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Organic chemistry and biochemistry

Preface

The human being is a complex organism, completedgenup of chemical compounds, of
which most areorganic Organic compounds are in general made up of thsacarbon,

hydrogen, oxygen and nitrogen, even though othemehts may occur as well, in smaller
amounts. This document is meant to perspicuoustgriee organic chemistry and the com-
pounds located and processes taking place in thmamiody. First, we shall study the struc-
tures and properties of the chemical compounds, tive will study how these are digested
and utilized in the body. We shall also study sarhthe chemical compounds used in prod-
ucts in the modern society pkastics and other industrial applications of organic connpds.
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Organic chemistry and biochemistry

Part I: Organic chemistry

We shall begin to study the simplest organic commpigy thehydrocarbonswhich only con-
sist of carbon and hydrogen atoms.

Having four valence electrons, the carbon atonble o covalently share four pairs of elec-
trons with up to four other atoms. This is the famental principal concerning how hydro-
carbons are formed. Besides the “normal” chemigahtilas, discussing organic compounds,
we also use structural formulas, specifying howatmms are bond to each other. A complete
two-dimensional structural formula consists ofathms drawn on a plane with straight lines
between then; each line symbolizes a shared paieofrons. However, because organic com-
pounds often are very large (containing many atpstsjictural formulas are often abbrevi-
ated. Often hydrocarbons can be writtenchainsof carbon and hydrogen atoms, such as
with heptane:

T
I—(L—I
I—O—=I
I—O—=I
I—O—I
I—O—I
I—O—I
I—O—I

1

This formula may be abbreviated. First, we canevaach “segment” as a local “normal”
formula:

CH3_CH2_CH2_CHZ_CHZ_CHZ_CHs
Furthermore, we can let all “standard segments”,j®id pre-understood:

HSC\/\/\/CHS
At each joint, thus, there is a GHroup.

Extremely many organic compounds are known, andynafthem occur naturally on earth
and have industrial applications (especially in ¢themical, pharmaceutical and food indus-
tries). As a consequence, in this document, weawily mention the occurrences and applica-
tions of the very most common organic compounds.

Alkanes

Alkanes are hydrocarbons where every carbon atams@our other atoms. Below, the sim-

plest alkanes are described. The “C” column spegifihe number of carbon atoms the com-
pound contains, and the “phase” column specifiesptiiase (s: solid; I: liquid; g: gas) of the

compound at STP (Standard Conditions for Tempezatund Pressure; 273.15 K and 100
kPa).

C Name Trivial name | Formula | Structural formula Phase
1 methane CH, CHy g
2 | ethane ¢He H3C—CHg 9
3 | propane &Hg HsC_-CH3 g
4 butane cH H,C

10 3 \/\CHs °
5 | pentane €H1o HaC -~ -CHs |
6 hexane Hisg HsC ™~ I

CHg
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Organic chemistry and biochemistry

C Name Trivial name | Formula | Structural formula Phase

7 | heptane &Hie HaC L~ |

8 octane H C\/\/\/\ I
GH1s 3 CH,

9 | nonane &H2o HiC o~ _-CHs |

10 | decane H HiC N I
{gH22 3 CH,

Table 1 Alkanes

All alkanes to the alkane with 13 carbon atomslettane (GH.g) are liquids at STP. The 14
carbon atom alkane, tetradecaneszo), has a melting point of 5.5 °C; all larger alkarage
solids at STP.

The simplest hydrocarbon, methane is an odourlass lg industrial production of the gas,
however, odoriferous gasses are often added (sftgyhurous compounds), so that gas leak-
ages easily can be detected. Methane is abundém iearth’s mantle and on the ocean bed,
and is a main component in natural gas, which &l s a fuel, for instance for heating and
generation of electricity.

Through the reaction
CH4 + 202 —_— C02 + 2H20

methane is fully combusted.

The process of digestion of some animals also peslumethane. Moreover, methane is
abundant on other celestial bodies in our solategysfor instance on Jupiter's moon Titan,
the only moon in the solar system known to hava@cktatmosphere, of which approximately
1.6 % is methane. Methane has also been detectetéistellar gas clouds. Also many larger
alkanes are naturally occurring, both on earthatrather locations in space.

Petrol, which is used as a fuel in smaller engieeg. motorcycles, cars and smaller aircraft),
is largely a solution of alkanes; often, the carbtom numbers are between six and ten.

Isomers

Two compounds sharing the same chemical formuldauing two distinct structural formu-
las areisomersto each other. There are different types of istsnerdescribed by the list be-
low.

Structural isomerism

o Chain isomerism

o Position isomerism

o Functional group isomerism
Stereoisomerism

o0 Cis-trans isomerism

o0 Enantiomers isomerism
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Organic chemistry and biochemistry

Structural isomerism occurs between two compounasnvithe atoms in the first compound
are not bonded to the corresponding atoms in tbensecompound. Concerning stereoisom-
erism, on the other hand, all atoms in the firshpound are in fact bonded to corresponding
atoms in the second compound, budiifierent directionsn three-dimensional space.

Chain isomerism and nomenclature

Chain isomerism occurs when the carbon chainsrdifféween two molecules. For instance,
the following molecules are chain isomers to eablero

CHj,
N HaC
H3C CHj,

CHj,

The two molecules share the common formulEG but the atoms are bonded to each other
forming two distinct structures. We recognize thistfmolecule as pentane. Thus, the second
molecule is an isomer of pentanejsw-pentaneWe can also find an isomer of hexane:

CHj H.C CH

CHs

The first molecule is hexane, whereas the other lbeagalled iso-hexane. However, there are
more than one candidates of the “iso-hexane” n&akw, all possible chain isomers of hex-
ane are drawn.

HaC CHj,
e CH ‘\_< H3C/\(\CH3
HaC L
CHj 3

To unambiguously name an isomer, one has decidesktthe following rules:

1. Find the longest continuous carbon chain in theeawdg; this is called theot chain
The straight alkane with the same number of cadioms as the root chain will make
up the “last name” of the molecule. To be ableditofv the following steps, we must
also number the carbon atoms in the root chairthabthe carbon atom bonding a
branch and being as close to one of the two endlseofoot chain as possible, will be
assigned a number as low as possible.

2. The groups branched from the root chain will be @edrmdividually and receive the
new “—yl|” suffix, declaring that they are just gpmibranched from the root chain.
Concerning alkanes, these groups will get the “siffix instead of “—ane”.

3. The names of all groups will be written before ‘tlast name” of the molecule. Before
each group name, the number of the carbon atonmhtchwthe group is bonded, is de-
clared. Between numbers and names and betweemediffgroup declarations, hy-
phens are used as separators.

one (mono)

4. If a certain group occurs more than once, a “catnmsewritten | two di
before the group name (without any separator), rdaog to the | three tri
table to the right. The carbon atom numbers ofgitweips are | four tetra
separated by commas.

Table 2: Counters
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Organic chemistry and biochemistry

5. The group names before the “last name” of the nubdeare sorted alphabetically.
Counters (di, tri, and tetra) are excluded.

For instance, the two isomers of hexane will be edhias follows.

HaC CH,
NN ‘\_< H3C/\(\CH3
H,C cH
CH, 3

hexane 2-methyl-pentane 3-methyl-pentane

Below is a somewhat more complicated example.
CHg
CHg

CHj;

CHj
4-ethyl-6, 9-dimethyl-tridecane
Alkenes

Sometimes a carbon atom bonds only three othersatomsuch cases, exactly one of these
bonds must be double bongi.e. two pairs of electrons are shared betweesettatoms. A
compound with one or more double bonds is saidetartsaturated and is able t@dd two
new atoms at the position of the double bond, wiiem will be converted to a single bond.
In structural formulas, double bonds are drawnvas parallel lines. The “last name” of a
molecule containing double bonds will end with “etrinstead of “—ane”. Concerning the
carbon numbering, it is important to make suret tha carbon atoms participating in the
double bond will be located in the root chain aedeive as low numbers as possible. This is
more important than the root chain’s being as laagossible. The number of a double bond
equals the number of the carbon atom patrticipatirige bond and being as close as possible
to one of the terminating points of the chain. Tiuenber of the double bond is written just
before the “last name” of the molecule.

Study the two following structures as examples.

CHy
/
Hee” TN ep,

CHj
2-heptene 4-pentyl-2-decene

A more *“technical” name of the second molecule &bawould be 6-[1-propene-1-yl]-
dodecane.

7/50



Organic chemistry and biochemistry

If two or more double bonds exist within the samaeuule (on the same root chain), the cor-
rect counter is written before the “—ene” suffixtbé “last name”. The numbers of the double
bonds are separated by commas. Study the exangit®es.b

CH3 /\/\/\/CHS
ot g g HaC™ XX =
2-octene 2, 5-octadiene

An unsaturated compound candauratedby adding extra atoms and losing the double bond
in the process. The following reaction is a typmadlition reaction

H H H H
\ / |
/C:C\ + Br—Br — Br—C—C—8Br
T Wb

Ethene (ethylene) is a transmitter substance (endwoe) in plants and is also a very techni-
cally important alkene. Ethene is first and foremased for production of polyethene (poly-
ethylene) plastics — one of the most commonly ydadtics in the modern society. Poly-
ethene is @olymerof ethene, i.e. a macromolecule compiled of nunesmall ethene mole-
cules.

Double bonds are — unlike single bonds — not dynathe two sides of the bond cannot rotate
in relation to each other. Below, four molecules drawn. The molecules on the first row are
derivatives of alkanes, where the molecules onsé@nd row are derivatives of alkenes.
Whereas the two alkane derivatives are identicabith other, the two alkene derivatives rep-
resent two distinct molecules, being stereoisorteeesch other.

Cl ClI Cl H

H—(lj—(lj—H H—(lj—(lj—H (the same moleculel)
b o
Cl ClI Cl H
C:(|: (|::(|: (two distinct molecules)
I iy

Alkynes

Triple bonds, where three pairs of electrons a@esh are dealt with analogous to double
bonds. Here the “—yne” suffix is used instead dadrie” that is used for alkenes.

In the following example, in the name of the molecwe specify the position numbers of the
double and triple bonds just before the “—ene” ‘aryhe” suffixes.

HC\\/\/\//\/C%

non-3-ene-1, 6-diyne
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Organic chemistry and biochemistry

Haloalkanes

Hydrogen atoms in hydrocarbons may be substituteather atoms, particularly halogens.
These molecules are calledloalkanesand are named by adding the names of the halogen
atoms and their positions before the “last namethef molecule. Study the following exam-
ple.

Cl

CHy
Cl
2, 5-dichloro-octane
Cycloalkanes

A cycloalkanes a cyclic alkane, i.e. an alkane without anyni@ating ends.

| | or, abbreviated,

cyclohexane cyclohexane

Cyklohexane and cyklopentane are quite stable alldnes, compared to cyklobutane and
the instable cyklopropane molecule.

Aromatic hydrocarbons

Hydrocarbons derived frorhenzeneare calledaromatic hydrocarbonsBenzene is a cyclic
hydrocarbon where — as one said some years agery ether carbon-carbon-bond is a dou-
ble bond. This definition, however, is inappropeiabecause benzene does not behave as an
unsaturated compound.

Il | or, abbreviated,
c. ~C
o NE TNy

|
H

benzene benzene

With modern terminology, one realizes that the fallowing (resonance) structures are pos-
sible:
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Organic chemistry and biochemistry

Instead of writing these two possible forms of leere, one usually says that the'sixdi-
tional bonding electrons akelocalizedand belong equally to every carbon atom. To draw
this, the delocalized electrons are drawn as ecirc

benzene

One can consider the two “conventional” double bomoblels above as two “extremes” of
electron positions in the molecule, whereas theehoflthe benzene molecule should be de-
scribed using the modern form, a “mean” of the ®extremes, or aesonance hybridThe
resonance hybrid is more stable than any of iteeex@s. Benzene is a colourless and fragrant
liquid at room temperature (melting point at 5.5 &@d has been shown to be a carcinogen.

Two common derivatives of benzene are methylbengehgeng and dimethylbenzenexy-
leng. These compounds can be derived from benzenadfay two hydrogen-to-methyl-
substitutions are performed, respectively.

CHs

methylbenzene
toluene

Of course, there are three structural isomers lgfiney

CHs CHj CH,
CHj;
CHj;
CHj;
1, 2-dimethylbenzene 1, 3-dimethylbenzene 1, 4-dimethylbenzene
ortho-xylene meta-xylene para-xylene

Toluene and xylene are colourless liquids. They fanreinstance, used in petroleum, as sol-
vents and in synthesis of other chemicals.

Alcohols

We shall now study more complex organic compouhdsa simple hydrocarbons (and haloal-
kanes, which we also have studied). If a hydrogeman a hydrocarbon is replaced with
another group (not a hydrocarbon group), the médeimay obtain completely new properties.
Such a group is calledfanctional group First, we will study alcohols, organic compounds
with the —OH functional group, thHeydroxylgroup. We shall begin to study alcohols that are

! Why six? Every carbon atom has four valence edestrTwo of these are used to form bonds to thebgea
carbon atoms and one is used to form a bond thyitiengen atom. Thus, each carbon atom will havevane
lence electron left. The molecule consists of sisbon atoms and will therefore get six electroffts Tehese are
equally shared by all carbon atoms, depicted byitode.
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Organic chemistry and biochemistry

direct derivatives of the alkanes, with only onetlad two outermost hydrogen atoms substi-
tuted with a hydroxyl group. The names of thesemmumnds are derived from the name of the
corresponding alkane, adding the “—ol” suffix.

C | Name Trivial Formula | Structural formula Phase
name
1 methanol | wood al- | CH;OH H3;C—OH I
cohol
2 | ethanol grain alcoq C;HsOH HaC—\ I
hol OH
3 ropanol OH OH I
prop GH7 e N
4 | butanol GH9OH HSC/\/\OH I
5 | pentanol 6H.,0H ANN_-oH I
HsC
6 | hexanol GH1OH | .o > " on I
7 | heptanol @H1s0H NN I
HyC
8 | octanol @HOH | o > " on I
9 | nonanol OH P e U Ul |
GH19 HC
10 | decanol GH210H | o > TN oy ||

Table 3 Some simple alcohols

We see that the alcohols in general have highdinggioints than the corresponding alkanes,
which, of course, is true because the hydroxyl gsoallow the molecules to form hydrogen
bonds. Having a melting point at 24-27 °C, dodeta@gH,sOH is the first alcohol in this
category being a solid at room temperature. Methand ethanol are sometimes used as sol-
vents and, increasingly often, as fuels (partidulathanol). These compounds are also pro-
duced by anaerobic bacteria. Despite being a taxispme cultures ethanol is used as bever-
age. Furthermore, essentially all alcohols menticat@ove have industrial applications.

Position isomerism

Two molecules being identical to each other exéept functional group’s being bonded to
distinct atoms argositional isomergo each other. Thus, to name a particular positi®so-
mer of an alcohol, the position of the hydroxyl gpanust be specified. Study the following
molecules as an example.

OH

NSO /\/\)\
HaC HaC CH

1-heptanol 2-heptanol

3

To be correct, we should accordingly name the alsoin the table above 1-propanol, 1-
butanol, 1-pentanol etc.
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Organic chemistry and biochemistry

Molecules containing more than one hydroxyl group

An alcohol may contain more than one (1) hydroxgup. The name of such an alcohol must
specify the positions of all hydroxyl groups, armttlahe correct counter before the “—ol” suf-
fix. We shall now study some common compounds aaimigx multiple hydroxyl groups.

C | Name Trivial name | Formula Structural formula Phase
2 | ethane-1,2-diol ethylene glycol Ky (OH), OH I
OH
3 | propane-1,2,3- | glycerol, glyc- | CsHs(OH)s HO/\(\OH
triol erin, glycerine On

Table 4 Some alcohols containing multiple hydroxyl groups

The most well-known application of ethanediol i®lpably as a component in automotive
antifreeze. If the antifreeze solution in a carsists of 50 % ethanediol and 50 % water, the
freezing point of the solution will drop to 35 °Qyreventing the solution from freezing dur-

ing winter. Propanetriol is a main component offail$.

An alcohol is said to bprimary (with respect to a specific hydroxyl group) if tb@rbon atom
bonding the hydroxyl group at most forms a bondneother carbon atom. If it, on the con-
trary, forms bonds to two other carbon atoms, thehl is said to beecondaryif it bonds
three other carbon atom, the alcohol is said ttetigary. All alcohols in Table 3are primary.
Ethanediol is primary with respect to its both hypdd groups as well as the outermost hy-
droxyl groups in propanetriol, whereas the hydroggdup in the middle actually is secon-
dary.

H R, R,
R—(li—OH R,—C—OH R,—C—OH
y y &,
primary alcohol secondary alcohol tertiary alcohol

Rn symbolizes any hydrocarbon chain. Now, we shaliigtvhat happens when primary, sec-
ondary and tertiary alcohols are oxidized.

Aldehydes

Aldehydesare compounds containing the —CHO functional grtlpaldehydegroup.

//
—C\ aldehyde group
H

Aldehydes are formed when primary alcohols areiegil The reaction is shown below.

H 0

| /
R—C—OH + %0, — R—C\ + H0

y H
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Organic chemistry and biochemistry

If we oxidize the (primary) alcohols from Table, 3ve will obtain the simplest aldehydes.
These are named adding the “—al” suffix to the nainine corresponding alkane, in analogy
to how alcohols are named (using the “—ol” suffix).

C | Name Trivial name Formula Structural formula Phase
1 | methanal formaldehyde HCHO /0 g

H_,<

H

2 | ethanal | acetaldehyde gEHO O

HC%

3

H
3 ropanal ropionaldehydeC,HsCHO 9
prop propi ydeL s Hsc/\f
H
4 | butanal @H,CHO ch\/\fo
H
5 tanal CHO O
pentana GHo Hsc/\/\f
H
6 | hexanal 6H1,.CHO HSC\/\/YO
H

7 | heptanal eH13CHO O

HSC/\/\/Y

H
H
9 | nonanal CHO
GH17 Hsc/\/\/\/Y
H
10 | decanal GH1sCHO HSCW
H

Table 5 Some aldehydes

Methanal is produced naturally during forest fieesl is also present in automobile exhaust
gasses and tobacco smoke. Killing bacteria, methaaizr solution formalin) is industrially

used as a disinfectant and preservative to, faam®, animals in glass jars at museums.
Methanal is also used to dry out skin, for instatocé&reat warts and in the plastics industry.
Chiefly, however, methanal is used to synthesiheratompounds.

Ethanal is produced by plants and is naturally ogaeg in bread and in ripe fruits. Industri-

ally, ethanal is mostly used in the synthesis debttompounds. Both methanal and ethanal
are suspected to be carcinogenic. Heptanal anthaciae used in paints, and several of the
aldehydes above are used within the pharmaceutidastry.
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Organic chemistry and biochemistry

Carboxylic acids

If we oxidize an aldehyde, we will obtain a newstatict compound, belonging to tkarbox-
ylic acidsclass. A carboxylic acid is a molecule containing —COOH functional group, the
carboxylgroup.

0]
//
R—C
OH

the carboxyl group

The common formula describing an aldehyde oxidizong carboxylic acid is shown below.

Va Vi
R—C + %0, — R
H OH

If we oxidize the aldehydes from Tabl@bove, we will obtain the simplest carboxylic acids
The name of a carboxylic acid equals the nameettresponding alkane (with the same
number of carbon atoms, including the carbon atothe carboxyl group) adding the “—oic
acid” suffix to it.

C | Name Trivial Formula Structural formula Phase
name

1 | methanoig formic HCOOH |

)
acid acid H /<
o)

2 | ethanoic | acetic acid CH;COOH
acid HaC

Y
OH
3 | propanoic| propionic | C;HsCOOH /\fo

acid acid HaC
OH
4 | butanoic | butyric C3H;COOH | HsC /0
acid acid \/\(
OH
5 | pentanoic| valeric C4HCOOH o
acid acid H3CW
OH
6 | hexanoic | caproic CsH1:COOH | HC /O
acid acid \/\/Y
OH
7 | heptanoic| enanthic | C¢H13COOH O
acid acid H3CW

8 | octanoic | caprylic | C;H;sCOOH | H3C
acid acid

;

OH
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Organic chemistry and biochemistry

C | Name Trivial Formula Structural formula Phase
name
9 | nonanoic | pelargonic| CgH,;7,COOH ) S
acid heid H3CW
OH
10 | decanoic | capric acid| CgH1gCOOH | H3C /O S
acid \/\/\/\/Y
OH

Table 6 Some carboxylic acids

Formic acid is secreted from, for instance, vendamds of some species of bees and ants,
and is the strongest of all carboxylic acids in thigle above; carboxylic acids are in general
quite weak acids. Thanks to its antiseptic and guxegive properties, the water solution of
acetic acid is used in cooking. Acetic acid is alsed within the paint, pharmaceutical and
plastics industry. Fodder is rinsed in propionidgor its ammonium salt) to restrict bacterial
reproduction. Butyric acid is often formed in oldtter, giving it a characteristic odour.

A carboxylic acid can — as all acids can — give yaadydrogen ion (proton) while in water.
This process is described by the general formulabe

0]
=4+ o

OH

Y

R + HO

e

The anion formed in this process is callecagboxylate ion Carboxylate ions are named us-
ing the “—oate” suffix. The following table showsetcarboxylate ions forming when the car-
boxylic acids from Table §ive away protons.

C | Name Trivial name | Formula Structural formula

1 methanoateg formate HCOO

2 ethanoate acetate gEO0O

o)
/<
o
3 | propanoate| propionate 2isCO0 /\fo
e

4 | butanoate butyrate 38,C0O0 HSC\/YO
e

5 entanoate| valerate COO O
p LK H3CW
o

6 | hexanoate §H1,.CO0 HgC\/\/YO
o
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Organic chemistry and biochemistry

C | Name Trivial name | Formula Structural formula
7 | heptanoate §E113C00 o
Hng
&
8 | octanoate &115C0O0 ch\/\/\/\fo
&
9 nonanoate COO )
817 Hsc/\/\/\/Y
e
10 | decanoate ¢El;CO0 HSCWO
e

Table 7 Some carboxylate ions

There are also carboxylic acids with more than@arboxyl group. The simpledtcarboxylic
acid is oxalic acid a solid water-soluble substance. For instancalioacid exists in rhubarb,
giving it its sour taste. Oxalic acid is also prase the spermatophyte Common wood sorrel
(Oxalis acetosellp thus the name. The anion of oxalic acid is namealate The calcium
oxalate salt is sparingly soluble in water; the hamsnmon type of kidney stone (60 % of all
cases in Sweden) is a mixture of calcium oxalatecaicium phosphate, whereas 20 % of all
cases are made-up of calcium oxalate &laBimding to important nutritive substances, exten-
sive intake of oxalic acid may lead to deficienggdromes, at least in humans suffering from
kidney diseases.

oxalic acid

There are alstricarboxylic acids such agitric acid. As the name suggests, citric acid occurs
naturally in lemons. The acid is also used withia tood industry as an acidity regulator. The
anion of citric acid is calleditrate.

HOOC
HO COOH
HOOC
citric acid

If two or more distinct functional groups, sucha®e hydroxyl and one carboxyl group, are
present in the same molecule, their positions atespecified using “ordinary” numbering,
but “Greek numbering”. Greek numbering means thatdarbon atonslosestto the (in this
case) carboxyl group will be called, and the following atoms , etc. The -

2 Source: H. G. Tiselius, Karolinska Institutet

16/50



Organic chemistry and biochemistry

hydroxypropanoic aciddctic acid) is an example of hydroxyl acid The corresponding an-
ion is calledactate

HaC 0
\ //
CH-C
/N
HO OH

lactic acid

If a carboxylic acid is oxidized, the carbon chwiifi disintegrate. Eventually, we will obtain
water and carbon dioxide.

Ketone

Chemical compound including the functional groupC%0©”, the ketonegroup, are called
ketones Ketones are formed while heating (oxidizing) setary alcohols, according to the
formula below. Ketones are named by adding the é~gnffix to the “last name”.

Rq Ry
\

H—C—OH  + %0, ——=  C=O 4 O
R, Rz

The simplest secondary alcohol is 2-propanol; thus,simplest ketone is 2-propanoaed-
tong, a colourless liquid that is highly water-solublledustrially, acetone is perhaps chiefly
used as a solvent, but the molecule is also foragdrally in the human body during catabo-
lism of fats. At special conditions, such as sthoraand diabetes, when the fatty metabolism
increases due to a decline in carbohydrate metabpiweat and saliva may actually smell of
acetone.

CH,
/
H3C_C
\
acetone

In the same way a molecule — such as lactic acdn-be both a carboxylic acid and alcohol

at the same time, a molecule can be both a caricoagid and a ketone at the same time.

Concerning thesketo acidsthe Greek, , designations are used as well. A simple exam-
ple of an keto acid ipyruvic acid having the corresponding anippruvate

o] 0
N/
c—C
/ \
HsC OH
pyruvic acid

Oxidizing ketones, the carbon chain disintegratesvae obtain water and carbon dioxide.

Thiols

If we substitute the oxygen atom with a sulphumato the hydroxyl group —OH, we will
obtain a new functional group, —SH. Molecules cming this group are nameithiols or
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mercaptansThe simplest thiol is methanethiol (methyl meteag), CH-SH. Being the sul-
phur analogue to alcohols, thiols often react syl

Ethers

Molecules containing the —O- functional group, ¢tigergroup, are calledthers An ether is
named by letting the alkane corresponding to thgédst carbon chain in the ether become the
“last name” of it. The other chain will get the g suffix instead of “—ane” (so that “meth-
ane” becomes “methoxy”), and will be written befdine “last name”. For instance, study the
colourless liquidethoxyethanddiethyl ether informally just ‘ether”). Until late 1960s, eth-
oxyethane was used as an anaesthetic agent
C/\O/\CH

Hs 3

ethoxyethane

Amines

If one or more of the hydrogen atoms in ammonia {Nid substituted with hydrocarbon
chains (R, R, Rs), we obtain aramine Thus, all amines can be written using the formula
below, where Ris a hydrogen atom or a hydrocarbon chain. If a@rg hydrogen atom has
been replaced, the amine is said topbenary. If two or three (all) of the hydrogen atoms
have been replaced, the amine is said tedm®ondaryor tertiary, respectively. Amines are
bases.

Ry
\N R
/ 2
R3
An amine

Amides

The condensation proddaif a carboxylic acid and an amine is callecaaride The common
reaction forming an amide from a carboxylic acid arprimary amine is shown below.

0O
O H
\ Ry
R; + /N—R2 —_— N + H,O
OH H /
Rz
carboxylic acid primary amine amide

More aromatic compounds

If we substitute one of the hydrogen atoms in beazgith a hydroxyl group we obtaphe-
nol, a solid with a strong odour. Previously, phenalswsed as a disinfectant thanks to its
antiseptic properties. Today, however, the usénefahemical is reduced due to its toxicity.
Phenol is also used in the manufacturing of plastic

% The boiling point of ethoxyethane is 34.6 °C.
* A condensation reaction is a reaction combining molecules to a larger molecule, leaving a minofecule
left in the process.
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OH

phenol

If we instead substitute the hydrogen atom withagboxyl group, we will obtain the white
solid benzoic acidThe corresponding anion is callednzoateMany benzoate salts, such as
sodium benzoate, are used as food preservatives.

oé H oé ;OH oé O Na'

benzaldehyde benzoic acid sodium benzoate

Considering a benzene molecule, if we substitute twdrogen atoms with one hydroxyl
group and one carboxyl group @ntho position), we obtaisalicylic acid Furthermore, if we
substitute the hydrogen atom in the hydroxyl gradsalicylic acid with an acetyl group
(CH3CO-), we obtairacetylsalicylic acidaspirin), a very common analgesic, antipyretic and
anti-inflammatory drug.

0] OH O§ OH
HO OYO
CHj3

salicylic acid acetylsalicylic acid

Another very common active substance in similargdris ibuprofen also paracetamolis
commonly used.

CH,
o NH _CH,
T
0
OH
HAC HO

ibuprofen paracetamol

If we substitute one hydrogen atom in benzene withrimary amino group, we obtain a
molecule namedniline, a liquid widely industrially used (particularlyitvin the pharmaceu-
tical industry).
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NH,

aniline
Esters

Esters are condensation products of carboxylicsaamdl alcohols. Below, the general conden-
sation reaction formula is shown. This reactiotemfscation, often requires the addition of an
acid catalyst, such as sulphuric acid$Ey).

0] 0]
R1‘/< + ‘HO_RZ —_— R1‘/< + ‘Hzo

‘OH O0—R,

carboxylic acid  alcohol ester

An ester is named using the carboxylic acid’s arasrflast name”, preceded by the group
(alkyl) name of the alcohol. Study the followingcgion as an example.

0
H3C—</ 4+ HO—CH; — H3C~/< + H,0
OH O—CH,

ethanoic acid methanol methyl ethanoate

Short esters are often very well-scented and nltuwwecurring. For instance, ethyl butanoate
gives pineapples their characteristic scent arebfla In addition, many esters are used as
food additives, making food scent and taste morelitbferently. For instance, methyl bu-
tanoate smells pineapple/apple, pentyl ethanoagdisivanana, pentyl pentanoate smells ap-
ple and pentyl butanoate smells pear/apricot.

Functional group isomerism

Two molecules sharing the same chemical formulahlatng twodistinct functional groups
are said to be functional group isomers to eackrot@onsider the following pairs of func-
tional isomers as two examples (one pair/row).

Hee” TN on Hee” N0 en,
hexanol (CgH140) ethoxybutane (CgH40)
WCHZ

HsC
1-hexene (CgH15) cyclohexane (CgH15)
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Stereoisomerism

Whereas structural isomerism means that the atoeemdanded talistinct atoms in the two
molecules, stereocisomerism means that the bontisash®nly differ concerning their direc-
tions in three-dimensional space.

At a double or triple bond, that is not dynamice #toms can be arranged in two different
ways in space. If twsimilar structures are located at tb@meside, the molecule is said to be
thecis isomer; if the two structures are located atdppositesides, the molecule is thens
isomer.

Cl Cl H Cl
\ / \ /
CcC—C c=cC
/ \ / \
H H cl H
cis-1, 2-dichloroethene trans-1, 2-dichloroethene
H\ H
H. _C~
cZ \
H_ | >HH
H H H H H Ho ¢
H | | H | H | H\ _H \C< ~H
\ G %C\l/c\l/c\l/c\ H | "H
_c’]1°c c | e | e H C
H™ \H | | H | H | H H ¢~ H
H o H H H H Hoo >H
\ C._ C
_c7[>¢c” H
H> \H |
H H
trans-3-decene cis-3-decene

Another form of stereoisomerism occurs when a carom (or another atom) forms four
bonds todifferentgroups or atoms; then two distinct isomers aresipes The atom binding
to the four different groups is called tbleiral centre This type of isomerism is callexptical
isomerismand the molecules being isomers to each othesadeto beenantiomerdo each
other. Thus, if a molecule haschiral centres, then"Znantiomers are possible. The two en-
antiomers rising from a chiral centre are distisped from each other using the “D” and “L”
prefixes from the Latin words meaning right and°lef

Often, two enantiomers have quite similar chemaad physical properties, but there is one
important difference between then: they rotate nmea light in different directions (clock-
wise or counter-clockwise). Thus, a solution ofyoohe enantiomer is optically active,
whereas a 1:1 mixture of two enantiomersa@mic mixturgis optically inactive.

The two enantiomers of lactic acid constitute adgfexample of optical isomerism. In nature
(e.g. in a human muscle), only one enantiomeresent.

® Latin: dexter(right) andlaevus(left)
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H H
HsC._ / \__CHjs
c, O O, .C
d 7 NCTOh
HO | | OH
OH OH

The two enantiomers of lactic acid

Concerning drugs, it is a common scenario that omg of several possible enantiomers is
active in a desirable way; other enantiomers magndve hazardous. During the 1960s, a
sleeping aid and an antiemetic drug named Neurosedg marketed in Sweden. The active
substance was namdlalidomide This marketing, however, caused a disaster: ¢h daly
one of the enantiomers had the desired effeciitiner was a teratogén

The two enantiomers of thalidomide

O O

J

H
N

\

O

desired effect teratogen

Another example is the antidepressant drug citalopthaving to enantiomers, of which only
one is thought to be effective. Early drugs useabdure of the two enantiomers, whereas the
later versions (sold as Cipralex in Sweden), ordgptains the active enantiomer. The new
active substance was named escitalopram and svbdlito more effective (at least twice as
effective, due to the doubling of the concentrgtidscitalopram is sold as tablets containing
an oxalate salt of it.

The two enantiomers of citalopram

escitalopram inactive enantiomer

® Teratogen substance causing damage to foetus
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Polymers

A polymeris a very large molecule (macromolecule) consgsbhmany small (often identi-
cal) moleculesmonomers (most often covalently) bond to each other. Reastforming
polymers are callegolymerizationsPlastics artificial materials with a variety of properties
extremely frequently used in the modern societg, made up of polymers (and additives,
such as softeners and paints). A polymer consigifngnore than one monomer is called a
heteropolymepr copolymer

A very common plastic ipolyetheneThe polyethene (PE) polymer is synthesized frbe t
simplest alkene, ethene. There are many differgrgst of polyethene plastics, such as high
density polyethene (HDPE) and low density polyeth€bDPE). Polyethene is very fre-
guently used in the modern society, for instancéattles, pots, plumbing, pipes, plastic
films, plastics bags, electrical cable isolationtenials and prosthesis. The principal reaction
forming PE is shown below.

n H2C:CH2 —_— |: CH2 CH2 :|
n

Another very common plastic todaypslypropenethe polypropene (PP) polymer is synthe-
sized from propene. Polypropene is used in, faamse, packages, boxes, casings, car interior
decorations and electrical cabl@alystyrends also a very common plastic and is used in the
casing surrounding electrical devices (such as coenp, monitors and other computer
equipment, TV devices, DVD devices, loudspeakes @her home theatre equipment, re-
mote controls, refrigerators and microwave ovepagkages, boxes, plastic single-use prod-
ucts, toy construction sets, optical media (CD/D\é@¥es and cable isolation. The polymeri-
zation reaction forming polystyrene is shown below.

CH
2

— n

Polyvinyl chloride(PVC) is another very important plastic. PVC isstiyp used within the
construction industry (which uses 70 % of all proei PVC), to window frames, pipes and
flooring. Polyvinyl chloride is formed from the wihchloride monomer, as shown below.

H ¢l H CI
e — [
H  H H H
— -n

ABSis a heteropolymer of acrylonitrile, 1,3-butadiearel styrene monomers (thus the acro-
nymic name). ABS is used for pipes, car parts, LE®{ks (since 1969), casing for con-
sumer electronics, streetlamps and musical instnisne
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NNCHZ

acrylonitrile
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Part 2: Biochemistry

We shall now study the organic compounds buildipdiving organisms. These compounds
can be divided into the groups

carbohydrates,

proteins,

lipids and

nucleic acids.
Carbohydrates

Carbohydrates includemonosaccharideand polymers of such. The name “carbohydrate” is
due to the fact that many carbohydrates have thie@)(empirical formula.

Monosaccharides are alcohols with frequently fivsig carbon atoms. Their names end with
“~ose” and they can be divided into different greugepending on their chemical structure.
Monosaccharides with five carbon atoms are cghentoseswhereas monosaccharides with
six carbon atoms are calléexosesFurthermore, pentoses and hexoses may be diuwded
different groups depending on if the molecules amnketo or aldehyde groups. Thus, there
arealdopentosesaldohexoseketopentosesandketohexoses

The aldohexosglucoseand the ketohexogeauctoseare two very common monosaccharides.

O~ _H

Nc” _CH, _O

1 HO™ 1 ¢
H—C—OH 2

2 HO—C—H
HO—C—H 3

3 H—C—OH
H—C—OH 4

4 H—C—OH
H—CSZ—OH S

i H2

_CH, HO™ 6
HO™ 6
D-glucose D-fructose

These molecules, however, are most often fountdair tyclic forms. We shall now study the
two cyclic forms of D-glucose, forming when atomsiid 5 are bonded to each other via an
ether group: the oxygen atom constituting the etireup comes from the hydroxyl group
from carbon atom 5. The hydrogen atom in the hygrgxoup instead forms a bond to the
oxygen atom in the aldehyde group at carbon lhaba hydroxyl group is created at carbon
1. The two isomeric forms of cyclic D-glucose showetow are called-D-glucose and -D-
glucose, respectively.
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HO\6 HO\6
L o) L o
/// \\\ /// \\<?H
4 1 4 1
I\ OH I\ OH
OH N\ OH OH N\
3—|2 3—|2
OH OH
a-D-glucose b-D-glucose

Glucose is a white solid, always consistingegher of the two cyclic isomers. However, the
three forms of glucose (the non-cyclic and the twolic forms) naturally and continuously
transform between each other if the glucose isesblm water; a dynamic equilibrium is
reached. In a water solution, approximately 35 %albiglucose is -D-glucose, 65 % -D-
glucose and just some 0.003 % non-cyclic D-gluc@acose is the main energy source of
animals, and both glucose and fructose are comnwecues in plants.

The condensation product of two monosaccharideslied adisaccharide Two disaccha-
rides that can be formed from two glucose molecalesmaltoseand cellobiose in both
cases, carbon atoms 1 and 4 from the glucose fratignaee bonded. Concerning maltose, the
left glucose fragment is-glucose, whereas the left glucose fragment inobeke is -
glucose. The bond between two monosaccharideslled caglycosidicbond; more specifi-
cally, one may also specify the carbon atoms at sate of the bond and the isomer of the
left glucose fragment (or ). Accordingly, the bonds between maltose and baike are -
1,4-glycosidic and-1,4-glycosidic bonds, respectively.

HO
\6 HO\S \T (l)H
|5 @) |5 o) 5 (@) o :|’> 2
/ \ / \?H / \ / \4/ OH \1
1 4 1 4 1 |
OH \ / OH |\OH / \ /
OH \| o) OH \ OH
3_|2 3_|2 3—|2 |5—0
OH 6
OH OH HO/
maltose cellobiose

Glucose (in a water solution) is a reducing agasithe aldehyde group easily can oxidize to a
carboxylic group. Carbon atoms 1 in the right gheedragments of maltose and cellobiose
being intact and being able to open and form aldelgroups, maltose and cellobiose are re-
ducing agents as well.

Sucrose(saccharoseor table sugay is a disaccharide of one glucose fragment andfiure
tose fragment. Carbon atom 1 from the glucose feagrforms a bond to carbon atom 2 of the
fructose fragment; thus, no aldehyde group can famd sucrose isot a reducing agent. Su-
crose is a white solid, exceedingly frequently usethin the food industry and at meals,
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making the food taste sweeter. Having several hgdrgroups (able to form hydrogen
bonds), sucrose is highly water-soluble.

HO
9 OH _O
OH
OH
OH
OH o
OH OH

sucrose

Another very important monosaccharide is galactasegldohexose. Galactose occurs chiefly
in dairy product. Studying the structural formukldw, we realize that galactose is an enanti-
omer of glucose.

HO
OH O oH
OH
OH
galactose

Lactose is a disaccharide consisting of one glu@ggnent and one galactose fragment. Lac-
tose occurs mainly in milk; thus the name (Latacdmilk). The mass percentage of lactose is
6-7 % in human breast milk and 4-5 % in cow millactose is also used as filling substance

in drugs.
HO
HO

0

OH 0 0
OH
OH
OH
OH
OH

lactose

More than two monosaccharides can be bonded, fgramoligosaccharidelf several mono-
saccharides are bondedp@ysaccharidaf formed; hundreds or even thousands of monosac-
charide fragments can be bonded.
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The polysaccharidstarchis made up of two polysaccharidasyloseandamylopectin Amy-

lose is a straight chain of glucose fragments coi@oevia -1,4-glycosidic bonds. As a con-
sequence, the amylose molecule is curved, prohgstarch from forming long fibres; in-
stead, starch forms small particles. Amylopectiraibranched chain of glucose fragments;
almost at every S'Ofragment, a branch sticks out. When starch isgpbmoken down, for in-
stance during human digestion, maltose is formduchvlater is broken down to glucose.
Starch is the most common carbohydrate in humaa, fio@aking it the most important human
source of energy. Starch is found in bread, pofaeta and rice. Starch is also synthesized by
plants, using it as an energy store. Starch idubs®in water, and also used within the paper-
and textile industries.

Glycogenis another polysaccharide, similar in structureéh® amylopectin molecule, but the
branches protrude at every™@lucose fragment. Glycogen constitutes the chdneicargy
store in animals; having more glucose available thecessary, the human body can convert
glucose molecules into glycogen, later on being ablconvert the glycogen back into glu-
cose. In human beings, glycogen is stored in skietetiscles and in the liver (approx. 10 % of
the liver's mass is due to glycogen).

Being the major component of the primary cell vadlgreen plants, the polysaccharizilu-
loseis the most abundant organic compound on eartttu@lly, it is fair to say, that plants
primarily are made up of cellulose.) Cellulose usltbup of glucose fragments bond with
1,4-glycosidic bonds, making the polysaccharideofils. Sometimes, cellulose is referred to
as simply “fibore”. The human gastrointestinal trdobwever, is unable to break down the
bonds of cellulose, making the human body unablzbtain any energy from it. Furthermore,
cellulose is the main component of paper.

Amino acids

An amino acid is an organic compound containinghbetcarboxylic group and an amino
group. The amino acids being of highest biochemit&rest are the amino acids, having

the general formula shown below.
R
OH

NH,
a amino acid

A water solution of an amino acid contains quite Bmino acids not having reacted either as
acids or as bases; instead, most amino acids atterzens, forming when the carboxyl group
has reacted as an a@ddthe amino group has reacted as a base, accodalihg following
formula.
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(@] (@]
R = R B
OH < (@]
+
NH, NH3
amino acid zwitterion

There are also electrically charged forms of amacwls, having only one of the two func-
tional groups charged; the dominant form of an @anaaid in a solution is both a function of
the amino acid itself, and the current pH.

20 amino acids are necessary in the human bodyn@cids necessary for life, but not be-
ing bodily synthesisable, are calledsential amino acidand must be included in (the every
day) food. The essential amino acids are colougddrr the table on the next page.
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O

H,C
OH

NH,
Alanine (Ala, A)
O

HO
OH

o} NH,

Aspartic acid (Asp, D)

NH, o]
=
e) OH
NH,
Glutamine (GIn, Q)
(0]
N
</ | OH
\ NH,
H

Histidine (Hls, H)

O
H,N
OH
NH,
Lysine (Lys, K)
O
HO OH
NH,
Serine (Ser, S)
O
OH
NH,
HO

Tyrosine (Tyr, Y)

NH,

HN)\NH

Arginine (Arg, R)

$

NH,

HS OH

<

NH,

Cysteine (Cys, C)
O O

HO OH

$

NH,

Glutamic acid (Glu, E)

CH; O
H,C

4

NH,
Isoleucine (lle, I)

OH

R

(@]

\

n
A%io

NH,

Methionine (Met, M)

CHy O

HO OH

<

NH,

Threonine (Thr, T)

Valine (Val, V)

0
H,N
OH OH
o} NH,

Asparagine (Asn, N)

0
OH
NH,

Phenylalanine (Phe, F)

O
OH

Glycine (Gly, G)

0
H,C
OH

CH; NH,
Leucine (Leu, L)

O
H
N
OH

Proline (Pro, P)

O
OH
b
NH

Tryptophan (Trp, W)
The 20 amino acids neccesery
in the human being: structural
formulas, names and codes.

Essential amino acids are
coloured red.
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Two amino acids can be bonded to forndipeptidevia a peptide bonf according to the
formula below.

0 0 o]
" / " / " o A
/N—(|3H—C + /N—(|3H—C — /N—(le C N—(|3H C
H R, \ H R, \ H R, R, \

OH OH OH

amino acid amino acid dipeptide

Furthermore, additional amino acids may lengthendipeptide via additional peptide bonds,
forming apolypeptide The name of a peptide equals the names of theidodl amino acid
fragments (or their abbreviations) listed after @mother (in order), separated by hyphens.
Two of the amino acid fragments (the two outermbstje one of their functional groups in-
tact; the one having its amino group intact is exhltheN-terminal end(or N-terminusor
amine-terminusand is written first (to the left) in the nametbé peptide.

Proteins
A polypeptide with more than 50 amino acid fragmsaatcalled grotein

Proteins are the building-blocks of animals; besifbeming structures such as skin, cartilage,
tendons, hair, nails, bone matrix and musclesgprstare controlling the chemical processes
taking place in the body. A human being is belietedontain approximately 50 O@lfferent
kinds ofproteins. Proteins constitute about 50 % of thganic mass in an adult; it is fair to
say, that the human is a “protein robot”. Proteias be divided into two typefibrous pro-
teinsandglobular proteins

Fibrous proteins

Fibrous proteins constitute the group of protemsning body tissues as their main task. Fi-
brous proteins are often threaded biopolymers,veey large molecules consisting of many
small molecules bonded to each other; except frdguired peptide bonds, other types of
bonds, such as hydrogen bonds and disulphide baradspccur.

There are two main types of protein structuresielixes and sheets. An helix protein
molecule is twisted as a helix. The side chainthefprotein (the R groups of the amino acids)
are turned outwards. The helix is stabilized byrbgen bonds between the —CO and —NH
groups of the amino acid fragments; the —CO groomfone amino acid is hydrogen bonded
to the —NH group of the amino acid four “steps” svadong the helix. The other main type,
sheets, means that two or more amino acid chamdyarg at the side of each other on a
plane, forming hydrogen bonds between them. In sfioneus proteins, helical structures
and structures are bond to each other, forming lacgepplex structures. For instance,
helical structures containing the cysteine amind atay be bonded to each other via disul-
phide bonds.

" Please notice that the peptide bond actually sraide bond.
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) R
H 0] R H 0] R

b sheets

The (fibrous) connective tissue in a human beingaias water and fibrous proteins; the most
important proteins here aeollagenandelastin Skin, gastrointestinal mucous membranes,
tendons, ligaments and the tissues surroundingnatergans and muscles exemplify fibrous
connective tissues. Collagen constitutes approxiynaine third of all protein mass of an
adult; all-in-all, there are some 25 types of apiias. Elastin, the other major protein, makes
the tissues elastic. Cartilage tissue consistsodbgen and elastin. Containing additional
elastin, elastic cartilage is found in the epigéo#ind the inner ear. Containing additional col-
lagen, fibrous cartilage is for instance foundhia temporomandibular (jaw) joints.

Skin consists of two layers, one thin, outer laggidermis, 0.05-1mri)and one inner layer
(dermis, 0.5-3 mm). Epidermis is divided into s@eninor layers (outermost to innermost):
Stratum corneunf‘the horny layer”),Stratum lucidumStratum granulosupStratum spino-
sumand Stratum germinativufbasale Normally, the innermost layer consists of a lagéer
special cellskeratinocyteghat are constantly undergoing cell division. Theslls move out
and replace the old cells in the outer layers. Wihencells have reachedtiratum spinosum
the fibrous proteirkeratin is formed within the cells. The keratin stabilizee cells, and the
keratin skeleton in near-by cells form bonds toheaiter, forming a stable structure through-
out the layer. IrStratum lucidummost cells have died (due to lack of energy aumuiition;
there are no blood vessels in epidermis — nutrtiidiuses here from dermis). The final desti-
nation of the cells is the outermost layer. Thdscebntain keratin (almost 50 % of their
mass), making the skin hard and preventing it fidnying out. Epidermis also protects the
body from pathogens and alien chemicals. The jouofi¢he cells, from the moment they are
formed to the moment they are torn away from thie,siccupies somewhat more than a
month.

Mainly, dermis is build up of fibrous connectingdue and contains blood vessels, nerve end-
ings associated with the senses of touch and $wwagt glands and hair follicles. The connect-
ing tissue is made of collagen (90 %) elastin (5% liquids. The fibres are produced by the
cells located as “isles” in the matrix (main subst. Chiefly, it is the skin’s content of
elastin that allows the skin to regain its origigtdte after being dragged or pushed on.

Muscles are made of the fibrous protesasin andmyosin which also are responsible for the
contraction of the muscle cells. The human skele&aromposed of inorganic calcium phos-
phate, although some organic material, chieflyag#h, occurs as well. Moreover, elastic

8 The thickness of epidermis varies throughout teybthe layer is very thin on the eyelids and gtfitick on
the sole of the foot. Mainly, it is the outermaasger of the epidermis that varies in thickness.

32/50



Organic chemistry and biochemistry

blood vessels are composed of elastin, the hardrfesals comes from keratin and hair is to
90 % composed of-keratin and 10 % water.

Globular proteins

Globular proteins are often approximately spherprateins, controlling chemical processes
in the body. Most chemical reactions in the body eatalyzed by enzymes (biocatalysts),
which (usually) are proteins. Moreover, antibodibsding to and neutralizing hazardous
micro-organisms are proteins. Neurotransmitterskardthones, sending information between
different parts of the body (via the nervous systemnthe circulatory system, respective), are
often proteins. All cell receptors that receiveormhation (e.g. from neurons and hormones)
are proteins. In addition, proteins also transptirer substances in blood vessels, by forming
bonds to them, offering them a hydrophilic “freigtit Globular proteins are often folded in
such a way, that their inside becomes chiefly hydabic whereas their outside becomes
chiefly hydrophilic; this makes most globular piogewater-soluble.

The structure of a globular protein can be desdrigng four properties or “levels of struc-
ture”. The primary structure describes the sequarficamino acids of the peptide chain(s).
The secondary structure describes how differents pafr the chain(s) are shaped in three-
dimensional space: ashelixes or sheets (by hydrogen bonds). The tertiary structiere
scribes the shape of the entire chain(s), mostytdweak forces and the hydrophobic effect.
Finally, the quaternary structure describes th@alud the entire protein molecule (consisting
of multiple subunits having their own chains). Wel§ now study some very well-known
globular proteins that exist in the human body.

Haemoglobin (Hb) is a globular protein in the ergttytes (red blood cells) which transport
oxygen in the blood, from the pulmonary alveolitié lungs to the oxygen requiring tissues
of the body (such as the muscles). Even thougmtger part of the carbon dioxide produced
in the body are transported to the lungs direablyed in the blood (as hydrogen carbonate
ions), a small fraction is transported bonded tenmaglobin. Usually, the haemoglobin mole-
cule consists of four subunits (polypeptide chabwm)ded to each other. The subunits contain
parts of structure. Furthermore, every subunit containgtero non-protein molecule, the
haem prosthetic groupn the centre of every haem group, there is @am atom, which bonds
to the oxygen. Thus, a haemoglobin molecule cad Baar oxygen molecules. The carbon
monoxide (CO) molecule, however, is able to formarestronger bonds to haemoglobin than
oxygen, making inhalation of carbon monoxide letdaé to “internal asphyxia”. Another
very important transportation proteinabumin transporting hydrophobic substances, chiefly
fatty acids and steroid hormones in the blood.

Myoglobinis also a globular protein — a storage proteinodgbin consists of only one poly-

peptide chain and this contains, as with the chairfeaemoglobin, a haem group. Myoglobin
is present in muscles and is used to store oxyigamly, the red colour of meat comes from
myoglobin.

Lipids

Lipids are organic compounds that are insolublevéter’ due to their not being polar. Par-
ticularly, all fats are lipids. A fat molecule istaester of the alcohol glycerol (propanetriol)
and three carboxylic acids, often high-moleculaes1(16-18 carbon atoms), which in this
position are referred to as fatty acids. Thus, &éstriglycerides. The general formula show-
ing the formation of a fat molecule is shown below.

® There is no perfect definition of a lipid, but thee used here is quite describing.
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R,—COOH HO—CH, R;—CO—O—CH, H,O

R,—COOH 4 HO—CH — R,—CO—O—CH + H,O

R;—COOH HO—CH, R;—CO—O—CH, H,O
Three fatty acids Glycerol A fat molecule

(carboxylic acids)

Usually, fats are solids or liquids and are saibécsaturated or unsaturated depending on the
number of double and triple bonds of the fatty acieth general, saturated fats are solids,
whereas unsaturated fats are liquids (at room teatyre). Humans are able to obtain energy
from fat in food and fats are also a “storage fowhthemical energy; this is appropriate, as
the value of useable energy per unit of mass sfifaapproximately twice as high as the cor-
responding value of carbohydrates. The subderntahlé®d serves as a thermal insulation.
Moreover, body fat has a shock absorbing effedtgoting the internal organs from damage.
Some life-essential fatty acids, belonging to th8 and -6 groups, cannot be produced by
the human body; thesessential fatty acideust be included in food.-3 fatty acids can be
found in some fishes. In addition, some vitaminghsas vitamin A, D, E and K are fat-
soluble, and in order for the body to utilize thegamins, one should also make sure to eat
food rich in fats.

A triglyceride oftwo fatty acidsand one phosphoric acidvhich is also bond to a (often ni-
trogenous) alcohol, is calledpfospholipid A typical group of phospholipids is the one con-
taining the nitrogenous alcohcholine These molecules are calléetithins and may be
found in egg and can be obtained from soy oil. Phobpids have one hydrophilic (water-
soluble) end (at the alcohol) and one hydrophowat€r-insoluble) end. Being the building
blocks of cell membranes, phospholipids are veojogically common molecules. The mem-
branes are designed as a dual layer of phosphsiithid hydrophobic ends are turned to each
other, to the inside of the two layers, whereashyarophilic ends are turned to the cell and
out to the intercellular medium.

Cell membrane

Hydrophobic area

Hydrophilic area

CELL

Outside
the cell

However, there is a way on which a hydrophobic conma actually can be homogeneously
mixed with a hydrophilic one (e.g. water). Suchoanpound is called a@mulsion and is pos-
sible because the areas of the hydrophobic mole@rke surrounded by molecules that — as
phospholipids — both have a hydrophobic and a tphdlic end. The hydrophobic ends are
turned to the hydrophobic molecules whereas thedpydlic ends are turned outwards, to the

34/50



Organic chemistry and biochemistry

water (for instance). The substance surroundindnyladeophobic molecules is called amul-
sifier. A common example of an emulsionnslk, an aquatic solution containing fats. Often,
lecithins are industrially used (e.g. within thedondustry) as emulsifiers. A hydrophobic-in-
water emulsion is shown below.

Molecule of emulsifier
(here: lecithin)

Hydrophilic part

‘ ' Hydrophobic part

.o oo/

S
n//o.“ °

."...‘|

Steroidsare lipids sharing the basic structure of fourremrted carbon rings; today, hundreds
of steroids have been found in living plants andnais. Their major biological role might be
as hormones, so-callesteroid hormonesAmong thesecortisol and other corticosteroids
from the adrenal cortex and “sex hormones” (gonatiaioids) such as testosterone can be

named.
HO
o
CHf OH cH, P
HO
CHs CHg
_ _
o o

cortisol testosterone

Being a key stabilizing component in cell membrarbslesterolis a biologically very im-
portant steroid. Moreover, cholesterol is the pregufor steroid hormones during the body’s
own synthesis.
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CHs

H,C
CH,

CHs

HO

cholesterol
Nucleic acids

Nucleic acidsconstitute thgenesi.e. the information describing how the organisno look
and function. We shall now only quite quickly stutycleic acids.

There are two main types of nucleic acidisoxyribonucleic acigDNA) andribonucleic acid
(RNA). DNA is the nucleic acid being present in @l nuclei in a human being. All DNA
molecules in a particular individual are identitaleach other, but they differ between differ-
ent individuals (that are not identical (one-eggnt). The DNA molecule is built as a double
helix; one can think of the DNA molecule as twodarhains (strings) with bars between them
— and this “rope ladder” is twisted, forming a dlmuhbelix. Every chain in DNA consists of
every two fragment sugar and phosphate group; dbarss always the monosaccharake
oxyribose an aldopentose.

deoxyribose

The bars between the chains are made up of paimgrofenous basedvond to every deoxy-
ribose fragment. DNA uses the four nitrogenous $as#ening cytosing guanine and
thymine often abbreviated A, C, G and T, respectively.

NH, NH, O
X X NH s
</ JN S </ A A
NH o] NH o]
adenine cytosine guanine thymine

The two surrounding phosphate groups of a deoxgalitagment in a DNA string are bonded
to carbon atoms 3 and 5 in the deoxyribose fragnvemereas the nitrogenous base is bonded
to carbon atom 1. The “bars” between the two chamesalways consisting of either the A-T
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or the C-G pair of bases, making all bars havirgggame width (three rings). In a pair of ni-
trogenous bases, a single base belongs to onlgfahe two chains.

A typical DNA segment is shown below. P represanphosphate group and S a deoxyribose
fragment. A, T, G and C are nitrogenous bases.

/ l l
P
: :
_— L
b b
LAt
b b
oot

||3 llD nucleotide

%—G C—% nucleoside

Every sugar-base segment is calledualeosideand every phosphate-sugar-base segment is
called anucleotide Thus, a nucleotide is a nucleoside and a phosmraup, and a complete
DNA molecule can be considered a polynucleotidea hucleotide, the nitrogenous base, the
deoxyribose fragment and the phosphate group aralexdtly bond to each other. The two
strings of a DNA molecule are — via their nitrogaadrases — bond to each other by hydrogen

bonds.

RNA resembles DNA, but consists of only one striogntains the monosaccharidbose
instead ofdeoxyriboseand the nitrogenous bageacil instead of thymine.

o (@]
/5\4/ \l/OH |
HO \ { NH
S o2 |
HO/ \OH /g
NH (@]
ribose uracil

In human cells, new proteins are constantly produaed DNA constitutes the “recipe” of the
proteins. A fragment of a DNA molecule, consistofgsome thousand nitrogenous bases, is
called ageneif it contains information about th@mino acid sequencef a certain protein;
every sequence of three nitrogenous bases codasctmain amino acid, and the amino acids
of the protein will get exactly the order of thdssse triplets in the DNA. Every DNA mole-
cule consists of thousands of such genes. The hbeiag’s being controlled by proteins, and
DNA being the “recipe” of the proteins, one can #at DNA controls exactly how a human
will look like and function. When a protein is te Bynthesized, the base sequence in the ap-
propriate gene is copied to a certain form of RX# RNA molecule leaves the cell nucleus
and moves to one of thidbosomesof the cell. (A ribosome is a cell organelle proiahg pro-
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teins.) The ribosome synthesizes a new protein ecatdewith the amino acid sequence de-
scribed by the sequences of the RNA bases.

Vitamins

We are now to study a group of molecules caliéaimins In contrast to the groups of chemi-
cals we have seen this far, vitamins constitutery heterogeneous group, containing mole-
cules sharing very few similarities. Organic molesuthat must be part of food, as they are
needed for individual processes in the body, baityeannot be sorted into any of the previ-
ous categories, are called “vitamiff§’If one does not get sufficient amounts of a vitgrin
general, a deficiency disease specific to thatmitawill develop. Of course, vitamins have
rational chemical names, but also designatemssitamins We are now to study some of the
most important vitamins.

Vitamin A

A fat-soluble vitaminyetinol is designated vitamin A. Retinol is not alwaysedity available

in food; instead retinyl esters (e.g. in egg antk)yrare intaken, which later on in the human
body are converted to retinol; carrots and spinamttainscarotene which also may be con-
verted. Carotene is an orange pigment, for inst@oteuring carrots. Retinol is used in the
body to produceetinal used in theetina of the eye (thus its name). Retinal is crucialtfar
man night vision; lack of vitamin A may imply nighlindness. Severe lack of vitamin A,
predominantly occurring in developing countries,ghti even result in permanent (total)
blindness.

HsC  CHs CHs CHs

\\\\OH

CHj,

retinol

B vitamins

There are eight human vitamins referred to as 8nwns; all of them are water-soluble. The
table below shows their names.

Designation Chemical name
B1 Thiamine

B, (G) Riboflavin

B3 Niacin

Bs Pantothenic acid
Bs Pyridoxine

B, (H) Biotin

Bo Folic acid

Bio Cobalamin

Table 8 B vitamins

9 The word “vitamin” comes from “vital amines”; wheie “vitamin” concept was coined (1912), it was
thought that all vitamins were chemical amines,clvhwas shown to be a false presumption.
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We are very briefly to study the roles of the Bawuitns inside the human bodiyhiamineis an
important coenzyme during metabolism of carbohyr&iboflavin (which has a yellowish
green colour and is used within the pharmaceuéindlfood industries as a colouring agent) is
used by the body for metabolic procesd¢iacin may give the derivative NAD a very im-
portant metabolic molecul®antothenic acids a component of coenzyme'APyridoxineis
used for synthesis of erythrocytélic acid has several important functions in the body, for
instance concerning production of new cellebalaminis a very complex molecule (to be a
vitamin) and is used in the synthesis of erythresyt

Vitamin C

Vitamin C, orascorbic acidis a water-soluble vitamin and a common antioxid&he corre-
sponding anion of the acid is calladcorbate ionMost animals — but not humans — are able
to produce ascorbic acid in the body, and thustHem, ascorbic acid is not a “true” vitamin.
For instance, vitamin C is used for production olfagen in connective tissues and for syn-
thesis of some hormones. A deficiency of vitamite&ls to a condition callesturvy charac-
terized by superficial bleedings (skin and gingjvd¢teriorative healing from wounds and
periodontitis. There have also been speculatiomsitatyhether excessive doses of ascorbic
acid during a common cold might accelerate theihgdtom it.

HO

o)
HO =

HO OH

ascorbic acid

D vitamins

D vitamins are a group of steroids, eeggocalciferol(D,) andcholecalciferol(D3). Vitamin
D3, the human natural form of the vitamin, is actpgitoduced from cholesterol by the skin
when affected by ultraviolet radiationg 3 a hormone; it is not active, but it might benco
verted by the liver ta@alcidiol, 25-hydroxyl-cholecalciferol. Calcidiol is thenrogerted by the
kidneys tocalcitriol, 1,25-dihydroxyl-cholecalciferol. Calcitriol incse the intestine and the
kidney absorption of calcium and phosphate, andwétes the growth of bone matrix. Vita-
min D deficiency might lead tosteomalaciginstable skeleton) armsteoporosis

Other vitamins

Vitamin E, ortocophero] is a fat-soluble vitamin and an important ant@at. Vitamin E is
also believed to accelerate healing from woundsl, iantherefore used in pharmaceutical
creams. K vitamins are required for proper coaguiafclotting) of blood.

Dietary minerals

Chemical elements (other than carbon, hydrogengexynd nitrogen) that must be included
in food in order for the body to function propedse calleddietary mineral&’. Thus, minerals
are very simpleinorganic compounds. These might be intaken as atoms altis. £alcium,
chloride, magnesium, phosphor, potassium, sodiuchsamphur should be intaken in quite
high doses, whereas chromium, cobalt, copper, iftepiiodine, iron, manganese, molybde-

"' NAD" and coenzyme A will be discussed in the catabotibapter.
12 Compare withgeologicalminerals
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num, selenium and zinc are only required in qute tdoses (< 200 mg/day). There are also
theories about use of other elements, such asrsiéind nickel, in the body.

Calcium plays an important role for many organiseng, for development of bone matrix and
teeth; an overdose of calcium might however resukidney stones. Dairy products are a
major food source of calcium. Phosphorus atomsrenleded in DNA, ATP, phospholipids
and in bone matrix (as calcium phosphate). lodsngsied in the thyroid hormones and iron is
used in haem groups (e.g. in haemoglobin and mpaglo
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Part 3: Physiological processes

We shall now study some important physiologicalcpsses taking place in the human body,
particularly digestion and catabolism, i.e. how tihemical compounds of the food are used
by the body to obtain energy and synthesis new lstiictures (for growth of children or to
replace old structures in adults).

Digestion

The food we eat consists of carbohydrates, prqtéats, vitamins, dietary minerals, water and
minor amounts of other compounds. We eat to ol@aergy, which is possible from the first
three groups of compounds — for instance, we nedsktable to obtain kinetic energy in our
muscles, thermal energy in the entire body, ele@nergy in the nervous system and energy
to the synthesis of new chemical compounds. Weeds®o get the molecular building blocks
used by the body for that synthesis. However, ohepoto obtain energy and these building-
blocks from the food, the molecules of the food trhes broken down — or slit apart to their
small building blocks; proteins are broken dowratnino acids, carbohydrates to monosac-
charides (e.g. glucose) and fats to glycerol atiy &cids. The digestion is begun as soon as
the food is laid in one’s month. After the digestis completed, the useful molecules are ab-
sorbed by the circulatory and lymphatic systemaftbe intestines; the remains of the food
are excreted mainly via urethra and anus. Thigeeptiocess is calledigestionand is per-
formed in thegastrointestinal tragtextending between mouth and anus. Thus, theogaists-
tinal tract may be considered to be part ofdhtsideof the organism.

We can separate between mechanical and chemieatatig. Throughout the entire gastroin-
testinal tract, there are muscular contractions,sih-callecperistalsis “pushing” the food in
the right direction and also (macroscopically) thplg it apart. The chewing of food together
with the peristalsis constitutes the mechanicakslign. The enzymes (biocatalysts) in the
gastrointestinal tract, chemically splitting moliapart, constitute the chemical digestion.
We are now to study the mechanical and chemica&stiign taking place in the different parts
of the gastrointestinal tract.

The food enters the tract via the mouth, where ithewed by the teeth. The saliva in the
mouth, excreted by six salivary glands, containgm@ayme calledmylase splitting starch to
maltose molecules. After being swallowed, the fégldes” down to thestomach(via its
topmost opening, theardia). Even if one is standing upside-down, the food wach the
stomach thanks to the peristalsis, pushing the fodte direction towards the stomach. The
amylase continues to function in the stomach uhel pH has fallen below the lower func-
tional limit of the enzyme. In the stomach, pH &wlow (approximately 1), protecting from
pathogen¥. The low pH is an implication of the stomach caflducinggastric acidcon-
taining hydrochloric acid, after endocrine secmetaf the peptide hormongastrin (which
happens instantly after food intake). The gastrid also containpepsinogenwhich later on
converts tgepsin splitting proteins into shorter polypeptide clwiin order for the stomach
walls (consisting of proteins) not to be affectgdoe enzyme, they are covered with a mucus
rich in hydrogen carbonate. Pepsin works optimatlghe low pH of the stomach. The bot-
tommost opening (the ending) of the stomach,pylerus leads the food to theuodenum
Pylorus is opened and closed usfagdbackit is opened, letting food out from the stomach
and into the duodenum, when the pH of the duodeisuncreased, and it is closed when the

13 However, some pathogens, suctHaticobacter pylori(the “peptic ulcer bacterium”), can live in thisve-
ronment, thanks to its producing neutralizing amiaomnhe risk of getting peptic ulcer also increaseme eats
(drinks) acetylsalicylic acid or ethanol.
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pH is decreased. Because pH is low in the stonthich,makes sure that duodenum is not
loaded with more food until the previously loadedd has been properly processed.

Theliver producedile (gall), which is secreted into the duodenum. Additidni& is stored

in the gallbladder (cholecys}, just below the liver. Bile contairtsile salts(from bile acids
formed from cholesterol), which act as emulsifitmsthe fats of the food (the bile salts has
one hydrophobic end and one, negatively chargedropyilic end). The motion of the intes-
tine makes the “drops of fats” smaller and smaldoreover, these “drops” cannot fuse with
each other, because of repulsion due to theiraading negatively charged surfaces. Further-
more, thepancreassecretes pancreatic juice after endocrine searefithe peptide hormone
secretin the pancreatic juice contains hydrogen carboioai®increasing pH to about 8. After
endocrine secretion of another peptide horm@i&, pancreas also secretes some important
enzymeslipasesplits every fat molecule (triglyceride) into o2enonoglyceride and two free
fatty acids, andrypsinogenandchymotrypsinogemare converted inttrypsin andchymotryp-
sin (respectively), splitting proteins into shortetypeptides.

Eventually, duodenum is replaced by thmall intestine Here, enzymes such asaltase
(splits maltose to 2xglucosddctase” (splits lactose to glucose and galactoseyrase(splits
sucrose to glucose and fructose) anoteasegbreak peptide bonds) are active. The internal
walls of the small intestine are filled withlli (sing. villus; small hairs) and on the villi, tieer
are microvilli (even smaller hairs), extending theernal wall area from 0.3 frfwithout villi)

to approximately 200 fn Here, blood capillaries take up glucose, amiridsacsmaller fatty
acids, and some other nutritional, whereas lymyglleaies take up larger fatty acids (which
first form lipoproteins, so-callechglomicron$. Molecules absorbed to the circulatory system
are transported to the liver via the portal vaiheveas fatty acids absorbed by the lymphatic
system are released to the circulatory systemhaaetft subclavian vein.

The remains of the food are transporteddton Here, the last water absorption takes pface
and symbiotic bacteria produce vitamin K for usprximately two kilogram of the mass
inside colon comes from bacteria as well as 1/&hef(dry) faeces. The colon bacteria and
their possible toxins constitutes a threat to udy of they are able to comasidethe body,
i.e. into the circulatory system. Normally, the tegia produce some two litres gas per day,
most of which is absorbed by colon. Eventually, iémains of the food reachesctum end-
ing with two sphincters (one of which is conscigqusbntrollable) and a body openirapus
The remains passing through anus are cédledes

The total time occupied by the food’s being in gastrointestinal tract approximately equals
four hours.

Absorption phase

The time directly after an intake of food (a maalxalled theabsorption phasethis is the
phase when the digested molecules are utilizethdiiver, all galactose and most of the fruc-
tose are converted to glucose, making glucose itatesalmost all monosaccharides. Then,
glucose is transported via the blood to all bodisceo they at need can “burn” the glucose to
obtain useful energy. In fatty tissues, glucose mlag be converted into glycerol, which then
binds to fatty acids forming fat molecules (trigdyiles), constituting energy “stores”. In the
liver and in skeletal muscles, the “surplus” of gglee is converted to glycogen for storage.
After a high intake of glucose, glucose may alsdlfe liver) be converted to fatty acids.

14 Often, humans living outside of Europe do not bgsize lactase as adults, making them intoleradizof
products; it is likely that adult Europeans’ proohgclactase is due to a mutation.
15 this water absorption does not function propeohe may gediarrhoea
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After being absorbed by the lymphatic system adochigrons, the triglycerides are trans-
ported through the circulatory system and will duafly be located at the body’s fatty tis-
sues. The amino acids are transported via the litoat body cells, using the amino acids for
their own synthesis of proteins. Some of the anaicids are used for protein synthesis already
in the liver; for instance, the liver produces sarhat more than 10 grams of albumin per day.
Amino acids may also be converted to carbohydrates fatty acids, if a surplus of amino
acids is present. When amino acids are convertedrtiohydrates, at first, the nitrogen atom
of the amino group is removed, forming ammonia ¢\H toxic. Thus, as soon as possible,
the ammonia is converted toea (carbamide diaminomethanal), which is excreted in the
urine. (In fact, urea is a major component of urimdy succeeded by water.)

Post absorption phase

During the period — normally occurring once a dayhen the body does not receive any new
molecules from the intestinal absorption, the bodgs its “energy stores” instead of “fresh”
(recently digested) glucose. The liver producesage from the glycogen, in order to keep
the blood’s glucose concentration as stable asitjesgven though the blood does not get
any “new” glucose from the intestines. In factstis necessary because the brain normally
cannot use any other source of energy than glutosaldition, the liver is able to synthesize
glucose from (for instance) glycerol; such procesaee calledgluconeogenesesiowever,
most body cells — for instance muscle cells — moNv start to use fats as energy source, not to
tear at the now fragile glucose concentration eflitood.

These actions allow a human, well-fed adult to is«enas long as two months without eating
anything (one must drink water, though). The caxfs#eath at starving might be that the pro-
tein stores get so small, that the normal cell @sses cannot be upheld anymore.

Hormones play a major role in the metabolism irhkgitases. At stable availability of glucose
(in the absorption phase), pancreas will produee hbrmoneinsulin, which increases the
cells’ intake of glucose, acts towards increasawversion of glucose to glycogen, increased
built-up of “fat stores” and decreased gluconeogenén the post absorption phase, when the
glucose availability has decreased, pancreas mslead producglucagon Glucagon acts
towards increased fatty metabolism, conversion lpéagen to glucose and gluconeogene-

sis’®.
Digestion of alcohols

In some cultures, ethanol is used as a beveragesame kind of relaxing substance, even
though ethanol is a toxic and also, temporarilyrdes the personality of the drinker. Liquid
products such dseerandwine contain ethanol and are supposed to be drunkelibody (the
stomach and the liver), ethanol is digested torethéacetaldehyde) via the enzymleohol
dehydrogenagé Thus, alcohol dehydrogenase occurs naturallfénhiuman body, probably
to digest the alcohol that is naturally occurrimg(normal) food. Then, the ethanal is con-
verted to ethanoic acid (acetic acid) by the enzwaeetaldehyde dehydrogenaghis final
product is not severely toxic.

Methanol (wood alcohol) is (to humans) an even ntoxe substance than ethanol. Methanol
is digested in analogy to how ethanol is digestiest to methanal (formaldehyde; also using

'8 For more information about how insulin and gluaagontrol the metabolism, see Rejbrand, AndrEaslok-
rinologi — en kort introductionKatrineholm 2006.

" Sometimes, alcohol dehydrogenase is abbreviatdd, Aihich also may be an abbreviation for antidiisret
hormone (vasopressin), a hormone stimulating themabsorption in the kidneys.
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alcohol dehydrogenase) and then to methanoic &wichic acid). However, the pure metha-
nol is not toxic; instead, it is its metabolitesethmnal and methanoic acid, that are the real
toxics. Very small quantities of methanol (perhapdittle as a teaspoonful of it) may destroy
the optic nerve, causing blindness. Larger quastitnay cause death (100 ml might be suffi-
cient). The cause of death is likely acidosis (eecbf blood pH), caused by the formic acid.
If an individual has been intoxicated by metharnioén the toxic effects may be reduced by
drinking ethanol, because ethanol competes witthamel about the alcohol dehydrogenase,
making the toxic metabolites of methanol form mslevly. (Hopefully, no metabolites at all
will be formed from the methanol.) Thus, methambbxication may be “reduced” to ethanol
intoxication.

Quite often, methanol intoxication is caused by hosi drinking it as if were ethanol; both
smell and taste are identical.

Catabolism of digested molecules

We are now to study what happens with the digesteiohydrates, proteins and fats (the
glucose, amino acids and fatty acids, respectivelgyl how the body is able to utilize the
chemical energy of these molecules.

Transportation molecules

Molecules binding to and transporting energy oreotparticles are callettansportation
moleculesWe shall now study some of the most importamtdpartation molecules.

NAD" (Nicotinamide Adenine Dinucleotiflis a hydrogen transporter. NAB a dinucleotide
with the nitrogenous bases adenine aitdtinamide One NAD molecule can transport one
hydrogen atom. The reaction when NABonds to one hydrogen atom from an arbitrary com-
pound X is shown below.

+

NADH 4+ H + X

NAD® 4+ XH,

Another important hydrogen transportei=&D (Flavin Adenine Dinucleotige able to trans-
port two hydrogen atoms; the reaction when FADIo@ded” with two atoms from an arbi-
trary molecule is shown below.

FAD + XH, === FADH, 4 X

Besides hydrogen atoms, tleetyl groupCH;CO- is an important catabolic group. The
transporter of acetyl groupsaesenzyme ACoA), a thiol. CoA is able to formtaioesterwith
the acetyl group.

acetylgroup 4 CoA acetyl-CoA

Moreover, the phosphate group is relevant. The cutdsAMP (Adenosine MonoPhosphate
ADP (Adenosine DiPhosphgtand ATP (Adenosine TriPhosphgtare nucleosides with ri-
bose and the nitrogenous base adenine bond totwoeyr three phosphate groups, respec-
tively. Thus, ATP — the most “interesting” of thesecan be considered to be a phosphate
group transporter.
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ADP + P_ = ATP 4+ H,0

In the above formula, P_ represents a phosphompgi@ HPQ* or H,PQ, depending on the
cell’'s pH. The reaction to the right is very endothic, and the left reaction is (needless to
say) exothermic. Thus, ATP is not only a carriepbbsphate groups, but an energy transmit-
ter as well. ATP can be compared to a loaded (elBrfattery and ADP to an uncharged
battery. ATP is the body’s main energy transmitiéeid the molecule that the cell uses when it
is about to perform an action that requires enefgyest, a human being uses approximately
ten millions of ATP molecules per second. In geheddP molecules are consumed quite
rapidly (within minutes) after their synthesis. BhATP is rather the “last carrier” of energy,
than any “long term storage” of it; “storage” ofeggy is performed by fat and glycogen. As
we will see, it is ATP molecules that are synthegiduring catabolism of glucose and fatty
acids.

Glycolysis

The glycolysisis a series of reactions taken place in the cgbhptasm, converting every
molecule of glucose into twpyruvateions (seeKetoneabove). Furthermore, for every glu-
cose molecule, two ATP are loaded from ADP, and M#®H are loaded from NAD Thus,
the net result may be written as below.

1glucose + 2P_ 4+ 2ADP + 2NAD® ——> 2 pyruvate + 2 ATP 4+ 2NADH -+ 2H" + 2H,0

Below, a more detailed description of the glycayisishown. Please notice, that the molecule
fructose-1,6-diphosphate (6 C) is broken down to molecules, dihydroxiacetonephosphate
(3 C) and glyceraldehyde-3-phosphate (3 C). A dyoaquilibrium between these two mole-
cules is formed, and only the later continues &xteBut as this process goes on, the equilib-
rium will be “pushed” to the right, to the reactingplecule, so that (optimally) all dihydrox-
iacetonephosphate will be converted to glyceraldek8+phosphate. Also observe that the
reactions following glyceraldehyde-3-phosphate dfee are performedwice for every
molecule of glucose.
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ATP glucose ADP
\ 4
glucose-6-phosphate
\ 4
ATP fructose-6-phosphate | "
\ 4
fructose-1,6-diphosphate
v
dihydroxiacetonephosphate glyceraldehyde-3- NADH
P_, NAD' \ 4
ADP 1,3-disphosphoglycerate| ATP
A 4
3-phosphoglycerate
4
2-phosphoglycerate
4
phosphoenolpyruvate H0
\ 4
ADP phosphoenolpyruvate | ATP
\ 4
pyruvate

lllustration 1 The Glycolysis

However, in order for the cell to be able to obtany energy from the pyruvate ions, these
must be transported into the cell mitochondria.sTihansportation requires one ATP per py-
ruvate ion.

Pyruvate ions are converted to acetyl-CoA

In the mitochondria, pyruvate ions are converteddetyl-CoA, forming one NADH per ion,
according to the following formula.

pyruvate 4+ CoA <+ NAD" — acetyl-CoA 4+ NADH + H + CO,

The cell might easily run out of NADneeded in the glycolysis; if the processes doés no
propagate at a reasonable rate — e.g. during afaakygen in a muscle cell - NADH may be
converted into NAD simply by pyruvate ions’ adding hydrogen atoms &omhing lactate
ions. This results in a temporary pain in the meiscl

CH,COCOO 4+ NADH 4+ H' ——» CH,CHOHCOO 4 NAD'

Beta oxidation

In the mitochondria, fatty acids are broken dowmadetyl-CoA. This process involves several
steps; in each step, one acetyl-CoA molecule islymed, as well as one NADH and one
FADH,. This process has obtained its name from the flaat,one of the main steps in it in-
volves the oxidation of the carbon of the fatty acid. If a saturated fattydaeith an even
number of carbon atoms is oxidized, an fatty adith w carbon atoms will give/2 1 cycles
and thug/2 acetyl Co-Apn/2 1 NADH andn/2 1 FADH,. Below, a more detailed descrip-
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tion is given. The fact that carbon atoms, resulting m2 acetyl-CoA, only requires/2 1
cycles is due to the fact that R = H after the tgsle; thus, then we instantly obtaimo ace-
tyl-CoA molecules.

CoA a HO

R—~b (@]
\
FAD a FADH,
l CoA
R—b (o]
A\

HO

NAD* \ 2\/ NADH + H*
a

CoA \ gf

CoA

O /O
/)
R—b< + H3(a:‘< —»
0A

C CoA

‘ acetyl-CoA

Illustration 2 The Beta oxidation
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Citric acid cycle

One of the most central processes in cataboligtreisitric acid cycle This cycle begins with
the combination (in a 1:1 proportion) of oxalic &gy C) and acetyl-CoA originating from
pyruvate ions and fatty acids, forming citric a@dC). Later, during a series of reactions, two
carbon atoms will escape from the cycle in the shapwo molecules of carbon dioxide; the
CO, that a human exhales is believed to largely oaigrirom this very cycle. Eventually, the
cycle is back at its original state (oxalic acigdady to start over. During each cycle — except
for the two molecules CO- three NADH, one FADKand one ATP are formed.

v I
HOOC oxalic acid HOOC
acetyl-CoA (@) NAD* OH
CoA NADH + H*
malic acid
COOCH COOH

| f

HOOC citric acid HOOC
HO COOH H.O /)
fumaric acid COOH

HOOC
isocitric acid
HOOC HOOC
NAD* COOH FAD
NADH + H* + CQ, HO FADH,
COOH succinic acid COOH
HOOC -ketoglutaric acid (@] CoA
. ~N
NAD ADP + P_
NADH + H + CQ; éo ATP succinic acid-CoA
HOOC COCH

| 4

lllustration 3 The citric acid cycle

Cellular respiration

The final stage in catabolism is tbellular respiration taking place inside of the outer mem-
brane of mitochondria (an organelle having dual im@mes). Here, NADH and HADH
leave their hydrogen atoms; these atoms are oxidizevater with oxygen from the lungs.
The energy released is used to “charge” ATP moéscuDne NADH results in three ATP,
whereas one FADfesults in two ATP.
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Final words

In this document, we have studied the chemical @amgs that can be formed from hydro-
carbons; we have realized that these compoundd bpibkll plants and animals in the earth’s
biosphere and also that many modern materials siooisihese molecules.

Concerning the human physiology, we have presesgedral models, and these models are —
of course — meant to reflect reality. However, ineaery-day environment, it may be difficult
to study e.g. the glycolysis, beta oxidation, citacid cycle and the respiration; moreover,
biochemical structures and processes are oftem qaihplex. For the most part, however, the
contents of this document are correct, but somaildet the current knowledge may very
well be reviewed in the future. Should you — thadex of this document — find any error in
this document, you are more than welcome to send gomments to the author via email at
andreas@rejbrand.sAlso notice, that this document is an Englismstation of the original
Swedish version. Should you find any incorrect ofsthe English language, | would appreci-
ate if you did inform me about it (using my addreBswn above). Thank you.

Finally, the author want to deduce the concluskat the organic chemistry and biochemistry
are very interesting fields, describing the humamdp and the nature, as well as the modern
society — biochemistry is the “technical documeatdtof the biosphere.
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