 glycosidic linkages were measured from
a library capable of detecting up to 96 linkages. The quantitative approach revealed differences
in carbohydrate linkage abundances in germ-free mice feces, and microbiota inoculated feces
from mice. Altered amounts of 5-arabinose and T-arabinose in fecal samples from human
subjects that were fed pea fiber snack were observed, indicating utilization of arabinans by gut
microbes. The ultra-high performance liquid chromatography-triple quadrupole mass
spectrometry (UHPLC-QqQ MS) method can lessen the time for quantitating glycosidic linkages
in clinical trials and is useful tool to monitor dietary carbohydrate degradation in the presence of

microbial communities.
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INTRODUCTION

Carbohydrates represent the majority composition in plant-based foods. Food
carbohydrates are composed of a variety of different molecular structures such as
monosaccharides, disaccharides, oligosaccharides, and polysaccharides. These biomolecules
often have associated functions that are dictated by their specific structures.® For example, starch
polysaccharides, a glucose polymer with a (a1—4) glycosidic linkage for amylose and
amylopectin also contains a glucose-based polymer with a (al—4) glycosidic linkage; however,
it branches every 12-25 glucose units at (a1 —6) glycosidic linkage positions.?® Starch digestion
starts at the mouth where salivary amylases catalyze the hydrolysis of starch at the specific
(al—4) glycosidic linkage position.* Another function of cell wall polysaccharides such as
cellulose, xyloglucan, pectins, hemicelluloses is to provide the plant cell with structural rigidity
to withstand stresses.> However, these polysaccharides are non-digestible by the human host, and
can be a food source for gut microbes.® ” These organisms contain genes encoding for the
production of carbohydrate-active enzymes (CAZymes) that degrade and utilize the selective

carbohydrate structures.

In recent years, there has been great interest in the gut microbiome capabilities to affect
host health. The interactions between dietary carbohydrates and the gut microbiome produces
metabolites such as short chain fatty acids (SCFA) that are associated with reducing the risk of
various metabolic disorders.®® Similarly, specific diets have shown to alter bacterial species
abundances in humans.'®  Gut microbes can also play a role in mediating obesity. A high fat
induced diet in mice and the presence of B. longum species showed reduction of body weight

and fat accretion.’? Thus, there is a need to characterize these interactions to mediate host health
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outcomes. However, the structure to function relationships between dietary carbohydrates and

microbial communities largely remains undetermined.

Glycosidic linkages are important features of carbohydrate structures. They alone can
even be used to deduce parent polysaccharides structures. They can also reveal the specific
substrate for glycosyl hydrolyses (GH) and polysaccharide lyases (PL) needed to degrade
polymers. While methods for determining the CAZymes using genomic and GH databases were
developed, the analysis of carbohydrate linkages has not advanced particularly compared to other
omics methods such as genomic and proteomics.'* 14 Traditional methods for linkage analysis
are still performed on a GC-MS platform. The analysis requires extensive derivatization steps to
make analytes amendable for the analysis.'® Other limitations include: only a small set of
linkages can be monitored, long chromatographic run times, and the general lack of sensitivity.'®
1" Moreover, samples are prepared and analyzed on a single sample manner. This lowers the
sample throughput and inhibits the processing of large clinical feeding studies samples. There

remains a need to rapidly analyze carbohydrate linkages in a high-throughput manner.

Modern analytical approaches for the characterization of biological compounds employ
liquid chromatography coupled to mass spectrometry (LC-MS). We recently published the first
LC-MS method for the determination of glycosidic linkage that yields greater sensitivity and that
is capable of monitoring many more linkages than previous approaches. It also includes faster
chromatographic run times, thereby enhancing the speed of analysis.*® Subsequently, an
extended linkage library was developed that is capable of monitoring up to 96 different
glycosidic linkages on the LC-MS platform.'® The LC-MS approach provides better figures of

merit compared to the GC-MS platform and is suitable for characterizing carbohydrates in large
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sample batches. Currently, linkage analysis using a 96-well plate format for clinical feeding

studies has not been reported.

In this work, an LC-MS method for the determination of glycosidic linkages was
employed to a large feeding study to measure the linkages that were consumed by bacteria in the
gut. Fibers, mice diets, mice fecal and human fecal samples were subjected to the high-
throughput glycosidic linkage analysis. Samples were subjected to permethylation, hydrolysis,
and derivatization by PMP subsequently analyzed by UHPLC-QqQ MS. The method was
performed on over 200 fecal and fiber samples. Technical replicates (n=3) for each sample were
performed using the linkage analysis 96 well plate format to demonstrate the methods
robustness. The sensitivity allowed the large sample set to be processed with only 50 pg of feces
per analysis. The measured glycosidic linkages abundances were then compared to evaluate the

utilization of carbohydrates structures by gut microbes.

EXPERIMENTAL PROCEDURES

Samples and materials. Fibers, diets, and fecal biospecimens samples were obtained from a
collaborative clinically feeding study.?® lodomethane (contains copper stabilizer, 99.5%),
trifluoroacetic acid (TFA) (HPLC grade), chloroform (HPLC grade), ammonium acetate
(NH4AC), sodium hydroxide pellets (semi-conductor grade 99.99% trace metals basis),
ammonium hydroxide solution (NH4OH) (28-30%), dichloromethane (DCM), 3-methyl-1-phenyl-
2-pyrazoline-5-one (PMP), methanol (HPLC grade), and anhydrous dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (St. Louis, MO). Amylopectin, 1,6-a-D-mannotriose,
maltohexaose, 1,4-B-D-mannotriose, 3-O-(a-D-mannopyranosyl)-D-mannopyranose, 3-O-(p-D-

galactopyranosyl)-D-galactopyranose, nigerose, lactose, 2'-fucosyllactose (synthetic), 4-O-(B-D-
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galactopyranosyl)-D-galactopyranose, isomaltotriose, 1,3-a-1,6-a-D-mannotriose, 1,4-D-
xylobiose, 1,5-a-Larabinotriose, and 2-O-(a-D-Mannopyranosyl)-D-mannopyranose were
purchased from Carbosnth (Compton, U.K.). Arabinoxylan was purchased from Megazyme
(Chicago, IL). Acetonitrile (HPLC grade) was purchased from Honeywell (Muskegon, MI).

Nanopure water was used for all experiments.

Sample preparation and homogenization. Fibers, mice diets, and fecal biospecimens were
treated to complete dryness by lyophilization. Dried samples underwent a homogenization step by
grinding to a fine powder using a bead mill homogenizer. A representative 10 mg aliquot was
taken to make a final stock solution of 10 mg/mL. Stock solutions underwent a homogenization
step by bead milling using 2 mm stainless steel beads. Samples were then incubated at 100°C for
1h to aid in solubilizing polysaccharides. Lastly, another round of bead milling was employed to
complete the homogenization process. Aliquots from homogenized stock solution were used for

linkage analysis.

Linkage analysis by LC-MS. Linkage analysis was adapted from Galermo et al. with the
following modifications.® In short, three 5 pL replicates from each stock solution from feeding
study and a pool of oligosaccharide standards used as quality controls were transferred onto a 96-
well plate. Samples reacted in a mixture containing saturated NaOH and iodomethane in DMSO.
Residual DMSO and NaOH were removed by extraction with water and DCM. The DCM layer
was completely dried using vacuum centrifugation. Samples were hydrolyzed using 4 M TFA for
2 h at 100°C. The resulting products were subjected to PMP derivatization in 0.2 M PMP in
methanol and 28% NHsOH for 30 min at 70°C. The derivatized compounds were then dried to

complete by vacuum centrifugation. The labeled methylated species were reconstituted in 70%
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methanol/water (v/v) prior to LC-MS analysis. For each sample, a 1 pL aliquot was analyzed on
an Agilent 1290 infinity 11 UHPLC coupled to an Agilent 6495A QqQ MS operated in multiple
reaction monitoring (MRM) mode. A pool of oligosaccharide standards was used to assign
retention times and identify glycosidic linkages in the samples. Raw LC-MS files were analyzed
using Agilent MassHunter Quantitative Analysis software (Version B 08.00). The MRM peaks

were manually integrated using area of the curve, for each linkage.

RESULTS AND DISCUSSION

A comprehensive LC-MS glycosidic linkage analysis was employed on samples from
feeding studies comprised of food fibers, diets, feces from mice and humans. Quantitation of
glycosidic linkages in these complicated matrices were measured using a targeted tandem mass
spectrometry approach employing a multiple reaction monitoring (MRM) method. For each
linkage, two MRM transitions corresponding to a quantifier and qualifier product ions were used.
The feeding study samples were subjected to the workflow shown in Figure 4.1. First, the
process entailed a lyophilization step to remove moisture and normalize the quantitation of
linkages measured by dry weight of the samples. Next, homogenization steps were employed to
ensure linkages from insoluble and soluble polysaccharides were accurately accounted for and
determined. The samples were then permethylated in a 96-well plate format followed by an acid
hydrolysis treatment. The remaining products were subjected to PMP derivatization followed by
UHPLC-QqQ MS analysis. This approach used a targeted MRM mode and a linkage library
based on retention time and mass transitions to determine linkage profiles of fibers, diets, and
feces. Finally, the measured linkage abundances were compared across the feeding study

samples to reveal the carbohydrate utilization by gut microbes.
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Figure 4.1. Workflow for the UHPLC-QqQ MS linkage analysis of fibers, diets, and feces.
Linkage composition of dietary fibers in mice diets

The fibers and mice diets were subjected to glycosidic linkage analysis. Three dietary
fibers were chosen to supplement a base line comprised of a high saturated fat low fruits and
vegetables (HiSF-LoFV) by 10 % (w/w). First, the glycosidic linkages were determined for the
three dietary fibers: pea fiber, orange fiber, and barley bran. The results shown in Figure 4.2A
illustrate linkages corresponding to the three dietary fibers and yielded over 28 linkages with a
relative abundance > 0.1 % listed in Table 4.1. The standard deviation in linkages detected were
found to be < 1.9 % demonstrating the robustness and experimental reproducibility for the

linkage analysis of fibers.

In pea fiber, a high abundance of T-arabinose (22.1%) and 5-arabinose (16.5%) were
observed. These linkages are common in arabinan and typically contain a(1—5)-arabinose

backbones with capped T-arabinose at branched points a(1—2) and a(1—3) positions.?*?? The
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lower composition of 3-arabinose (0.5%) and 2-arabinose (0.6%) suggested arabinan fiber to

have a linear rather than branched structure.

In orange fiber, high amounts of T-arabinose (20.3 %), and 5-arabinose (10.3 %) were
detected, indicating the presence of arabinan. A greater abundance in 3-arabinose (1.3 %) and 2-
arabinose (1.4 %) in orange fiber were observed compared to pea fiber and suggested a more
branched arabinan structure. It is worth noting that the same polysaccharides from different fiber
sources may have slightly different structures. T-galactose (5.8 %) and 4-galactose (4.2 %), were
present in orange fiber, and the combination of these linkages indicates the presence of galactan.
Galactan from pectins contains repeating linear f(1—4)-galactose units.?® Furthermore, the
detection of T-rhamnose (3.7 %) and T-Gal (0.1%) suggested the presence of pectin. Fruits, in
particular citrus, have been shown to be composed of pectins containing both arabinan and

galactan.?*

Challenges arise for the linkage analysis of acid polysaccharides from pectins. The
backbone of pectins typically contain galacturonic acid residues linked a(1—4) and a carboxylic
acid group at C6 position.?® In general, these polymers are resistant to chemical hydrolysis
making it difficult to produce liberated monosaccharides.?® Pectin polysaccharides include a
diverse set of polymers and can vary from different sources to include rhamnogalacturonan |
(RGI), and rhamnogalacturonan Il (RGII).2" In future work, an optimized LC-MS/MS workflow
will be developed to detect linkages from acid polymers. Despite this limitation, other linkages
from pectin polymers can be used as markers for the identification of pectins. These markers
include the presence of galactose, arabinose, galacturonic acid, rhamnose monosaccharides and

linkages.
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In barley bran, higher amounts of 3-glucose (12.1%) and 4-glucose (37.2 %) were found
compared to those in pea and orange fiber. These linkages are found in B-glucan and are
commonly present in barley brans.?® Additionally, barley bran had a high composition of T-
arabinose (14.2 %) and minimal linear arabinose linkages (internal residues) indicating the
absences of arabinan. However, the combination of 4-xylose (3.2 %) and T-arabinose (14.2 %)
suggested the presence of arabinoxylan. Brans in general are known to contain arabinoxylans.

30 The relative linkage compositions of the three fibers are shown in Figure 4.2A.
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Figure 4.2. The relative linkage composition of (A) fibers, (B) unsupplemented base diet, and

(C) supplemented base diets with 10 % (w/w) fiber.
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The linkages from the baseline diet that is composed of high saturated fats and low fruits
and vegetables without fiber supplementation were next determined. The linkage profile for this
diet is displayed in Figure 4.2B. The results yielded 4-glucose (39.3 %) as the most abundant
linkage followed by T-glucose (33.3 %). The prevalence of T-glucose and 4-glucose suggested
starch in the form of amylose and amylopectin as the main polysaccharides. Amylose and
amylopectin have a high abundance in a(1—4) glucose linkages and are a major energy source
for the host metabolism of mice and humans.®! The T-glucose (33.3 %) observed in great
abundance and is partly coming from sucrose, where the glucose residue is represented at the
terminal linkage species in the disaccharide. Sucrose is added in mice chow diets for preferential
consumption.® In addition to the starch and sucrose linkages, T-galactose (8.7 %) and T-
arabinose (4.2 %) were the next most abundant linkages detected. However, low relative
abundances for linear linkages were observed, so it is difficult to determine the polysaccharide
structures. Nonetheless, the carbohydrate linkages measured mainly corresponded to starch and

SUCrose.

Table 4.1. Relative linkage composition in the unsupplemented base diet and supplemented base
diet with 10 % (w/w) of fibers. The deviation corresponded to the standard deviations of

experimental replicates (n=3).

HiSF-LoFV diets

Linkage Base Base + pea fiber  Base + orange fiber Base + barley bran
T-Glucose 332+1.2 289106 25.7+15 28.7+14
4-Glucose 39.2+1.1 31.1+0.6 31.7+3.3 35.1+0.6

6-Glucose/6-Galactose 0.3+£0.0 0.3+£0.0 05+0.1 0.3+0.0
3-Glucose/3-Galactose 1.5+£0.1 1.2+0.1 1.7+£0.9 43+0.1
2-Glucose 0.3+0.0 0.3+0.0 04+0.2 0.3+£0.0
4,6-Glucose/3,6-Galactose 1.8+£0.3 1.7+£0.2 2406 2204
T-Galactose 88110 84+0.3 83115 7.6+0.8
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4-Galactose/6-Mannose 0.3+0.0 0.8+0.0 14+0.1 0.2+0.0

2-Galactose 2.6+0.2 32110 36+10 2.8+0.0
T-Fructose 04+0.1 05+0.0 05+0.2 05+0.1
T-P-Xylose 0.7+0.0 20+0.1 1.9+0.2 0.7+0.1
4-P-Xylose 1.1+£0.2 15+0.1 14+03 29+0.3
2-Xylose 0.1+0.0 0.2+0.0 04+0.0 0.0+0.0
3,4-P-Xylose 0.2+0.0 04+0.1 0.8+0.0 04+0.0
2-Xi-Xylose 0.0+0.0 0.1+£0.0 0.1+£0.0 0.1+0.1
T-F-Arabinose 42+0.3 11+0.1 82109 76+1.2
5-F-Arabinose 0.2+0.0 26+0.1 1.9+0.2 0.2+0.0
3-F-Arabinose 0.1+£0.0 0.1+£0.0 0.3+£0.0 02+0.0
2-F-Arabinose 0.1+£0.0 0.2+0.0 05+01 0.2+0.0
2-Xz-Arabinose 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
T-Fucose 0.1+0.0 0.3+£0.0 04+0.0 0.1+£0.0
T-Rhamnose 0.0+0.0 0.2+0.0 16+0.3 0.0+0.0
T-GIcA 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
T-GalA 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0
T-Mannose 1.5+£0.2 15+£0.1 15+£0.1 15+£0.1
4-Mannose/3-Mannose 1.0+0.0 1.0+0.0 15+01 11+0.0
2-Mannose 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
4,6-Mannose 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
3,6-Mannose 0.0+0.0 0.0+0.0 0.2+0.0 0.0+0.0
X-Hexose 0.1+0.0 0.3+0.0 03%0.1 0.1+0.0

X, X-Hexose (1) 14+0.1 15+£0.1 16+0.1 1.7+£0.1
2,X-Hexose (1) 03%0.1 04+0.0 04+0.2 05+0.1
2,X,X-Hexose (1) 0.0+0.0 0.0+0.0 0.1+0.0 0.0+0.0
2,X,X-Hexose (I1) 02+0.2 0.1+£0.0 04+0.3 02+0.1
2-Deoxyhexose 0.0+0.0 0.1+£0.0 0.1+0.0 0.0+0.0
X-Deoxyhexose (1) 0.1+0.0 0.1+0.0 05+0.1 0.1+0.0
X-Deoxyhexose (1) 0.0£0.0 0.1+£0.0 0.0£0.0 0.0£0.0

To demonstrate changes in linkage profiles with the addition of a 10% (w/w) dietary
fiber, the unsupplemented diet and supplemented diets were subjected to linkage analysis. A total
of 37 linkage profiles were observed (Table 4.1). Overall, the supplemented base diet with a
10% (w/w) with fiber increased the relative fiber linkage abundances when compared to the

unsupplemented base diet (Figure 4.3). These diets were then used in a mice feeding study
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described below. The linkage detected are representative of the polysaccharides present in the

samples and were monitored throughout the feeding study.

In the pea fiber supplemented base diet, a statistically significant increase in abundance
of T-arabinose and 5-arabinose (10.1% and 2.6 %) were observed compared to the
unsupplemented baseline diet (4.2% and 0.2%). The increased composition of T-arabinose and
5-arabinose indicated the addition of linear arabinan to the baseline diet. In the orange fiber
supplemented base diet, an increase in 4-galactose abundance was observed. This increase of 4-
galactose corresponds to an increase of galactan. A greater abundance of 3-glucose (4.3%) was
observed in the barley bran supplemented diet compared to the unsupplemented diet. As
expected, 3-glucose is present in B-glucan and is commonly found in brans. Furthermore, 4-
xylose increased from 1.1 % to 2.9%, and is an indication of arabinoxylan addition to the diet.

Overall, a 10 % (w/w) addition of fiber supplemented to the base diet increased the fiber linkage
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Figure 4.3. Linkage profiles in the unsupplemented base diet and supplemented base diets with
10 % (w/w) of fiber (n=3). Mean values £ SD were plotted, and error bars indicate to the
standard deviations of 3 technical replicates. P-values correspond to * p>0.05 by t-test compared

to the unsupplemented diet group.
Linkage analysis in mice feces.

To quantitate and monitor linkage abundances in feeding studies, the in-depth linkage
analysis of the before (fibers and diets) and after (feces) in vivo digestion is needed. The linkage
analysis of fibers and diets were described in the text above. Here, we exemplify the linkages
analysis in a mice feeding study. The study included a 64-day feeding intervention with
gnotobiotic mice colonized with obese human gut microbiota on a 10-day diet rotation. To
control the food-microbial interactions, germ-free (GF) mice fecal samples were used as a
control. Both microbiota colonized and germ-free mice were on a ‘unhealthy’ HiSF-LoFV diet
representing the western diet throughout the study. The glycosidic linkages remaining in feces
provides an overview of carbohydrates post-consumption by gut bacteria. The results yielded
CVs < 20% for all fecal samples, illustrating the reproducibility of the method. Furthermore,
statistically significant values were obtained and were used to compare linkage abundances

across the feeding study.
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Figure 4.4. Representative MRM chromatogram for the linkage analysis of feces (A) germ-free
and (B) microbiota colonized mice feces shown in three experimental replicates. The solid-
colored lines represent the linkage profiles of the unsupplemented and supplemented baseline
diets with 10 % (w/w) fiber (A). For (B), the solid-colored lines represent the linkages remaining

in feces from the 64-day mice feeding trial.

The remaining carbohydrates in the GF mice feces corresponded to the non-digestible
carbohydrates by host or dietary fibers. The LC chromatogram in Figure 4.4A revealed the
linkages associated with polysaccharides remaining in the GF mice feces. For example, T-
arabinose and 5-arabinose corresponding to arabinan were readily observed in the GF mice feces
that were fed with the pea and orange fibers. For GF mice that were fed the barley bran diet, 3-
glucose was solely observed. On the contrary, linkages associated with fibers in the 64-day mice

feeding trial (colonized with gut microbes) were not observed for some and were minimally
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present for others (Figure 4.4B). The linkages in the 64-day feeding study suggested the fiber

were utilized by the gut microbes. For example, in the pea and oranges fibers fed diets, the 5-

arabinose was completely consumed. Similarly, the 3-glucose present in barley bran was

completely consumed as well. A total of 39 glycosidic linkages were measured (Figure 4.5A)

germ free and (Figure 4.5B) microbe colonized feces.
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Figure 4.5. Linkage profiles in mice feces samples from germ free feed with and without 10 %

(w/w) fiber supplements (A). Linkage distribution in a 10-day feeding study with base line and

fiber supplemented diets (B).

Table 4.2. List of relative linkages abundances in germ free and microbe colonized mice feces.

Relative linkage composition (%)

Microbe colonized mice feces

Germ free mice feces
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GF base + GF base + GF base Base + Base + Base +

Linkage GF base - orange + barley Base ) Base orange Base barley

pea fiber ] pea fiber )
fiber bran fiber bran
T-Glucose 39+08 23+0.1 32+03 51+04 47+09 45+0.7 33+03 41+03 58+04 3.6+0.0
4-Glucose 26.3+18 16 £0.1 14.6+0.9 219+19 308+33 38421 33610 323+09 26.7+22 34+15
6-Glucose/6-

Galactose 05+0.1 0.4+£0.0 0.7+0.0 0.5+0.0 0.2+0.0 0.1+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.1+0.0

3-Glucose/3-

Galactose 14+0.2 0.6 £0.0 0.8+0.1 73106 13+0.2 1.8+0.1 1.8+0.1 19+0.1 22+02 21+0.1
2-Glucose 0.3+0.0 0.2+0.0 0.3+0.0 0.4+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.4+0.0 0.3+0.0

4,6-
Glucose/3,6-

Galactose 09+0.1 05+0.1 0.7+0.1 09+0.1 13+05 0.7+0.2 0.8+0.2 0.8+0.3 09+0.1 0.6+0.1
T-Galactose 71+03 75+0.1 9.2+0.2 7.8+05 44+0.2 53+0.7 47+0.1 59+0.2 6.6+0.3 6.6+0.3

4-Galactose/6-

Mannose 29+04 33+0.2 6.1+05 1.7+0.1 1.0+0.1 0.9+0.0 1.1+0.0 1.0+0.1 14+01 1.2+0.0
2-Galactose 14+0.1 12+01 15+0.1 1.2+0.2 13+0.1 22+0.6 15+05 20+03 1301 14+04
T-Fructose 0.2+0.0 0.1+£0.0 0.1+0.0 0.1+0.0 12+0.1 24+05 20+0.1 22+01 3.1+0.3 15+0.1
T-P-Xylose 40+0.2 43+£0.3 3.7+£03 3.2+02 40+£0.1 42+05 3.3+0.2 44+04 42+0.3 40+0.3
4-P-Xylose 88+13 50+0.6 42+04 85+05 8.4+04 143+0.9 13+0.8 12.7+0.6 8.0+0.7 102+23

2-Xylose 0.4+00 0.6+0.1 0.7+0.1 0.2+0.0 0.7+0.0 0.6+0.0 0.4+0.0 0.8+0.0 05+0.0 0.2+0.0

3,4-P-Xylose 1.6+0.6 1.6+0.2 1.3+0.2 0.7+0.1 1.0+05 04+0.1 0.8+0.1 05+0.2 0.4+0.0 05+£0.2
2-X1-Xylose 1.5+0.3 0.4+0.2 0.3+0.0 09+0.3 05+0.2 03+0.1 0.4+0.2 05+0.1 0.3+0.0 0.4+0.0
T-F-Arabinose  21.3+0.1 355%2.2 27.6+0.7 248+15 136+%1.0 6.4+05 9.7+04 79+04 123=+1 10.3+0.9
5-F-Arabinose 1.8+0.4 9.0+1.7 6.1+0.2 0.6+0.2 09+0.1 2.0+0.6 1.0+0.8 05+0.2 0.6+0.0 0.4+0.2
3-Arabinose 0.8+0.1 05+0.1 0.8+0.1 0.7+0.1 11+03 04+0.1 0.8+0.1 0.7+0.1 1.2+0.0 0.8+0.0
2-F-Arabinose 09+0.1 0.8+0.1 14+0.1 0.8+0.1 0.8+0.3 04+0.1 0.8+0.0 09+0.1 12+01 0.7+0.0

2-X2-

Arabinose 02+0.1 0.2+0.0 0.1+0.0 0.2+0.0 03+0.1 0.1+0.0 0.2+0.0 0.2+0.0 02+0.1 0.2+0.0

T-Fucose 1.0+0.1 11+01 14+0.1 1.1+0.0 0.9+0.0 1.2+0.0 09+0.1 15+0.1 1.4+00 1.2+0.1
T-Rhamnose 0.2+0.0 05+0.1 3.0+0.2 0.2+0.0 14+01 14+01 22+01 15+0.1 33102 20+0.1
2-Rhamnose 0.0+0.0 0.3+0.1 0.5+0.0 0.1+0.0 04+0.1 05+0.2 0.7+0.2 05+0.2 15+0.2 0.7+0.3

T-GlcA 0.1+0.0 0.1+£0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0

T-GalA 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.2+0.0 0.2+0.0
T-Mannose 2.8+0.3 1.8+0.1 23+0.1 3.0+£0.2 1.9+0.2 16+03 1.5+0.0 16+0.2 33+04 27+0.2

4-Mannose/3-

Mannose 48+1.0 21+03 3.2+02 37106 109+1.2 3.8+0.2 7.3+05 6.6+05 43+05 6.6+04
2-Mannose 04+01 0.3£0.0 0.4+0.0 0.4+0.2 0.2+0.0 0.1+0.1 0.1+0.1 0.2+0.0 0.3+0.0 0.3£0.0

4,6-Mannose 0.3+0.1 0.1+£0.0 0.3+0.0 0.1+0.0 05+0.2 0.1+0.0 0.2+0.0 0.3+0.0 0.2+0.0 0.1+0.0
3,6-Mannose 05+0.1 03+0.1 0.5+0.0 0.6+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.3+0.0 0.2+0.0

X-Hexose 1.3+0.2 20+£0.2 1.8+0.2 15+0.2 1.2+01 11+02 14+0.1 1.2+0.0 19+01 1.2+0.1
X, X-Hexose

0} 09+0.1 05+0.2 05+0.2 05+0.2 1.0+0.6 05+0.2 0.8+0.3 11+04 04+0.1 05+0.2
2,X-Hexose (1) 04+0.1 0.2+0.1 0.1+0.0 0.3+0.1 0.7+04 0.6+0.1 0.6+0.3 0.7+0.3 04+0.1 0.3+0.1
2,X,X-Hexose

0} 0.0+0.0 0.0+0.0 0.0+0.0 0.1+0.0 0.1+0.0 0.0+0.0 0.0+0.0 0.1+0.0 0.1+0.0 0.0+0.0
2,X,X-Hexose

(dl 0.3+0.2 0.1+0.1 0.1+0.0 0.2+0.1 0.4+0.2 02+0.1 0.3+0.1 03+0.1 0.3+0.0 0.2+0.1

X-

Deoxyhexose
0} 0.0+0.0 0.1+0.0 0.1+0.0 0.0+0.0 0.1+0.0 05+0.1 0.5+0.0 05+0.0 0.4+0.0 1.3+0.2
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X-

Deoxyhexose
(D] 0.3+0.1 0.3+£0.0 16+0.1 0.2+0.0 0.3+£0.0 04+0.1 0.3+£0.0 1.3+0.1 04+0.0 04+0.1
X-
Deoxyhexose
(1 03+0.1 0.2+0.0 03+0.1 0.1+0.0 16+05 20+04 31+0.2 24+0.1 3.9+05 28+0.2
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Figure 4.6. Monitoring the utilization of polysaccharides through relative linkage abundances in

germ free and microbe-colonized feces. Linkages associated to (A) linear and branched arabinan,

galactan from pectin (B), and f-glucan from bran (C). The results are represented by mean +

standard deviation of experimental replicates. The error bars indicate the standard deviation and

P value corresponded to level of significance by t-test (*P<0.05, **P<0.01, ***P<0.001).

The linkages from fibers in GF and microbiota colonized mice feces were analyzed by

comparing their relative abundances in bar graphs. Figure 4.6A displays the linkages associated

with both linear and branched arabinan in the GF and microbiota colonized sample set. The T-

arabinose in the pea and orange fibers were overly abundant in the GF control samples.

However, in the 64-day feeding trial, both pea and orange fiber linkages significantly decreased.
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Similarly, the 5-arabinose was found to be overly dominant in the GF samples and was utilized
in the samples from the 64-day feeding trail. The 3-arabinose was not abundant in the GF
samples, however 2-arabinose was for the orange fiber. The results indicate the arabinan
structures in orange fiber had branched side chains a(1—3) linkages whereas the pea fiber

arabinan had minimal branching.

Glycosidic linkages from galactan were also monitored in the GF and microbe colonized
samples. The T-galactose and 4-galactose showed statistically significant abundances in the GF
samples (Figure 4.6B). The T-galactose linkages were less abundant in the feeding study;
however, the linkages remained abundant compared to the unsupplemented base diet. The results
suggested T-galactose from other sources or galactans are still present in the fecal sample. On the
other hand, 4-galactose abundance was consumed in the microbe colonized samples. An
abundant T-rhamnose was observed in the GF orange fiber sample and suggested the presence of
RGI. The structure of RGI is known to contain galacturonic acid and rhamnose residues.
However, their analysis remains a challenge for reasons mentioned previously. Despite the GalA

linkage limitations, rhamnose linkages corresponding to pectin polysaccharides were monitored.

An abundant 3-glucose coming from B-glucan was observed in the barley bran diet. In
Figure 4.6C, 3-glucose was significantly represented in the GF feces and decreased in the
microbe colonized samples. As mentioned from the text above, 3-glucose is typically present in
brans. The 4-glucose was also present in B-glucan; however, the linkage did not have a
significant difference between the GF and microbe colonized samples. This may have been
caused by the other 4-glucose containing polysaccharides in the samples, such as starch and

cellulose.
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Linkage analysis in human feces

To obtain linkage profiles of human feces to monitor fiber-microbe interaction, the LC-
MRM-MS method was applied to fecal samples from a human feeding study. A total of 18
human subjects participated in the feeding study. The study included a pre-intervention period
during weeks 1- 2 without a fiber snack followed by weeks 2 - 5 and weeks 5 - 8 where pea
fiber-snacks were administered three times a day. Furthermore, human participants were on their
free base-line diets and not on HiSF-LoFV diet. For each participant, three fecal samples were
collected at the end of week 1, week 5, and week 8. These collected fecal samples were subjected

to the linkage analysis workflow.
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Figure 4.7. The relative linkage abundances of T-F-Arabinose (A) and 5-F-Arabinose (B) in the

human feeding study of four human participants. Error bars corresponded to standard deviation
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of experimental replicates (n=3). A two-tailed T-test was performed and P value corresponded

to level of significance by t-test (*P<0.05, **P<0.01, ***P<0.001).

For control in the human study, the pre-intervention fecal sample was used as a evaluate
whether the fiber-snack intervention was utilized by gut microbes for each subject. For example,
the grey bars shown in Figure 4.7, represented the control for each participant and the green bars
indicated the abundances of pea fiber linkages used to monitor fiber utilization in the feeding
study. The linkage analysis of pea fiber revealed the presence of linear arabinan corresponding to
T-arabinose and 5-arabinose. The utilization of arabinan in four subjects is demonstrated in
Figure 4.7, where the abundances of arabinose linkages varied throughout the study. Human
subject 041, yielded a statistically significant lower abundance for T-arabinose and 5-arabinose
(7.41 % and 0.48 %) pre-intervention compared to the higher amounts of T-arabinose (9.53 %
and 10.13 %) and 5-arabinose (2.23 % and 1.72 %) observed during fiber intervention in weeks 5
and 8. This indicated subject 041 did not utilized arabinan during the study and also provided

insight that the gut microbes do not contain the GHs to depolymerize arabinan.

For subject 042, altered amounts of T-arabinose and 5-arabinose were observed
throughout the feeding study. The abundances for T-arabinose decreased from 12.66 % for week
1 and to 5.76 % and 5.99 % for weeks 5 and week 8, respectively. However, we did not observe
a significant difference in 5-arabinose from 0.77 % for week 1 to 0.76 % and 0.72% for weeks 5
and week 8, respectively. The results indicated gut microbes had preferential consumption for T-

arabinose species while leaving behind the 5-arabinose substrates.
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CONCLUSION

A liquid chromatography tandem mass spectrometry-based method was employed for the
analysis of carbohydrate linkages in a large feeding study including fibers, diets, mice and
human fecal biospecimens. The linkage analysis method was used to deduce the polysaccharide
structures in fibers and were monitored throughout the feeding study. The method provided
quantitation of carbohydrate linkages that allowed for the comparison of linkages between fecal
samples distributed throughout the feeding study. The 96-well plate analysis greatly increased
the throughput which allowed for processing many samples. The utility of the linkage analysis
shows a promising approach to study food-microbe interactions in both in vitro and in vivo

clinical studies.
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