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For this lecture we will discuss the basic structure of carbohydrates.
Understanding the basic molecular components of a carbohydrate will
give you the foundation needed to comprehend digestive and absorp-
tive mechanisms. Beyond digestion and absorption having knowl-
edge of the carbohydrate structure is also necessary in understanding
metabolism.
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Learning Objectives

¢ Understand the basic structure of carbohydrates

¢ Distinguish between the three classes of carbohydrates and the
relevance to our diet

® Understand the significance of glycosidic bond configuration re-
lated to digestive processes

® Describe different storage forms of polysaccharides found in
plants and humans

Carbohydrate Basic Structure

Carbohydrate is commonly abbreviated as CHO, giving us insight
into its basic structural components. They are made of carbon chains
with hydrogen and oxygen groups having the standard molecular for-
mula of C,, (H,0)n. The carbohydrate structure contains two types of
functional groups — First, a hydroxyl (-OH) and Second carbonyl. A Fructose Glucose
carbonyl group contains a carbon double bonded to oxygen. There

are two types of carbonyl groups that a carbohydrate can contain — (Ketone) - (Aldehyde)
either an aldehyde or a ketone. The structure of an aldehyde carbo-

. 1CH,OH
hydrate includes a carbon double bonded to oxygen at the end of the
carbon chain, while for a ketone, the double bond is a non-terminal 2=0 H——OH
carbon (Figure 1). HO——H HO——H
H—4—OH H—4—OH
Classes of Carbohydrates H——OH H—3—OH
6CHz()H 5CH20H
CARBOHYDRATES FALL INTO ONE OF THREE CLASSES. The first and Figure 1: The difference between an

. . . . Idehyd , and a ket .
simplest class is monosaccharides, often referred to as simple sugars. aldeliyde stigal, and a felone sugar

Monosaccharides include glucose, fructose and galactose. They are
found in food sources such as honey, fruits and corn syrup. Typically
carbohydrates are not in this simple form in food sources, but during
digestion humans break down larger carbohydrates to simple sugars
because they are the form of carbohydrates that can be absorbed at
the small intestine. Before discussing the larger carbohydrate classes
and digestion of carbohydrates, it is important to review the basic
CHO nomenclature, chiral nature of the monosaccharide, and a gly-
cosidic bond.

Nomenclature

The systematic naming of monosaccharides is useful to understand
because it can help you visualize the molecular make-up of that car-



bohydrate unit. An aldehyde will contain the suffix “-ose”, while a
ketone will contain the suffix -ulose. Remember that a carbohydrate
is a carbon chain with anywhere from three to seven carbons. Thus,

a six- carbon aldehyde carbohydrate is called a hexose, while a six-
carbon ketone would be designated as a hexulose. The nomenclature
can help to visualize the structure of the carbohydrate, but for the
carbohydrates most nutritionally and metabolically relevant, we tend
to call them by their trivial names (e.g., glucose, which is technically a
hexose).

Chirality

We must briefly discuss the stereoisomerism of carbohydrates be-
cause most digestive enzymes, metabolic enzymes and transport
mechanisms are stereospecific. Carbohydrates are molecules that are
optically active, meaning that if a polarized light were to be passed
through it, the light would either rotate to the right (D designation)
or the left (L designation). The light rotation is an effect of a chiral
carbon atom in the carbon chain. A chiral carbon is carbon with four
different groups attached to it. Glyceraldehyde, a triose, is an example
of a carbohydrate containing one chiral carbon (Figure 2).

It is important to note that a carbohydrate with a chain consisting
of more than three carbons will have multiple chiral carbons in which
the highest numbered chiral carbon will dictate the rotation of the
light, thus the D- or L-designation 2. In other words, glucose, a hex-
ose, can exist in the D-glucose or L-glucose form dependent on the
spatial arrangement of the hydroxyl group on its highest numbered
chiral carbon (Figure 3).

Cyclization and Anomeric Forms

Most monosaccharides with five or more carbon atoms do not ex-
ist predominantly in their open-chain (linear) form in solution. In-
stead, they undergo an intramolecular reaction where a hydroxyl
group attacks the carbonyl carbon, forming a hemiacetal (in aldoses)
or hemiketal (in ketoses). This cyclization creates a ring structure
— typically a six-membered pyranose ring (like glucose) or a five-
membered furanose ring (like fructose).

The carbon that was part of the carbonyl group becomes a new
stereocenter called the anomeric carbon3, respectively, of the hy-
droxyl group (Figure 4).. Two stereoisomers may form at this carbon:

* x-anomer — the OH on the anomeric carbon is on the opposite
side of the ring (trans) from the CH,OH group.
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H(IJO-I

CH,OH

Figure 2: A triose (glyceraldehyde): the
chiral carbon is circled and the four
surrounding diverse groups are boxed
off.

* Go back to Figure 1 and try to iden-
tify how many chiral centers exist in
fructose and glucose.

2 For purposes of this class we will
always indicate to you which carbon is
the highest numbered

D-Glucose L-Glucose
H\r 0 H\f 0
—T—OH H—%—OH
HO—r—H  HO——H
H—+—OH H—4—OH

H—5—OH| HO—4—H

6 6
CH,OH CH,OH
Figure 3: Representation of the chi-

ral designation of glucose given the
hydroxyl direction of the highest num-
bered chiral carbon.

3] remember this by alpha — anchor,
beta — balloon.



¢ pB-anomer — the OH on the anomeric carbon is on the same side
(cis) as the CH,OH group.

These forms interconvert in solution through a process called
mutarotation.

Understanding the anomeric configuration is essential in nutrition
because digestive enzymes such as a-amylase are specific to a-1,4-
glycosidic bonds (as in starch), and cannot cleave 5-1,4 bonds (as in
cellulose). This specificity underlies why cellulose is indigestible in
humans.

SUGARS THAT CAN HAVE A FREE ALDEHYDE OR KETONE GROUP ARE

CALLED REDUCING SUGARS. All monosaccharides can interchange-
ably cyclize or decyclize. As a result at times the ketone or aldehyde
group is free and could react with other food components. One im-
portant reaction in cooking is the Maillard reaction where a reducing
sugar reacts with an amino group from an amino acid. This is what
gives food its distinctive brown color and creates new flavors. Note
in Figure 5 that when a sugar is part of a disaccharide, oligosaccha-
rdie or polysaccharide the aldehyde or ketone may no longer be free,
and it can trapped as part of the glycosidic bond. If both anomeric
carbons are part of the glycosidic bond, the compound is no longer a
reducing sugar.4

Glycosidic Bonding

GLYCOSIDIC BONDS LINK MONOSACCHARIDE UNITS TO FORM
OLIGO- AND POLYSACCHARIDES. The glycosidic bond is named
after the direction (alpha- or beta-) of the hydroxyl group attached
to the anomeric carbon, the anomeric carbon number and the carbon
number of the subsequent monosaccharide linking the units together
(Figure 5). To form oligo- or polysaccharides through glycosidic
bonding, the monosaccharides undergo a reaction that eliminates

a water (H,0) group called condensation (Figure 5). Alternatively,
the oligo- or polysaccharides can be broken down to their respective
monosaccharide units through hydrolysis, or the addition of a water
molecule. Hydrolysis is the key reaction of digestion that will break
apart larger carbohydrate units from food into monosaccharide units
that are available for absorption at the small intestine.>

Disaccharides
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4 For example maltose and lactose are
reducing sugars but sucrose is not. Take
a look at their structures and try to
understand why this is the case.

a-D-Glucose  D-Glucose B-D-Glucose

Figure 4: Cyclization of D-glucose to
form alpha or beta-D-glucose.

CH,OH

Maltose

Figure 5: Condensation of two
molecules of alpha-D-glucose to form
the disaccharide maltose with the gly-
cosidic bond formation designated as
alpha 1,4.

> The absorbable unit for carbohydrates
in the small intestine is the monosac-
caride.



DISACCHARIDES ARE TWO MONOSACCHARIDES LINKED BY A GLY-
COSIDIC BOND AND ARE THE MOST COMMON TYPE OF OLIGOSAC-
CHARIDES FOUND IN DIETARY SOURCES. The three major disaccha-
rides in dietary source are maltose, lactose and sucrose®. Maltose
consists of two alpha-D-glucose units linked by an alpha 1,4 glyco-
sidic bond (Figure 5). Lactose contains a beta-D-glucose linked to a
beta-D-galactose by a beta 1,4 glycosidic bond”. Sucrose consists of
an alpha-D glucose linked to beta-D fructose by an alpha 1, beta 2
glycosidic bond. The anomeric carbons from both the glucose and
fructose units form the glycosidic bond of sucrose, thus there is an
alpha- and beta-designation in the glycosidic bond name.

Oligosaccharides

The next class of carbohydrates is oligosaccharides. They contain
2-10 monosaccharide units with each unit linked by a glycosidic
bond. These are less common in our diets but some examples include
raffinose (Gal-Glu-Fru, in brussels sprouts, asparagus and cabbage)
and stacchyose (Gal-Gal-Glu-Fru, in beans). We are unable to digest
raffinose and stacchyose and therefore are fermented by the micro-
biota in our large intestine. Fermentable oligosaccharides are one
source of irritable bowel syndrome (IBS), a class of triggers known as
FODMAPs®. FODMAP elimination diets are a common treatment for
IBS, but generally only in the short term as they can result in severe
nutrient deficiencies [van Lanen et al., 2021].

Polysaccharides

Polysaccharides contain 11 or more and up to 10,000,000 monosac-
charide units. The monosaccharide units of the polysaccharide can be
the same (homopolysaccharide) or can have varying monosaccharide
units (heteropolysaccharide). Another characteristic of polysaccha-
rides is their degree of branching. Some are linear and contain zero
branching units while others have varying degrees of branching. Typ-
ically, the more branching the more water-soluble the polysaccharide
is (see Fiber reading for more information on water-solubility and
polysaccharides). The branching also becomes important for storage
capacity, which we will discuss in more detail when we talk about
specific polysaccharides in the following subsections. There are three
polysaccharides we will discuss that have relevant implications in
human nutrition — starch, glycogen and cellulose. Common among
these three polysaccharides is that they are all homopolysaccharides
containing only glucose units.
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¢ If interested, Google dietary sources of
maltose, lactose and sucrose. What did
you find?

7 This means that the hydroxyl of the
animeric carbon is in the beta (balloon)
orientation

8 Also including disaccharides (mainly
lactose and sucrose), monosaccharides
(primarily fructose), sugar alcohols, and
polyols
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Figure 6: Estimated carbohydrate
intake by nutrient, based on data from
NHANES and WWEIA



STARCH IS THE MOST ABUNDANT POLYSACCHARIDE FOUND IN
PLANTS (e.g., tubers, seeds, roots, some fruits). It is also the most
abundantly consumed carbohydrate in American diets (see Figure 6).
Starch is found in two forms, amylose and amylopectin. Amylose

is linear, unbranched and made of alpha-D-glucose connected by an
alpha 1,4 glycosidic bond. Amylopectin is moderately branched and
a homopolymer of alpha-D-glucose linked by alpha 1,4 bonds on
the linear chains but by alpha 1,6 bonds at the branching points. The
typical length of a linear between branching points of amylopectin
is 2025 glucose units. In uncooked food sources containing starch,
the linear structure of amylose allows it to be tightly packed. This
creates a structure that is not as readily digestible as the branched,
less packed structure of amylopectin. In contrast, the processing

and heating of amylose-containing foods (i.e., cooking) can loosen
hydrogen bonds within the structure making it more accessible for
digestion.?

CELLULOSE IS A LINEAR HOMOPOLYMER OF f3-D GLUCOSE LINKED
BY 3 1,4 BONDS. This bond arrangement is significant in the diges-
tive tract because digestive enzymes are not specific to this organiza-
tion, thus cellulose is non-digestible (further explanation in Digestion
section and Fiber reading) and is an insoluble fiber source. Like amy-
lose, the linear structure allows cellulose to be highly packed within
plant cell walls, thus cellulose is key for the structural stability of
plant cell walls.. Insoluble fibers such as cellulose add bulk to stool
and help to regulate bowel movements.

GLYCOGEN IS A HIGHLY BRANCHED, HOMOPOLYMER OF &-D-GLUCOSE.

Glycogen is abundant in skeletal muscle and liver tissue of mammals.
The glucose units are linked by & 1,4 bonds on the linear chains but
by « 1,6 bonds at the branching points (just like amylopectin). The
typical length of a linear chain between branching points is 10-14
glucose units producing a higher molecular weight compound com-
pared to amylopectin. The highly branched structure of glycogen al-
lows for increased storage capacity in mammal tissue. More branch-
ing also allows for a higher degree of accessibility for metabolic en-
zymes, thus glycogen is a ready source of energy for humans (and
other mammals). '°. Glycogen as a major storage form of glucose

can support blood glucose in a healthy individual for 12-24 hours,
depending on the individual and their activity level [Horton and Hill,
2001].
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9 Reflection:Have you ever eaten flax
seeds? Think of how well your body
was able to digest ground (“processed”)
flax seeds compared to whole flax
seeds.

° Reflection: Pause and summarize
(e.g., in a table format) either the make-
up of the three disaccharides or the
three types of polysaccharides that we
discussed. Compare and contrast.
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Reflection Questions

1. Glycogen and amylopectin are both branched homopolymers of
«-D-glucose using a-1,4 and a-1,6 glycosidic bonds, yet glycogen
branches approximately every 10-14 glucose units compared to
every 20-25 in amylopectin. Analyze how the higher degree of
branching in glycogen affects both the rate of glucose mobilization
and overall storage capacity. Why is this relevant to the metabolic
demands of mammalian tissues?

2. Cellulose and amylose are both linear homopolymers of glucose,
yet one is readily digestible and the other is not. Evaluate the role
of glycosidic bond stereochemistry in this difference, and explain
why this distinction has direct implications for dietary fiber intake
and bowel function.

3. A patient following a low-FODMAP diet is asked to eliminate
raffinose-containing vegetables and lactose-containing dairy. Using
your knowledge of glycosidic bond specificity and digestive en-
zyme function, explain why these two structurally different carbo-
hydrates both end up causing similar GI symptoms in susceptible
individuals.
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