Chemical Composition of
the Cell
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Table 2-2 The Approximate Chemical Composition of a Bacterial Cell

Water @70 > 1

Inorganic ions 20

Q7o
1
Sugars and precursors 1 250
Amino acids and precursors 0.4 100
Nucleotides and precursors 0.4 100
1
0.2

Fatty acids and precursors 50
Other small molecules ~300

Macromolecules (proteins, ~3000

nucleic acids, and
polysaccharides)

Table 2-2 Molecular Biology of the Cell (© Garland Science 2008)



. Water

the most abundant substance in the cell!

Where did it come from?

several hypothesis:

- condensation from the primary atmosphere
- release of gases from the Earth interior

- extraterrestrial origin

accounts for about 70% of a cell's weight

most intracellular reactions occur in an agueous =%
environment :

Oceans — beginning of the life on Earth

life is dependent on the properties of water



2. Small organic molecules

v" carbon-based compounds — up to 30 C atoms
v molecular weight 100 - 1000 kDa
v" usually found free in solution
v many different fates :
= monomer subunits for building macromolecules

= source of energy for intracellular metabolic pathways

v" much less abundant that the organic macromolecules — only about
1/10 of the total mass of organic matter in the cell (Table 2-2).

v" around 1000 different kinds of these molecules in a typical cell


http://www.ncbi.nlm.nih.gov/books/NBK26883/table/A201/?report=objectonly
http://www.ncbi.nlm.nih.gov/books/NBK26883/table/A201/?report=objectonly
http://www.ncbi.nlm.nih.gov/books/NBK26883/table/A201/?report=objectonly

Four main types of small organic molecules:
v’ sugars
v fatty acids (lipids)
v/ amino acids

v" nucleotides

building blocks larger units
of the cell of the cell

SUGARS |» POLYSACCHARIDES ;I
Energy source :
FATTY ACIDS |» FATS, LIPIDS, MEMBRANES ;l
AMINO ACIDS L PROTEINS ]
NUCLEOTIDES |» NUCLEIC ACIDS |

Figure 2-17 Molecular Biology of the Cell (© Garland Science 2008)



2.1. Sugars

v'monosaccharides

— the simplest sugars

— general formula (CH,O)n, n = 3, 4, 5,
6, 7ili 8

— carbohydrates

— glucose C4H,,04

CH,O0H

|
C 0
C—OH H OH CH,OH
T M WA Y HO 0
c o S OH
N 9N wo NE__ 1/
HO CI CI Y C — HO OH
I [ | |
H OH H o

(€)

(B)

(D)

(E)

Figure 2-18 Molecular Biology of the Cell (© Garland Science 2008)

— the formula does not fully define the molecule — variety of ways in which C, H and
O atoms can be joined together by covalent bonds — structures with different shapes

— changing the orientation of specific —OH group glucose is converted to mannose or

galactose — isomers

— each of these sugars can exist in either two forms L- and D-forms — mirror images

of each other — optical isomers




v'monosaccharides

MONOSACCHARIDES

2-carbon (TRICSES)

s-carbon (PENTOSES)

Monosaccharides usually have the general formula (CH,0) , where ncan be 3, 4, 5, 6, 7, or 8, and have two or maore hydroxyl groups.
They either contain an aldehyde group {—¢ Cs }and are called aldoses or a ketone group { t=0 } and are called ketoses.

E-carbon (HEXOSES)

e
w H— 1|‘. —OH
g H\ lo H—C —0OH
H—C —OH H—C —0OH H—C —0OH
H—C —OH H—C —0OH H—(I'f —i{H
H H H
glycaraldehyde ribose glucose
H
H H— 1|': —OH
H— l.l't —OH T=
2 H =0 HO— U —H
E H—(l. —OH H—L —0OH H—C —OH
= =0 H—C —0OH H—tl': —OH
H—C —OH H—C —0OH H—C —0OH
H H H
dihydroxyacatone ribulosa fructose

RING FORMATION

In agqueous solution, the aldehyde or ketone group of a sugar
molecule tends to react with a hydrosyl group of the same
molecule, thereby closing the molecule into a ring.

H\r‘&f}
H=C —OH

HO—C —H
H—_;('If —on
H=C —OH
CH,OH

glucose

H_ O
H—C —OH AN
H=5G—OH OH  OH
H—C —OH

JCH,OH

ribosa

MNaote that each carbon atom
has a number.

ISOMERS

Many monosaccharides differ only in the spatial arrangement
of atoms—that is, they are isomers. For example, glucose,
galactose, and mannose have the same formula (CgH,:0¢) but
differ in the arrangement of groups around one or two carbon
atoms.

glucose

Lup plpiel=d

These small differences make only minor changes in the
chemical properties of the sugars. But they are recognized by
enzymes and other proteins and therefore can have important
biclogical effects.

Panel 2-4 Molecular Biology of the Cell (© Garland Science 2008)



v'monosaccharides, disaccharides .
peptidoglycans

ot AND B LINKS

The hydroxyl group on the carbon that carries the
aldehyde or ketone can rapidly change from cne

position to the other. These two positions are
called @ and .

O B ‘ | - C\ on

glucosamine

B hrydronoy o2 hryedn sy ] glucuronic acid

&z spon as one sugar is linked to another, the cor
fi form is frozen.

DISACCHARIDES

The carbon that carries the aldehyde
or the ketone can react with any
hydroxyl group on a second sugar
miclecule to form a disaccharide.
The linkage is called a ghycosidic
bond.

Three common disaccharides are

maltose {glucose =+ glucose)
lactose (galactose + glucose)
sucrose (glucose + fructose)

CH,OH
The reaction forming sucrose is

shown here.

Panel 2-4 Molecular Biology of the Cell (© Garland Science 2008)



v" oligosaccharides, polysaccharides

OLIGOSACCHARIDES AND POLYSACCHARIDES

Large linear and branched molecules can be made from simple repeating sugar
subunits. Short chains are called oligosaccharides, while long chains are called
polysaccharides. Glycogen, for example, is a polysaccharide made entirely of
glucose units joined together.

COMPLEX OLIGOSACCHARIDES CH,OH

In many cases a sugar sequence

is nonrepetitive. Many different
molecules are possible. Such

complex aligosaccharides are

wsually linked to proteins or to lipids,
as is this oligosaccharide, which is
part of a cell-surface maolecule

that defines a particular blood group.

Panel 2-4 Molecular Biology of the Cell (© Garland Science 2008)



v’ the reaction of two monosaccharides to form a disaccharide

monosaccharide monosaccharide

(0]

|: OH H())<
A

(0]

@ condensation — two
monosaccharides are joined together

CONDENSATION HYDROLYSIS as a loss of one H,O molecule
water expelled water consumed

& hydrolysis — reverse reaction in
' which H,O is added

o

reactive glycosidic bond
in disaccharide

Figure 2-19 Molecular Biology of the Cell (© Garland Science 2008)



& Importance:

v _energy sources

- glucose — key energy source for cells — in a series of reactions is broken down to
smaller molecules to release the energy

- cells use simple polysaccharides composed only of glucose units — glycogen
(animal cells) and starch (plant cells)

v mechanical support

- cellulose — glucose polysaccharide (the most abundant organic chemical on Earth!)

- chitin — linear polymer of N-acetylglucosamine

v molecular markers

- glycoproteins and glycolipids of the cell membrane — selective recognition by other
cells

- human blood groups



starch

glycogen

cellulose

~ a(1-6) bond

—
B(1-4) bond

Figure 2-4. The Cell; Cooper 2000



carbohydrate layer cytosol

nucleus plasma membrane

Figure 10-28a Molecular Biology of the Cell 5/e (© Garland Science 2008)

transmembrane adsorbed transmembrane
glycoprotein glycoprotein proteoglycan
i ® = sugar residue
carbohydrate
layer
— — glycolipid
lipid I l
bilayer

CYTOSOL

Figure 10-28b Molecular Biology of the Cell 5/e (€ Garland Science 2008)

Electron micrograph of a surface of lymphocite
— extracellular carbohydrate layer - glycocalyx

Glycocalyx — simplifed diagram




2.2. Fatty acids (lipids)

v Lipids

— fatty acid and their derivatives

— water insoluble; soluble in fats and organic

hydrophilic carboxylic acid head
1 solvents

v two different structural parts:

 hydrophilic head — chemically active

- » hydrophobic tail — differences between
hydrocarbon chains — not very active chemically

» almost all fatty acids are covalently linked to
other molecules by their carboxylic acid group

hydrophobic hydrocarbon tail —

A (B) @ saturated chain

palmitic acid

Figure 2-21 Molecular Biology of the Cell (© Garland Science 2008)



v fatty acids

114 PANEL 2-5: Fatty Acids and Other Lipids

COMMON FATTY TRIACYLGLYCEROLS Fatty acids are stored as an energy reserve (fats and
ACIDS oils) through an ester linkage to glycerol to form
triacylglycerols, also known as triglycerides.

These are carboxylic acids
with long hydrocarbon tails. C
o H,C—OH

COOH COOH COOH
| | HC —OH
CH,

| O H,C—OH

glycerol

Hundreds of different kinds of fatty acids exist. Some have one or more double bonds in their
hydrocarbon tail and are said to be unsaturated. Fatty acids with no double bonds are saturated.

O

This double bond

is rigid and creates
/a kink in the chain.

The rest of the chain

is free to rotate

about the other C-C

bonds.

stearic

palmitic
acid
(Cie)
| space-filling model carbon skeleton
teari .
acid (C1a) adid (Cra) UNSATURATED SATURATED




v" phospholipids

PHOSPHOLIPIDS

Phospholipids are the major constituents
of cell membranes.

Q hydrophilic A4

?
D=F|’—D_
(@]

* hydrophobic
fatty acid tails

space-filling model of
the phospholipid
phosphatidylcholine
In phospholipids two of the —OH groups in glycerol are
linked to fatty acids, while the third -OH group is linked
general structure  to phosphoric acid. The phosphate is further linked to
of a phospholipid  one of a variety of small polar groups (alcohols).

LIPID AGGREGATES

Fatty acids have a hydrophilic head /”.

and a hydrophobic tail. ——

In water they can form a surface film

or form small micelles.

()
-,

- .
| micelle

-
¢ ¢ .

Their derivatives can form larger aggregates held together by hydrophobic forces:

Triglycerides can form large spherical
fat droplets in the cell cytoplasm.

T

200 nm
or more

b

Phospholipids and glycolipids form self-sealing lipid
bilayers that are the basis for all cell membranes.

4 nm

Panel 2-5 Molecular Biology of the Cell (© Garland Science 2008)




v" other lipids

STEROIDS Steroids have a common multiple-ring structure.

\N\r OH

cholesterol—found in many membranes testosterone—male steroid hormone

GLYCOLIPIDS

Like phospholipids, these compounds are composed of a hydrophobic
region, containing two long hydrocarbon tails, and a polar region,

which, however, contains one or more sugars and no phosphate.
H OH ¢
| | H ]

IWC%C/C'-H&/CHE sugar
| H
H
A NP A P Y g
| | | 'TI_NH a simple
hydrocarbon tails @] glycolipid

Panel 2-5 Molecular Biology of the Cell (© Garland Science 2008)




& Importance

v energy source

- stored in the cytoplasm of many cells in the form of droplets of triacylglycerol

molecules
« animal fats (meat, butter and cream)

* plant oils (corn and olive oil)

---- fatty acids

triglycerides

Acetyl CoA i

FRECURSORS

/—1‘\ /d__‘\\
/ cholesterol
pho pthd /I ‘_k‘* steraid hormanes

lllllllll

CO,+HJ0 + energy (ATP)

PRODUCTS

ntral intermediate

n lipid metabolism.

v'construction of biological membranes

- Cell and organelle membranes

 phospholipids
* glycolipids

» cholesterol

hydrophilic
hasd phosphate
2 =
¥ %
two
hydrophobic g g
fatty acid
tails

ph;spholipid molecule

water

phospholipid
bilayer,
or membrane

Figure 2-22 Molecular Biology of the Cell (© Garland Science 2008)



2.3. Amino acids

v~ all have carboxylic acid group (COOH) and amino group (NH,) both
linked to a single C-atom (a-carbon)

v chemical variety — side chain attached to the a-C

amino carboxyl THE AMINO ACID
group group

The general formula of an amino acid is

a-carbon atom

H /
| carboxyl

amino

T i |i| group HZN—(li—COOH group
—C—COOH — H;N—C—COO0 R— | _
I |-| 7 I ——side-chain group
CH CH3 R is commonly one of 20 different side chains.
a-carb l At pH 7 both the amino and carboxyl groups
5|de chain (R) are ionized.
H
- L] - - f(—\ —
nonionized form ionized form ) 1N — % —COO
(A) R

Ala

Figure 2-23 Molecular Biology of the Cell (© Garland Science 2008)



v amino acids linked together — peptid bond

v" polypeptide or protein — two chemically distinct ends:
* NH, (N-terminus)
N-terminal

* COOH (C-terminus) end of
polypeptide chain

I
N-H

|
Phe H-C—CH, —@

Ser

o
|

|
—A=A=Z-A-N=-Z2-N-N=-2-N—

O x
Il
I
a)
I
N
I
o
x

|
s

0

2

CH2 -CHZ -C\
o_

Glu

o x
]

|

u

/H

_CH2 _CHZ-CHZ-CHZ -N-H+
“H

Lys H-

o
I

C-terminal
end of
polypeptide chain

Figure 2-24 Molecular Biology of the Cell (© Garland Science 2008)



v 20 types of aa in proteins of bacteria and eukaryotic cells

v" Why? Evolutionary mistery! — no obvious chemical reason!

v All aa except Gly exist as optical isomers (D- and L-form)

v Only L-forms are ever found in proteins!
(D-aa occur as part of bacterial cell wall and in some antibiotics)
Another evolutionary mistery!

OPTICAL ISOMERS The o-carbon atom is asymmetric, which
allows for two mirror image (or stereo-)
isomers, L and D.

H H
NH;* 'I’ COO™ OO~ 'I, NH,*

e e~

Proteins consist exclusively of L-amino acids.

Panel 3-1 Molecular Biology of the Cell (© Garland Science 2008)



BASIC SIDE CHAINS
lysine
(Lys, or K)

cH, Thisgroupis

| 7 very basic

CH, because its

[ . positive charge

NH3 s stabilized by
resonance.

arginine
(Arg, or R)
1y
T
H (iﬁH:
CH,
|
(l:Hg
NH
|
C
PARN

histidine
(His, or H)

AN
HN CH
HC = NH*
N
These nitrogens have a
relatively weak affinity for an

H* and are only partly positive
at neutral pH.

Amino acid chains:

e basic

e acidic

e uncharged polar

e nonpolar

ACIDIC SIDE CHAINS

aspartic acid glutamic acid
(Asp, or D) {Glu, or E)
H O H O
I !
—N—C —C— —N— —C—
| [
CH; H o CH,
| |
C CH;
& ™o |
W

UNCHARGED POLAR SIDE CHAINS

serine threcnine tyrosine
(Ser, or 5) (Thr, or T) (Tyr, or ¥)
H O H O H O
—N—C —(ll— —N—(L—ll-lf — —N— (l: —C—
H o CH, H ll'.H—l.H-: ‘l H
OH 'Ll-H

glutamine
{Gln, or Q)

Although the amide M is not charged at

neutral pH, it is polar.

NONPOLAR SIDE CHAINS

The —-OH group is polar. /

alanine valine
{ala, or A) Wal, orv)
H O H O
—N—llf —(u.— —N—(L —(I‘.—
'l-l CH, |—|J 'Ll.H
. N L
cH, "CH
leucine isoleucine
(Leu, or L) (e, ar 1)
H O H O
—N—lL —_l— —N—(L—l —_
[ [
H o CH, H (H
| o o,
P B
CH, \'(.H-: CHy
proline phenylalanine
(Pro, or F) (Phe, or F)

H O H O
‘—/‘N—'.L\—'.u. —_ —rli—lL—'.u. —
CH, CH, H ‘J H

(actually an-\ \I-'/

Irnilnic acid)
methicnine tryptophan
(Met, or M) (Trp, or'&)

H O H O

Ll L
—fii—'.l —L— —l‘li—ll —L—

H '.'I.n—' H  CH,

CH,

|~ I

& —(CH; N

H
glycine cysteine
(Gly, or G) (Cys, or C)

1 i

—rli—ll —L— —N_(Ij ——
H H ln—'
SH

Disulfide bonds can form between two cysteine side chains
in proteins.

— —CH;—S —5 —CH,——

Panel 3-1 Molecular Biology of the Cell (© Garland Science 2008)




Amino acids are subunits of proteins

v'Particulary abundant and versatile

Rubisco's role is as a catalyst
for the fixing of carbon by RuBP.

v'Responsible for thousands of distinct functions in cells

- Enzymes — catalysts that direct many reaction in cells

 Structural proteins
— tubulin — microtubules
— histones — chromosomes

“beads-on:
form of chromat

ucleosome includes
~200 nucleotide
\ pairs of DNA

-a-string” n
imatin
NUCLEASE

DIGESTS
LINKER DNA

* Molecular motors

— movements of cells and Cell SITUCIUIES | o "

— myosin in muscles

bare zone
| — |

myosin heads

500 nm




116 PANEL 2-6: A Survey of the Nucleotides

2.4. Nucleotides

NUCLEOTIDES BASIC SUGAR

PHOSPHATES

[ ]
D e ntOS e S u q ar A nucleotide consists of a nitrogen-containing The phosphates are normally joined to LINKAGE
base, a five-carbon sugar, and one or more the 5 hydroxyl of the ribose or
5 5 . phosphate groups. deoxyribose sugar (designated 5'). Meno-,
o rl bose RSN rl bo n u CI eotl d eS ShsE di-, and triphosphates are common. N-glycosidic
bond

NH,

deoxyribose — deoxyribonucleotides N

PHOSPHATE |
O /K
I (8]

"O—P—0—CH;,

| .
'D*T*O—CH: asin

e one or more phosphate groups o
Lo ] Lo ] Lo ]
) O | asin
Nucleotides O—P—0—P—0—P—0—CH; ,pp The base is linked to
are the OH OH (!)‘ (L_ - ‘ the same carbon (C1)
L] b ases subunits of SUGAR g:;dd;r_. sugar-sugar

The phosphate makes a nucleotide
negatively charged.

the nucleic acids.

pyrimidines — they all derive from
six-membered pyrimidine ring BASES I "

. . . NH, He” TN adenine /N“t:/c‘\‘%rw
- cytosine (C), thymine (T) and uracil (U) | L e Sy ne g AL
He Sy N7 TSp Hf V\Nf '
H C | cytosine H

purines — they have a second, five-membered|w. < |

N
. - . H, N
ring fused to the six-membered ring /L-\ /n—(ﬁm
C NH HC I G |
|| T | guanine\N/C\ 4(;
- adenine (A) and guanine (G) B NG — - NN N,
H
SUGARS HOCH; S OH
; H H B-D-ri!aosfe o
C5 O ! i used in ribonucleic acid
PENTOSE & 1 two kinds are used OH OH
a five-carbon sugar 3 2!
HOCH; OH
(9]

B-o-2-deoxyribose
Each numbered carbon on the sugar of a nuclectide is used in deoxyribonucleic acid
followed by a prime mark; therefore, one speaks of the H H
"5-prime carbon,” etc.

Panel 2-6 Molecular Biology of the Cell (© Garland Science 2008) o




NOMEMNCLATURE & nucleoside or nucleotide is named according to its nitrogenous base.

Single letter abbreviations are used variously as @
shorthand for (1) the base alone, (2} the

BASE NUCLEOSIDE ABBR
adenine adenasine I
guaning guanaosine G
cytosine cytidine C
uracil uridime u
thymine thymidine T

nucleocside, or (3} the whole nudeotide—

the context will usually make clear which of

the three entities is meant. When the context

is not sufficdent, we will add the terms "base™, BASE + SUGAR = NUCLEDSIDE
“nuclecside”, “nudectide”, or—as in the

examples below—use the full 3-letter nuclectide @

code.

AMP = adenosine monophosphate 3
dAMP = deoxyadenosine monophosphate

UDP = uridine diphosphate

ATP = adenosine triphosphate

BASE + SUGAR + PHOSPHATE = NUCLECTIDE

NUCLEIC ACIDS

Mucleotides are joined together by a
phosphodiester linkage between 5" and
3" carbon atoms to form nucleic acids.
The limear sequence of nuclectides ina
nucleic acid chain s commonly
abbreviated by a one-letter code,
A—G—C—T—T—A—C—A, with the &'
end of the chain at the left

I
O—P—0—CH,

O
i
sugar
H
i + @
O—P—0—q(
I H, 0O
o
sugar

phosphodiester
linkage

example: DMNA

2" end of chaln

NUCLEOTIDES HAVE MANY OTHER FUNCTIONS

1 They carry chemical energy in their 2asily hydrolyzed phosphoanhydride bonds.

phosphoanhydride bonds

MH;
- h‘f N
o o o <
Il Il I N fl
—0 —CH, M
| (8]

“o—p —rl-—n— Il‘ —0—c
o~ (8 o
example: ATP {Drm } oH  OH

2| They combine with other groups to form coenzymes. MH:
M h>
8] H O H CHy H [a} 0 I*% "
T T T o .
HS —C—C —N—C— —C—N—C—{—C—C—-0—P—0—P—0—CH, 0
[0 [ mJ J | I I .
H H H H H H Y CHy H o o
example: coenzyme A (Cod) O OH
|
a=FP-0"

-
3| They are used as specific signaling molecules in the cell.

MH,
example: cyclic AMP (CANFP) Nﬁ
<1
(8]

CH,
(|J
Q== r|=— a  oH
o

Panel 2-6 Molecular Biology of the Cell (© Garland Science 2008)




I
0o— ||==o NH,
o N
| I A

3'end
Figure 2-28 Molecular Biclogy of the Cell 5/e (© Garlang

v" the most important role — storage of biological information

v'building blocks of nucleic acid — nucleotides covalently
linked by the formation of phosphodiester bond

v" phosphodiester bond- linkage between phosphate group
attached to the sugar of one nucleotide and a hydroxyl group
on the sugar of the next nucleotide

v" two types of nucleic acids:

* RNA —ribose + A, G, C i U; mostly single-stranded

* DNA — deoxyribose + A, G, C i T; double stranded helix



DNA and its building blocks

building blocks of DNA DNA strand
phosphate
i:igar
: 4 5 3’
k. — W}
sugar base
phosphate nucleotide
double-stranded DNA 'DNA double helix
3!

. &

sugar-phosphate
backbone

3!

hydrogen-bonded
base pairs

Figure 4-3 Molecular Biology of the Cell 5/e (© Garland Science 2008)




Complementary base pairs in the DNA double helix

5’

sugar-phosphate

backbone H
H
\
N —HInmno
/ A\
N—=C
N 3 :
N — C —H 1
/ L
¢ /C —C
=
/ N O lliH—N
ol - I
guanine
w i hydrogen
3’ bond

Figure 4-4 Molecular Biology of the Cell 5/e (© Garland Science 2008)




The synthesis of polysaccharides, proteins and nucleic acids

NUCLEIC ACIDS

o

|

CH, 6
(|) OH

O=I|’—O‘
RNA °|
CH, 5
H;0
OH OH I

energy from nucleoside
triphosphate hydrolysis

H

1

o= Il’—U‘
o

nucleotide Cl

o

OH OH

POLYSACCHARIDES
glucose glycogen
CH,O0H CH,OH CH,OH
(0] (¢] (o]
OH OH OH
HO OH HO o DR
OH OH OH
energy originally derived from
H.0 nucleoside triphosphate hydrolysis
CH,OH CH,OH CH,OH
o 0} [+
OH OH OH
HO o 0 Q=====
OH OH OH
glycogen
PROTEINS
protein amino acid
H O R H
0 H 0
IE! | » AN
rg—¢—N—c—c” N—c—¢”
] JEeale e YO B
R H H OH H R OH
energy from nucleoside
Hz0 triphosphate hydrolysis
H O R O H 0
Il [l | »
--==-C—C—N—C—C—N—C—cC
] | [ A
R H H H R OH
protein
Figure 2-65 Molecular Biology of the Cell 5/e (© Garland Science 2008)

OH OH

v'Synthesis of each polymer involves the loss of water in a condensation reaction

v'Consumption of high-energy nucleoside triphospahte is required (activate each monomer before its addition)

v" Hydrolysis — the reverse reaction — breakdown of polymers (water addition)
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