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FOREWORD

Biochemistry is a gateway of all the branches of life science. It's a field of enormous
interest and utility. Biochemistry is a study of the molecule of life. Our
understanding of the molecular nature of life is growing at an incredible rate. It
is difficultto embody all the information related to this subject in a single collection.
If at all it has been done than the user will be discouraged by its volume. It is than
even more tough task to encapsulate huge bulk of literature in a small handy
book. This effort is done by our team in the Department of Biochemistry, Junagadh
Agricultural University, Junagadh, Gujarat, India.

The tools of biochemistry have been used to explain biological processes such as
origin of life, cell development, cell differentiation, metabolisms, energy dynamics,
origin and cause of diseases and even human behaviors. The principles of
biochemistry are now reaching into chemistry, the health sciences, nutrition,
agriculture, physiology, immunology, neurology, cell biology, biotechnology,
nanotechnology, ecology, computer science and psychology. Not only the
biochemistry expanding; other disciplines are using the tools of biochemistry to
solve their unique problem. Thus biochemistry is seated at the core of other
branches of science.

This particular branch is engaged in understanding the nature and properties of
the life throbbing around us. It is at the threshold where non living biomolecules
through some intricate forces starts dancing while getting alive; and we call it a
living being. This science has yet to fill up a knowledge gap about secret of life
itself.

This text book is a distillation of the years of experiences of our faculty members
affiliated with teaching and research. Hopefully a complete grasp of the principle
of biochemistry can be obtained by simply reading this book. This collection
entitted FUNDAMENTALS OF BIOCHEMISTRY: A TEXTBOOK will cater the
need of a large segment of people who have a scientific bend.

Date: 20/06/2007
Place: Junagadh (B.K.Kikani)
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Dr. D. B. Kuchhadiya Junagadh Agricultural University

Director of Research and Junagadh- 362 001

Dean P.G. Studies
PREFACE

As such the subject of Biochemistry is vast in its content. Its a tough task to pack-
up it in a single volume. While preparing a brief note of this subject our faculty
members worked for more than 12 hours in a day behind each and every chapter
even at final stage. They summarized the content without loosing the essense of
the concept. I found it beautifully narrated with 145 figures & photographs, 30
tables containing total 322 text pages.

While reading any subject our mind do summarize its major points. This book has
been able to develop as a ready reckoner. Its my pleasure that our faculty mambers
are mastering the art of scientific writing. There is vacume in the area of lucid
and lucrative scientific documentation. If we want to propagate the scientific
knowledge we should present it in a more simple form, in a pictorial and
diagrammatic manner. It should be more graphical and photographical. I think
our team working at the Biochemistry and Biotechnology Department of Junagadh
Agricultural University has to some extent fulfilled the above contention while
preparing this book entitled “FUNDAMENTALS OF BIOCHEMISTRY: A
TEXTBOOK”.

I have no doubt that this collection will be appreciated by the students, teachers,
researchers and professionals dealing with biosciences.

Date: 20/06/2007
Place: Junagadh (D.B.Kuchhadiya)
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Chapter 1
Introduction

Biochemistry is the chemistry of living organisms. It bridges the gap between the
conventional chemistry and biology. Living organisms have certain
extraordinary properties. They can grow, respond to stimuli and replicate
themselves with high fidelity. All these activities are ultimately interpretable in
chemical terms. The lifeless organic molecules with appropriate complexity and
properties make a living thing. The basic phenomena of biochemistry is to
understand how the collections of inanimate molecules that constitute living
organisms interact with each other to maintain life. The basic life processes or
chemistry remains broadly the same whether it is an unicellular microorganism
or the higher organisms such as human or plants. Life is nothing but thousands
of ordered chemical reactions. In other words, chemistry is the logic of all
biological phenomena.

Origin of Life

What is life?. This is not as easy to define as we might like! Life has several
properties, none of which are unique or defining, but which together contribute
to our understanding of living thing. Life is:

e Improbable (by the 2nd law of thermodynamics).

e Data (DNA is a ternary code).

e Metabolism (complex, autocatalytic biochemistry).
¢ Replication (self-copying, with heredity).

So when does the first evidence of improbable, information-containing,
metabolic replication occur in the fossil record? The Earth is 4,500 million years
old, as judged by several corroborating radionuclide studies of the oldest rocks
on the planet show. Meteoric bombardment of the proto-Earth continued heavily
until 4,000 MYA, probably precluding life during this period. The majority of the
oldest rocks on Earth are 3,500 million years old, and the earliest microfossils are
from 3,000+ MYA, hence we only have a window of about 500 million years from
the end of the meteoric bombardment to the first signs of microbial life. This
means we are either very lucky, or life is a high-on certainty!

What did life use as its raw materials? Early theories of life's origins thought that
the earth had a reducing atmosphere (i.e., lots of ammonia and methane) but this
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seems less likely now, as our understanding of early Earth chemistry has
proceeded. An oxidizing atmosphere (oxygen) came very much later as
evidenced by absence of rust in earliest rocks (the cyanobacteria were
responsible for this bit of environmental vandalism), and it's likely that the
original atmosphere of Earth was very dull and fairly neutral (nitrogen, carbon
dioxide). This is one of the reasons that hydrothermal vents have become
popular: life involves highly reduced carbon compounds, and the only places
reducing agents are in abiotic abundance are in places like vents where gases
escape from the Earth's mantle. In addition to the contributions from the
atmosphere (or lack thereof), meteoric waste (amino acids, water-ice, cyanide,
polyaromatics) and hydrothermal-associated chemicals (hydrogen sulphide,
carbon monoxide, cyanide, pyrite) may have contributed to the alleged 'soup'
from which life evolved.

When discussing the first organisms, we should distinguish between the most
recent common ancestor of life (which may, or may not, have been Archaea-like)
and the first forms of life. These may not necessarily be the same thing: imagine
all life but mammals were wiped out. We might start invoking something shrew-
like as the first organism, but this is clearly ridiculous. Similarly, DNA/ protein
creatures may just be lucky survivors from a far more diverse group of proto-life.
However, bearing this in mind, it can be noted that the Archaea (those weird-
arse bacteria that live in boiling sulphuric acids, efc.) are sulfur metabolisers and
hyperthermophiles, supporting a hydrothermal origin, if indeed these features in
Archaea are 'primitive', of which we have no guarantee.

The formation of polymers is more problematic. A major difficulty is that
biopolymers are all thermodynamically unstable relative to their hydrolysis
products. Some theories, but no certainty as to how polymers may have formed,
though polymers have been synthesized under conditions which may have
occurred on the early Earth.

The biggest problem for the origin of life is the issue of how we go from
polymers to living "systems."

» Consider the probelm of protein biosynthesis:

o Going from DNA (information archive) to RNA (usable
information) requires a rather complex system to assure accurate
transcription today. However, we could assume a much simpler
system in the early, low-competition, Earth.

o Going from RNA to protein incredibly complex:
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» Need adaptor molecules (t-RNA) because there isn't any
natural relationship between RNA codes (sequences) and

particular amino acids.

= Need enzymes to match specific amino acids to specific
tRNA's because even the tRNA's are not specific to amino

acids in term of recognizing them.

» asaresult, need 20 tRNAs + 20 proteins!

» Need a complex molecular machine, the Ribosome, to
read off the mRNA message using the tRNAs and make

proteins:
=  Ribosome consists of

= 1-2 small RNAs + two large, complexly folded,

RNAsS,
» 50-100 accessory proteins.

o The chance of such a system arising spontaneously is truly

infinitesimal.

"RNA World" has been postulated to solve these dificulties.

o In this scenario RNA-based life preceeds "modern" life.
o First "life" combined information and catalytic properties in

single RNA-protein molecules.

o Later there was a transition where proteins took over much of

machinery over time.

The Elements of Life

The basic requirements of an idealized living thing is simplest life form and ask
why life should use the particular atoms and molecules dominating in a
particular living organisms.

Periodic Table of Biologically Important Elements

H He

Li |Be B |{C |N |O|F |Ne

Na |[Mg Al|si |P |S |Cl|Ar

K |Ca [Sc|Ti|{V{Cr {Mn l; Co NiiCu |Zn |Ga |Ge |As [Se |Br {Kr
Mo Sn I

The following observations may be made regarding the elements of life:

Life is Largely a Phenomena of Hydrogen and the Second
Period of the Periodic Table. The major component elements are

C, H, O, N in all known organisms are from these periods.
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o First, It was observed that C, H, O and N are the smallest
elements capable of forming 1, 2, 3, and 4 bonds, respectively.
Smallest is important because that means they can form the
strongest most stable covalent bonds. So these atoms are going to
be capable of forming some of the most stable molecules, an
important consideration for something that needs to grow and
reproduce in a hostile environment.

o C is particularly noteworthy because it forms strong,
stable bonds with itself. As a result it can form the
backbone of large chain and branched structures, a
unique character among the elements.

e Second, C, N, and O are also the only elements capable of
forming strong multiple bonds (carbon and nitrogen can form
triple bonds, all three can form double bonds).

The Next Important Elements to Life Occur in Period 3: P and S are the smallest
elements capable of multiple covalent bonds to C, O and N, and which also have
available d-shells. The d-shells allow additional transition states and reaction
mechanisms. P and S are particularly important in the capture, storage, and
distribution of chemical energy.

Conveniently these elements are among the most abundant in the Universe.
None-the-less, these elements were chosen for their special properties, specifically
strong covalent bond formation (to enable the formation of stable biomolecules),
the ability of carbon to form large branched molecules, and for C, N, and O the
formation of multiple bonds which provides chemical flexibility (step-wise
oxidations, different hybridization geometries etc.).

Elemental Ions:

. The "essential" elemental ions found in all studied species, Ca (+2), Mg
(+2), K (+1), Na (+1) and Cl (-1) were probably chosen more on the basis of
availability in the primordial oceans than for any specific properties: other
ions are very similar.

. The trace elements required by all studied organisms, Mn, Fe, Co, Cu, and
Zn, are all used as co-catalysts and/or ligands. Thus they were probably
chosen for their specific redox properties and/or electronic structures as
well as their availability on the early earth.

*.  Avariety of other elements are required by atleast a few organisms, and
These are B, F, Al, Ti, V, Cr, Ni, Ga, As, Se, Br, Mo, Sn and 1. The eleménts
like He, Li, Be, Ne, Ar, Sc, Ge, Kr are not known to be of biological
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importance, but are shown as "place-markers" to help us keep track on the
Table.

Biomolecules to Cells

There are a few critically important small molecular precursors to biomolecules
found in the environment. Biomolecules can be looked at in two major
categories: small molecules and macromolecules.

The small molecules are going to be either metabolites or monomers from which
the macromolecules are built.

First let's note the "inorganic" (sometimes called mineral) molecules and
molecular ions: oxygen (O2), water (H;0), carbon dioxide (CO:), ammonia or
ammonium ion (NH3 or NHy¢*), nitrate ion (NOs'), nitrogen (N3), phosphate ion
(POs*) and sulphate ion (SO4%). These are mostly metabolites, though the ions
can also serve as counter ions along with chloride in creating the intracellular
media.

These molecules and ions in turn can be made into metabolites, small organic
molecules used in energy transformation and as precursors to monomers and
macromolecules.

The monomers and the associated macromolecules are divided into four major
categories:

1.  The nitrogenous bases (purines and pyrimidines) which are components of
the nucleic acids (RNA and DNA-used for information storage and

processing)
N
w0

purine ring pyrimidine ring
Both purines and pyrimidines are linked to a sugar, ribose or deoxyribose, and
phosphate in their active, nucleotide, forms, as in ATP, below:

NH,
N~ N\
e . L)\,'[,?

S0 0 N
O—F—0—F—0—F—0-CH,
o o o

OH OH
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The amino acids.

H
R—(]J —~LO0

+

Amino acids are components of proteins, which comprise the machinery of life
[enzymes] and much of the structure of life-proteins are the molecules that do
things.

3.

The sugars, which are components of the polysaccharides (together
comprising the carbohydrates, which are used for energy storage and
structure). Glucose, the most common sugar, is shown in a cyclic form.
Note that a sugar must have an aldehyde or ketone and two or more
alcohol functional groups by definition.

CH,OH

OH
H H
Glucose

The fatty acids which, together with glycerol, make up the fats (used
mostly for energy storage) and the phospholipids (the major component of
cell membranes). The 16 carbon fatty acid palmitate is shown below:

0

1}
NN N NN TSN N —OH

A typical phospholipid is shown here, replacement of the phosphate ester group
with a third fatty acid would give a fat instead:

i 9
0 I
H,C—O0—P—0—R
coo" d
R= CHz'(l:H , CHp—CH,-NHy* , CH,—CH,-N(CHy)," ,er.

NHa’
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The amino acids, nucleotides, and sugars can all be polymerized to give the
macromolecules characteristic of life: proteins, nucleic acids, and
polysaccharides, respectively. Briefly, proteins comprise the machinery and
much of the structure of life; nucleic acids provide the information required to
specify the proteins, and polysaccharides p1.vide structural fibers and energy
storage molecules.

Note that all of these families of molecules exhibit chirality’s in some, and
generally most, of their members. Also, biological systems chose a single
chirality for each family (e.g., L-amino acids, D-sugars)

All of these molecules together go to make up cells.

Cells and Organelles

There are two main cell types: prokaryote and eukaryote.
Prokaryote Cell

The structure of a prokaryote is very much simpler than that of a eukaryote.
There are no endomembranes, endosymbionts, nucleus or cytoskeleton. The
DNA is carried on the genophore, a circular chromosome, in a ill defined area of
the cytosol called the nucleoid. The chromosome is attached to the cell
membrane during cell division (fission), frequently at a point called the
mesosome.

o pro-karyon - before kernel.
e No nucleus - free circular genophore.
o 'Simple' rotating motor-type flagellum.

e Cell division by fission, genophore attached to plasmalemma by
mesosome.

e Few membrane-bound organelles, no double-membrane bound
organelles.

e They are 'small' because diffusion limits the rate of transport across the
cell -1 pm.

Bacteria are prokaryotes, lacking well-defined nuclei and membrane-bound
organelles, (Fig. 1.1) and with chromosomes composed of a single closed DNA
circle. They come in many shapes and sizes, from minute spheres, cylinders and
spiral threads, to flagellated rods, and filamentous chains. They are found
practically everywhere on Earth and live in some of the most unusual and
seemingly inhospitable places.
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Evidence shows that bacteria were in existence as long as 3.5 billion years ago,
making them one of the oldest living organisms on the Earth. Even older than
the bacteria are the archeans (also called archaebagteria) tiny prokaryotic
organisms that live only in extreme environments: boiling water, super-salty
pools, sulphur-spewing volcanic vents, acidic water, and deep in the Antarctic
ice. Many scientists now believe that the archaea and bacteria developed
separately from a common ancestor nearly four billion years ago. Millions of
years later, the ancestors of today's eukaryotes split off from the archaea. Despite
the superficial resemblance to bacteria, biochemically and genetically, the archea
are as different from bacteria as bacteria are from humans.

In the late 1600s, Antoni van Leeuwenhoek became the first to study bacteria
under the microscope. During the nineteenth century, the French scientist Louis
Pasteur and the German physician Robert Koch demonstrated the role of bacteria
as pathogens (causing disease). The twentieth century saw numerous advances
in bacteriology, indicating their diversity, ancient lineage, and general
importance. Most notably, a number of scientists around the world made
contributions to the field of microbial ecology, showing that bacteria were
essential to food webs and for the overall health of the Earth's ecosystems. The
discovery that some bacteria produced compounds lethal to other bacteria led to
the development of antibiotics, which revolutionized the field of medicine.

There are two different ways of grouping bacteria. They can be divided into
three types based on their response to gaseous oxygen. Aerobic bacteria require
oxygen for their health and existence and will die without it. Anerobic bacteria
can't tolerate gaseous oxygen at all and die when exposed to it. Facultative
aneraobes prefer oxygen, but can live
without it.

The second way of grouping them is by
how they obtain their energy. Bacteria
that have to consume and break down
complex organic compounds are
heterotrophs. This includes species that
are found in decaying material as well
as those that utilize fermentation or
respiration. Bacteria that create their
own energy, fueled by light or through
chemical reactions, are autotrophs.

Flagells

J Capsule - Some species of bacteria have
a third protective covering, a capsule
made up of polysaccharides (complex

Fig. 1.1 : Prokaryotic Cell Structure
8
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carbohydrates). Capsules play a number of roles, but the most important are to
keep the bacterium from drying out and to protect it from phagocytosis
(engulfing) by larger microorganisms. The capsule is a major virulence factor in
the major disease-causing bacteria, such as Escherichia coli and Streptococcus
pneumoniae. Nonencapsulated mutants of these organisms are avirulent, i.e.,
they don't cause disease.

Cell Envelope - The cell envelope is made up of two to three layers: the interior
cytoplasmic membrane, the cell wall, and -- in some species of bacteria -- an
outer capsule.

Cell Wall - Each bacterium is enclosed by a rigid cell wall composed of
peptidoglycan, a protein-sugar (polysaccharide) molecule. The wall gives the cell
its shape and surrounds the cytoplasmic membrane, protecting it from the
environment. It also helps to anchor appendages like the pili and flagella, which
originate in the cytoplasm membrane and protrude. through the wall to the
outside. The strength of the wall is responsible for keep‘iﬁﬁg the cell from bursting
when there are large differences in osmotic pressure between the cytoplasm and
the environment.

Cell wall composition varies widely amongst bacteria and is one of the most
important factors in bacterial species analysis and differentiation. For example, a
relatively thick, meshlike structure that makes it possible to distinguish two
basic types of bacteria. A technique devised by Danish physician Hans Christian
Gram in 1884, uses a staining and washing technique to differentiate between the
two forms. When exposed to a gram stain, gram-positive bacteria retain the
purple colour of the stain because the structure of their cell walls traps the dye.
In gram-negative bacteria, the cell wall is thin and releases the dye readily when
washed with an alcohol or acetone solution.

.Cytoplasm - The cytoplasm, or protoplasm, of bacterial cells is where the
functions for cell growth, metabolism, and replication are carried out. It is a gel-
like matrix composed of water, enzymes, nutrients, wastes, and gases and
contains cell structures such as ribosomes, a chromosome, and plasmids. The cell
envelope encases the cytoplasm and all its components. Unlike the eukaryotic
(true) cells, bacteria do not have a membrane enclosed nucleus. The
chromosome, a single, continuous strand of DNA, is localized, but not contained,
in a region of the cell called the nucleoid. All the other cellular components are
scattered throughout the cytoplasm.

Cytoplasmic Membrane - A layer of phospholipids and proteins, called the
cytoplasmic membrane, encloses the interior of the bacterium, regulating the
flow of materials in and out of the cell. This is a structural trait bacteria share



Fundamentals of Biochemistry : A Textbook

with all other living cells; a barrier that allows them to selectively interact with
their environment. Membranes are highly organized and asymmetric having two
sides, each side with a different surface and different functions. Membranes are
also dynamic, constantly adapting to different conditions.

One of those components, plasmids, are small, extrachromosomal genetic
structures carried by many strains of bacteria. Like the chromosome, plasmids
are made of a circular piece of DNA. Unlike the chromosome, they are not
involved in reproduction. Only the chromosome has the genetic instructions for
initiating and carrying out cell division, or binary fission, the primary means of
reproduction in bacteria. Plasmids replicate independently of the chromosome
and, while not essential for survival, appear to give bacteria a selective
advantage.

Plasmids are passed on to other bacteria through two means. For most plasmid
types, copies in the cytoplasm are passed on to daughter cells during binary
fission. Other types of plasmids, however, form a tubelike structure at the
surface called a pilus that passes copies of the plasmid to other bacteria during
conjugation, a process by which bacteria exchange genetic information. Plasmids
have been shown to be instrumental in the transmission of special properties,
such as antibiotic drug resistance, resistance to heavy metals, and virulence
factors necessary for infection of animal or plant hosts. The ability to insert
specific genes into plasmids have made them extremely useful tools in the fields
of molecular biology and genetics, specifically in the area of genetic engineering.

Flagella - Flagella (singular, flagellum) are hairlike structures that provide a
means of locomotion for those bacteria that have them. They can be found at
either or both ends of a bacterium or all over its surface. The flagella beat in a
propeller-like motion to help the bacterium move toward nutrients; away from
toxic chemicals; or, in the case of the photosynthetic cyanobacteria; toward the
light.

Nucleoid - The nucleoid is a region of cytoplasm where the chromosomal DNA
is located. It is not a membrane bound nucleus, but simply an area of the
cytoplasm where the strands of DNA are found. Most bacteria have a single,
circular chromosome that is responsible for replication, although a few species
do have two or more. Smaller circular auxiliary DNA ‘strands, called plasmids,
are also found in the cytoplasm.

Pili - Many species of bacteria have pili (singular, pilus), small hairlike
projections emerging from the outside cell surface. These outgrowths assist the
bacteria in attaching to other cells and surfaces, such as teeth, intestines, and
rocks. Without pili, many disease-causing bacteria loose their ability to infect

10
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because they're unable to attach to host tissue. Specialized pili are used for
conjugation, during which two bacteria exchange fragments of plasmid DNA.

Ribosomes - Ribosomes are microscopic "factories" found in all cells, including
bacteria. They translate the genetic code from the molecular language of nucleic
acid to that of amino acids—the building blocks of proteins. Proteins are the
molecules that perform all the functions of cells and living organisms. Bacterial
ribosomes are similar to those of eukaryotes, but are smaller and have a slightly
different composition and molecular structure. Bacterial ribosomes are never
bound to other organelles as they sometimes are (bound to the endoplasmic
reticulum) in eukaryotes, but are free-standing structures distributed throughout
the cytoplasm. There are sufficient differences between bacterial ribosomes and
eukaryotic ribosomes that some antibiotics will inhibit the functioning of
bacterial ribosomes, but not a eukaryote's, thus killing bacteria but not the
eukaryotic organisms they are infecting.

s Large 50S subunit:
o 23SrRNA,
o 5SrRNA,
o 34 proteins.

e Small 30S subunit:
o 16SrRNA,
o 21 proteins.

Biochemical composition of prokaryote bacterial cell : 70% water, 15% protein,

7% nucleic acids, 3% polysaccharides, 3%, lipids, 1% inorganic ions, & 0.2%
metabolites.

Eukaryote Cell

The most characteristic feature of a eukaryotic cell, the nucleus, consists of a
nucleoplasm surrounded by a double nuclear m~mbrane pierced by nuclear
pores. The nucleoplasm contains the (linear) chromosomes of the cell, which are
organised into heterochromatin, which stains only a little, and euchromatin,
which stains more densely. The most important euchromatic area is the"
nucleolus, in which ribosomes are formed (Fig. 1.2).

e eu-karyon - true kernel.
e Double-membrane bound nucleus containing linear chromosomes.

e Complex 9+2-type undulipodium, cytoskeleton, cytosis and mitosis.

e Many membrane-bound organelles and double membrane-bound
endosymbionts’

11
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* They can grow 'large' because cytoplasmic streaming allows rapid
transport across the cell - 100 pm.

Golf Apparatus

Nuclear Membrane
Nugclear Pores

Rough Endoplasmic
Lysosomes Reficutum (RER)
Cytoplasm

Fig. 1.2 : Typical Animal Cell - Eukaryotes
The role of the nucleus is three-fold:

» Storage and protection of the genome.

* Regulation of gene expression.

* Creation of ribosomes.
DNA storage takes up about 10% of the cell of both prokaryotes (nucleoid area)
and eukaryotes (nucleus). However, don't forget that some of the genome lives
elsewhere: plasmids, endosymbionts (mitochondria), etc. The nucleus of
eukaryotes also protects the genome from the cytoskeleton. Condensation of
genome during mitosis is required to withstand these stresses. This is not
relevant in prokaryotes, as they lack a cytoskeleton. The existence of the nucleus
permits processing of mRNA, and therefore defers translation. Alternative
splicing can be performed to generate different proteins from the same RNA
primary transcript. mRNA is capped and tailed to permit it to exit the nucleus.
rRNA and tRNA are also heavily processed by RNA editing, ie, base
modification (this also occurs to some mRNA in trypanosomes). rRNA
modification occurs in the nucleolus, where ribosomes are constructed.

12
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The nucleus is bound by a double-membrane, which is contiguous through the
nuclear pores, known as the nuclear envelope. The pores are required to allow
RNA out and membrane lipids in (which is needed for growth during S phase).

The inner face of the inner nuclear envelope (INE) is coated by the nuclear
lamina, which contains intermediate fibres called lamins A, B and C (atleast in
mammals). Phosphorylation of lamins by kinases cause nuclear envelope
breakdown during prometaphase. Chromosomes occupy definite positions
within the nucleus because of the interaction between lamins and telomeres, for
example the Rabl conformation in yeast.

The outer nuclear envelope (ONE) is surrounded by other intermediate fibres,
and is essentially just the RER surrounding the nucleus, and continuous with it.
The space between the INE and ONE is termed the perinuclear space, and is
continuous with the RER cisternae.

The cell wall of eukaryotes (When present) is usually composed of a B-(1, 4)-
glucan of some sort. In fungi, it is mostly chitin (N-acetylaminoglucan), in plants
cellulose, but more exotic ingredients are common. Animal cells lack a wall, but
may have a glycocalyx, which is a layer of thickened glycoproteins surrounding
them and connecting them to the extracellular matrix.

Almost all eukaryotes have mitochondria, which are the remains of bacteria that
became endosymbionts of the eukaryotic cell about a billion years ago. They
perform oxidative phosphorylation and generate energy in the form of ATP for
the cell. They have their own 70S ribosomes and some of their own DNA.
Mitochondria have a double membrane surrounding them, the inner one is
highly folded into cristae, surrounding a matrix space.

The fraction of eukaryotic ribosomes are as under -

e Large 60S subunit:

o 285rRNA,
o 55rRNA,
o 5.85rRNA,

o 49 proteins.
e Small 30S subunit:

o 185rRNA,

o 33 proteins.

Eukaryotic DNA is bound by histones, and requires some degree of uripacking
for expression. Much of their genome is composed of parasitic DNA and introns.
Three RNA polymerases exists, (approximately) one for each sort of major RNA
product:

13
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e RNApol-I - rRNA.
e RNApol-II - mRNA and snRNA.
s  RNApol-lIl - tRNA and 55 rRNA.

RNA is heavily processed in the nucleus, which allows deferred translation.
They possess large 80S ribosomes. Organelles of Eukaryote and it's function are
summarized in Table 1.1. However, relative volume of organelles of liver cells
are given in Table 1.2.

Table 1.1: Organelle of Eukaryote and its Function in the Cell

Organelle

Structure/Function

Cell
Membrane

The cell membrane keeps the cell together by containing the
organelles within it. Cell membranes are selectively-permeable,
allowing materials to move both into and outside of the cell.

Active and passive transport systems; receptors and signal
processing systems (synthesis of various second messengers etc.).

Centrosomes

The centrosomes contain the centrioles, which are responsible for
cell-division.-

Cytoplasm

Cytoplasm is a jelly-like substance that is sometimes described as
“the cell-matrix". It holds the organelles in place within the cell.

Site for Glycolysis and most of gluconeogenesis; Pentose Phosphate
shunt; Fatty acid biosynthesis.

Goli
Apparatus

The goli apparatus of a cell is usually connected to an endoplasmic
reticulum (ER) because it stores and then transports the proteins
produced in the ER.

Further modification of membrane and export proteins.

Glycogen
Granules

Enzymes of glycogen synthesis and breakdown including branching
and debranching.

Lysosomes

Lysosomes are tiny sacs filled with enzymes that enable the cell to
utilize its nutrients. Lysosomes also destroy the cell after it has died,
though there are some circumstances (diseases,/ conditions) in which
lysosomes begin to 'break-down' living cells.

Hydrolytic (digestive) enzyme localization.

Microvilli

"Microvilli" is the pural form; "Microvillus" is the singular form.
Microvilli are finger-like projections on the outer-surface of the cell.
Not all cells have microvilli.

Their function is to increase the surface area of the cell, which is the
area through which diffusion of materials both into, and out of, the
cell is possible.

Mitochondria

"Mitochondria" is a plural term; which is appropriate as these are not
found alone. The quantity of mitochondria within cells varies with
the type of cell.
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These are the energy producers within the cell. They generate energy
in the form of Adenosine Tri-Phosphate (ATP). Generally, the more
energy a cell needs, the more mitochondria it contains.

Site for Kreb's Citric Acid Cycle; Electron transport system and
Oxidative Phosphorylation; Fatty acid oxidation; Amino acid
catabolism; Interconversion of carbon skeletons.

Nuclear
Membrane

The nuclear membrane separates the nucleus and the nucleolus from
the rest of the contents of the cell.

Nuclear Pore

Nuclear pores permit substances (such as nutrients, waste, and
cellular information) to pass both into, and out of, the nucleus.

Nucleolus The nucleolus is responsible for the cell organelles (e.g., lysosomes,
ribosomes, etc.).

Localized region of the nucleus in which ribtosomal RNA'’s are
synthesized and processed.

Nucleus The nucleus is the "Control Center" of the cell, which contains DNA
(genetic information) in the form of genes, and also information for
the formation of proteins.

Information is carried on chromosomes, which are a form of DNA.
Site for DNA replication, synthesis and processing of messenger
RNA's.

Peroxisomes | Amino acid oxidases, catalase-oxidative degradation reactions.

Ribosomes Ribosomes interpret cellular information from the nucleus and so
synthesize appropriate proteins, as required.

Rough "Rough" indicates that there are ribosomes attached to the surfaces of

Endoplasmic |the endoplasmic reticulum.

Reticulum The endoplasmic reticulum is the site for membrane and secretary

(RER) protein biosynthesis.

Smooth "Smooth" indicates that there are no ribosomes attached to the

Endoplasmic |surfaces of the endoplasmic reticulum.

Reticulum Site of phospholipid biosynthesis and detoxification reactions takes

(SER) place.

Table 1.2. : Relative Volumes of Compartments in a Liver Cell:

% Total Approx. Number
Organelle Volume i per Cell

Cytosol 54 1

Mitochondria 22 1700

Rough Endoplasmic Reticulum 9 1

Smooth Endoplasmic Reticulum + Golgi 6

Nucleus 6 1

Peroxisomes 1 400

Lysosomes 1 300

Endosomes 1 200

Data from: Alberts, et al. Molecular Biology of the Cell, 1994.
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Plant Cell

Mitochendrion

Primary Cell I
wal -1

Plasmalemma

Middie .. -
Lamelia

Ordaron ast

Micrgbody

Nucieslus

Fig. 1.3 : Plant Cells Structure

All of the organelles described in animal cell are here as well, but with a few
additions: (Fig. 1.3; Table 1.3.)

Table 1.3 : Specialized organelles of Plant Cell and Its Functions

Organelle Structure/Function

Chloroplasts |Light capturing processes and electron transport & oxidative
phosphorylation for photosynthesis; Calvin cycle (dark reactions of

photosynthesis).
Glyoxisomes | Location of glyoxalate cycle.
Cell wall Made up of cellulose glued together with lignin (a plastic like polymer) -
maintains cell integrity against high osmotic pressure, gives cell rigidity.
Vacuole Storage of dilute aqueous solutions, provides fluid for osmotic pressure.

Water

Water is a very unusual, even incredible substance whose amazing properties
are often unappreciated because of its ubiquitousness. Water's special properties
include extremely high MP and BP (0 °C & 100 °C K, compare to methane, -183
°C & -161 °C, with a MW of 16 vs. water's 18); a high heat capacity (18 cal/°C mol
vs. 8 cal/°C mol for methane); it has a high viscosity; its solid form is less dense
than the liquid form at the same temperature (ice floats on water - very rare), it
has a large surface tension, and it has a high dielectric constant (78.5 vs. 1.9 for
hexane).
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The high MP, BP, and heat capacity of water all predict relatively strong bonding
between water molecules, so let's first review the types of bonding which occur
between atoms and molecules. The most stable bonds are of course covalent
bonds (with bond energies of 50 [S-S] to 80 [C-C] to 110 [O-H] kcal/mol),
occurring when It has significantly overlap of atomic orbitals.

Water of course is a covalent structure: H-O-H. The special properties of water is
-polarity of between O-H bonds and the resultant dipole moments of the bonds
and the molecule itself.
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The water molecule itself is bent, with an angle of 104.5°
between the hydrogens (compare to 109.5° for sp?
tetrahedron).

Because of the very strong dipole moments of these bonds
and the very small size of the hydrogen substituents on

water, a slight degree of orbital overlap occurs between
adjacent water oxygens and hydrogens to give partial covalent bonds known as
H-bonds (effectively, can only form with O, N, & F).

e Note that the partial covalent character means that they are directional!
Compare the bond length of water H bonds (0.18 nm) to the covalent
bond-length between O and H of 0.096 nm - notice that the bond distance
is nearly twice the true covalent bond distance, but significantly less than
the van der Waals radius of 0.26 nm.

In addition to covalent bonds and H-bonds there are a variety of non-covalent
bonds/interactions as seen in the Table 1.4:

Table 1.4 : Non-covalent Bond/Interations with Examples

Interaction Type Example Average S(tl:f/ll‘fgg’ keal/mol Range**
Charge-charge (ionic) —NH; Cl 5 (20) [in water solution] 1/r
Charge-dipole —NH," CICH, - 1/r2
Dipole-dipole CICH, CICH, - 1/13
Charge-induced dipole Na' CH, -

Dipole-induced dipole* CH4 CICH, 0.1-0.2 (0.4-4) 1/16
Dispersion* CH, CH, 0.1-0.2 (0.4-4) 1/16
A
Hydrogen bond ?—H—-—C{ 3-8 (12-30)
H H
van der Waals repulsion - - 1/r12

Source : *van der Waals interactions, **from Zubay Biochemistry 3rd. pp. 89.
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Within solid bulk water (ice):

Every water molecule is bonded to 4 others, as in the ice structure

o In liquid water the molecules are still bonded to a large degree
(the heat of fusion for ice is only 13% of the heat of vapourization
for ice, thus most of the H-bonds must survive melting).

o Of course in liquid water the bonds are very unstable (average
lifetime about 10 psec = 10! sec), exchanging constantly to give a
"flickering cluster" structure.

o The various properties of water arise from this structure. (Note
high BP & MP, heat cap., viscosity, and, less obviously, that ice
floats.

Ice floats because the molecules are in an open lattice rather than close-
packed. Garrett and Grisham (in their text, Biochemistry, 2nd ed.) note
that close-packed water molecules would only occupy about 57% of the
volume of ice. This would lead one to expect that ice would float "high."
It doesn't because most of the structure remains in the liquid phase at 0°
C)

Water is an Excellent Solvent for Polar Substances since its dipolar structure
enables it to insulate them from each other and it can make good dipole-dipole
and dipole-charge bonds. Anything which can H-bond will also of course be
quite soluble.

How does Water Interact with Non-Polar Molecules?

The problem here is that in order to dissolve in water a non-polar
molecule must disrupt a series of H-bonds and no new bonds of equal
strength are substituted.

Thus water tends to exclude non-polar substances. When we forcefully
disperse a non-polar substance into water then the water must form a
cage around the molecule to maximize H-bonds for each water molecule.

o Now an additional problem arises-the waters hydrating the non-
polar group are "locked" in place - they can't easily flip about
because there is no interior bond for substitution!

Thus the entropy of these water molecules is greatly reduced. So the
insolubility of non-polar groups in water has both enthalpic and
entropic factors!
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Ionization of Water, pH & Buffers

Dissociation of Water Molecules: In normal aqueous solution, there is a certain
probability that a hydrogen nucleus (a proton) can exchange between two
hydrogen bonded molecules:

H H H H H

0-H-0" —» 0—H-0" —» “0—H'+H-O

H H H

(Of course the hydronium ion, H3O*, will be associated with additional water
molecules as well through H-bonding. For simplicity we will just write H*, with
the understanding that it refers infact to hydrated hydronium ions in aqueous
solution. ) Note the reaction is not highly favoured, in neutral solution (no excess
H*or OH-) there will only be 107 molar hydronium ions, in other words only
about 2 of every billion water molecules will be protonated!

For aqueous solution [H*][OH-]= 10-14;
. pH = -log [H*]. Remember that a low pH means a high concentration of

protons.
. pKa = -logKatherefore pH + pOH = 14, where pOH = -log[OH].
o The Bronsted definition for acids and bases: An acid is a proton

donor, while a base is a proton acceptor. Recall the corollary that
acids and bases therefore exist as conjugate acid base pairs. Note that
when an acid by this definition gives up a proton it becomes a base,
since the reverse reaction would be accepting a proton:

CHLCOOH + OH — CH,CO00™ + HOH

acid tase conjupate base conjupateacid
CH,COO" + HOH — CH,COOH + OH’
ase acid conjugate acid conjugpate base

Thus the acetic acid in the first reaction becomes its conjugate base
acetate ion, while the base, hydroxide ion, becomes its conjugate acid,
water. In the reverse reaction the nomenclature also reverses. Note that a
molecule such as water can be both an acid, donating a proton to become
its conjugate base hydroxide ion, or it can be a base, accepting a proton to
become its conjugate acid, a hydronium ion.

pH & Buffers

The strengths (ability to donate protons) of acids vary considerably.

. For the general acid HA we can write:
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HA + HJO «—— A+ H,O*

HO*|[ A ]
<

Where K, is the acid dissociation constant. (Note that the definition of K, is
based on the Bronsted definition.) Values of K, can vary tremendously
(10%5 to 10-69) - after all anything with at least one proton can be considered
an acid under some circumstances with this definition. The common
definition of a strong acid is an acid which dissociates completely ina 1 M
solution. The common strong acids in aqueous solution, such as sulphuric,
nitric and hydrochloric acids have K, values (for the first dissociation in
the case of sulfuric) of 102 to 109 Thus they all dissociate completely (first
dissociation only for sulphuric) in aqueous solution, though they will have
different strengths in some other solvents. Most common organic acids are
weak in aqueous solution, having K, values of 10% to 10‘15} Note that
whether an acid is strong or weak is dependent on the solvent system!
Strong acids have weak conjugate bases, and vice-versa.

For reactions involving a strong acid or base we can assume, for practical
purposes, that all of the strong acid or base added to a mixture will react
until the base or acid originally present in solution is completely
consumed. (Of course this is an approximation, all reactions actually
approach an equilibrium condition, so that, in theory, there is always some
reactant and some product present.) For example, if we start with a
solution containing 0.100 mole of acetic acid and add 0.050 moles of
sodium hydroxide the resulting mixture will contain 0.050 moles acetic
acid, 0.050 moles sodium acetate and 0.000 moles sodium hydroxide
(actually about 1010 moles, which is 0.000 for our thousandths place
significant figure calculation).

The equilibrium equation for a mixture of a weak acid and its conjugate base can
be rewritten by taking logs of both sides and rearranging to give the Henderson-
Hasselbalch equation: pH = pKa. + log [A-]/[HA]

History of Biochemistry

Only during 17t and 18t centuries, important foundations were laid in many
fields of biology. The 19t century observed the development of very crucial
concepts, which include the cell theory by Schleiden and Schwann, Mendel’s
study of inheritance and Darwin’s theory of evolution. The real push to
biochemistry was given in 1828 when total synthesis of urea from lead cyanate
and ammonia was successfully achieved by Wohler who thus initiated the
synthesis of organic compound from inorganic compound. Louis Pasteur,
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during 1857, did a great deal of work on fermentations and pointed out
categorically the central importance of enzymes in this process. The break
through in enzyme research and hence, biochemistry was made in 1897 by
Edward Buckner when he extracted enzyme from yeast cells in crude form
which could ferment a sugar molecule into alcohol. Neuberg introduced the
term biochemistry in 1903.

The early part of 20 century witnessed a sudden outburst of knowledge in
chemical analysis, separation methods, electronic instrumentation for biological
studies (X-ray diffraction, electron microscope, etc.) which ultimately resulted in
understanding the structure and function of several key molecules involved in
life processes such as proteins, enzymes, DNA and RNA.

In 1926, James Sumner established the protein nature of enzyme. He was
responsible for the isolation and crystallization of urease, which provided a
breakthrough in studies of the properties of specific enzymes.

The first metabolic pathway elucidated was the glycolytic pathway during the
first half of the 20" century by Embden and Meyerhof. Otto Warburg, Cori and
Parnas also made very important contributions relating to glycolytic pathway.
Krebs established the citric acid and urea cycles during 1930-40. In 1940,
Lipmann described the central role of ATP in biological systems.

The biochemistry of nucleic acids entered into a phase of exponential growth
after the establishment of the structure of DNA in 1953 by Watson and Crick
followed by the discovery of DNA polymerase by Kornberg in 1956. From 1960
onwards, biochemistry plunged into an interdisciplinary phase sharing much in
common with biology and molecular genetics.

Frederick Sanger’s contributions in the sequencing of protein in 1953 and nucleic
acid in 1977 were responsible for further developments in the field of protein and
nucleic acid research.

The growth of biochemistry and molecular biology was phenomenal during the
past two decades. The development of recombinant DNA research by Snell and
coworkers during 1980 allowed for further growth and emergence of a new field,
the genetic engineering.

Thus, there was progressive evolution of biology to biochemistry and then to
molecular biology, genetic engineering and biotechnology. The chronological
development of biochemistry and other related fields are given in Table 1.5.
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Table 1.5 : Important Scientists and their Contribution to Biochemistry and

other Related Fields.

1780-1789 |Lavoisier Recognized that respiration is oxidation and first
measured oxygen consumption by human subject.

1828 Wohler Synthesized the first organic compound, urea from
inorganic components.

1837 Berzelius Postulated the catalytic nature of fermentation. He
also identified lactic acid as a product of muscle
activity.

1838 Schleiden and | Enunciated the cell theory.

Schwann

1854-1864 |Louis Pasteur |Proved  that fermentation is caused by
microorganisms.

1866 Mendel Reported the principles of segregation and
independent assortment of genes.

1869 Miescher Discovered DNA.

1877 Kuhne Proposed the term ‘Enzyme’.

1894 Emil Fischer Demonstrated the specificity of enzymes and the lock
and key relationship between enzyme and substrate.

1897 Buckner Discovered alcoholic fermentation in cell-free yeast
extract.

1902 Emil Fischer Demonstrated that proteins are polypeptides.

1903 Neuberg First used the term ‘biochemistry’.

1905 Harden and Showed the requirement of phosphate in alcoholic

Young fermentation and identified first coenzyme, cozymase,
later shown to be NAD.

1912 Neuberg Proposed chemical pathway for fermentation.

1913 Michaelis and | Developed kinetic theory of enzyme action.

Menten

1926 Sumner First crystallized an enzyme, urease and proved it to
be a protein.

1933 Embden Demonstrated crucial intermediates in the chemical

Meyerhof and | pathway of glycolysis and fermentation.
Parnas

1937 Krebs Discovered citric acid cycle.

1940 Lipmann Role of ATP in biological systems.

1940 Beadle and Deduced one gene-one enzyme relationship.

Tatum
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1944 Avery, Demonstrated that bacterial transformation was
MacLeod and |caused by DNA.
McCarty
1948 Calvin and Discovered that phosphoglyceric acid is an early
Benson intermediate in photosynthetic CO fixation.
1950 Pauling and Proposed the o-helix structure for keratins.
Corey
1950-1953 | Chargaff Discovered the base composition of DNA.
1953 Sanger and Determined the complete amino acid sequence of
Thompson insulin.
1953 Watson and Proposed the double-helical model for DNA structure.
Crick
1954 Arnon and Discovered photosynthetic phosphorylation.
Colleagues
1956 Kornberg Discovered DNA polymerase.
1958 Meselsonand |Confirmed the Watson-Crick model of semi
Stahl conservative replication of DNA.
1960 Hamilton and | Restriction endonucleases.
Daniel Nathans
1961 Jacob & Monod |Proposed the operon hypothesis and postulated the
function of messenger RNA.
1961 Nirenberg and |Reported that polyuridylic acid codes for
Matthaei phenylalanine and this opened the way to
identification of genetic code.
1961-1965 | Nirenberg Identified the genetic code words for amino acids.
Khorana and
Ochoa
1969 Arber Restriction endonucleases.
1977 Sanger Determination of DNA sequence.
1980 Snell Development of recombinant DNA research leading to
genetic engineering,.
1984 Kary Mullis Polymerase chain reaction.
1997 Wilmut Viable offspring derived from fetal and adult
mammalian cells.
1999 Ingo potrykus | Golden rice rich in B-carotene.

Thus, biochemistry focuses on a limited range of areas within the manifestation
of life, which cover -

1. The chemical properties and 3-D structures of biomolecules.

2. The interactions of biomolecules with each other and with inorganic
molecules and ions.
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The synthesis and degradation of substances by organisms.
Energy use and storage by organisms.
The organization and regulation of biochemical systems.

The molecular mechanisms of the storage, transmission and expression of
biological information.

QUIZ

The Chemical Basis of Life

Complete each sentence or statement.

1.

10.

A/An is an element that is present in small quantities in a living
organism.
Answer: trace element
is the three-dimensional shape of a molecule that is attained
through rotation of its bonds.
Answer: Conformation
A macromolecule that consists of one or more polypeptide chains is a/an

Answer: protein

All bacteria are , unicellular organisms that lack a membrane-
bounded nucleus.

Answer: prokaryotes

A/An is a structural unit from which a polymer is built.
Answer: monomer
A/An is any member of a broad class of macromolecules that are

largely or wholly hydrophobic.
Answer: lipid
A thermodynamic process that has a net increase in free energy is called
a/an and can occur only with the input of free energy from
outside the system.
Answer:nonspontaneous process or endergonic process
Ina/an reaction, a substance loses electrons.
Answer:oxidation
is the evolutionary process by which the continued existence of a
replicating entity depends on its ability to survive and reproduce under
the existing conditions.
Answer: Natural selection
A monosaccharide is a/an consisting of a single sugar molecule.
Answer: carbohydrate
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11. The major are deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA).
Answer: nucleic acids
12. During DNA the parental polynucleotide strands separate so
that each can direct the synthesis of a complementary daughter strand
resulting in two complete DNA double helices.
Answer: replication
13. is a measure of the degree of randomness or disorder of a system.
Answer: Entropy
14. A polypeptide is a polymer consisting of that are linked in linear
fashion by peptide bonds.
Answer:amino acid residues
15. A/An organism requires oxygen.
Answer: aerobic
16. A molecule that pairs in a reciprocal fashion with another is called a/an
Answer: complement
17. is a thermodynamic quantity that is taken to be equivalent to the
heat content of a biochemical system.
Answer: Enthalpy
18. Bacteria and are the two major types of prokaryotes.
Answer: archaea
19.  An example of a nonspontaneous process is a/an reaction that
has an overall positive free energy change.
Answer: endergonic
20. Ina/an reaction, a substance gains electrons.
Answer: reduction
Cells and Organells
Identify the letter of the choice that best completes the statement or answers
the question.
1. What part of the cell is responsible for breaking down and digesting

things?

A. Ribosomes

B. Lysosomes

C.  Endoplasmic Reticulum
D Vacuole

Answer: B
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Identify the organelle pictured.
A.  Chloroplast

B.  Endoplasmic Reticulum
C.  Golgi Apparatus

D. Mitochondria

Answer: D
What part of the cell serves as the intracellular highway?
A.  Endoplasmic Reticulum
B.  Golgi Apparatus
C.  Cell Membrane
D.  Mitochondria
Answer: A
Which of the following would you NOT find in a bacterial cell?
A. DNA
B.  Cell Membrane
C.  Golgi apparatus
D. Ribosomes
Answer: C
Which of the following is found in plant cells, but not animal cells?
A, Cell Wall
B.  Vacuole
C.  Mitochondria
D.  Endoplasmic reticulum
Answer: A
The jelly like interior of the cell is called the:
A.  Vacuole
B.  Cytoplasm
C.  Cytoskeleton
D.  Nucleus
Answer: B
Identify the organelle.
A.  Golgi Apparatus
B.  Endoplasmic Reticulum
C.  Mitochondria
D. Lysosome
Answer: B
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What part of the cell makes proteins?
A. Ribosomes

B.  Mitochondria

C.  Lysosomes

D. Vacuole
Answer: A
Where are ribosomes usually located in animal and plant cells?
A.  Inside the nucleus
B.  Near the cell membrane
C.  On the endoplasmic reticulum
D. Inside the vacuole
Answer: C

What part of the cell serves to process, package and export proteins?
A.  Mitochondria

B.  Endoplasmic reticulum

C.  Nucleolus

D.  Golgi apparatus

Answer: D
The door to your house is like the ___ of a cell membrane?
A.  Phospholipid bilayer
B.  Gated channel
C.  Receptor protein
D.  Recognition protein
Answer: B
The phospholipid bilayer of the cell membrane is like a(n):
A.  Screen door
B.  Plate glass window
C.  Hot water heater
D. Oven
Answer: A
Facilitated diffusion require energy and uses the help of
A.  Does, transport proteins
B.  Does, cytoplasm
C.  Does not, transport proteins
D.  Does not, sodium pumps
Answer: C

A semi permeable membrane is stretched across a chamber filled with
water. The membrane is only permeable to water. 60 mg of salt is added to
the left side of the chamber. Which of the following will happen?

A.  Water will move toward the right side

B.  Salt will move toward the right side
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C. Water will move toward the left side
D. Salt will move toward the left side

The lipid bilayer keeps the inside of the cell membrane:
Wet

Dry

Semi liquid

None

Answer: C

Answer: A

Which of the following could be found in BOTH the nucleus and the

cytoplasm

A. Nucleolus
B. Ribosomes
C. RNA

D. Both RNA & ribosomes

Amino acid chains built by the ribosomes then move to the:

A.  Golgi apparatus

B.  Lysosome

C.  Endoplasmic reticulum
D.  Mitochondria

Which of the following structures hasa 9 + 2 arrangement?

A. Flagella

B. Ribosome

C. Mitochondria
D.  Golgi apparatus

The centriole is most like the:
A.  Lysosome

B. Flagella

C. Mitochondria

D. Chromatin

Answer: D

Answer: C

Answer: A

Answer: B

Which of the following is composed of a large and a small subunit?

A. Golgi apparatus

B. Endoplasmic reticulum
C. Mitochondria

D. Ribosome
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A cell that is missing lysosomes would have difficulty doing what?
A. Digesting food
B.  Storing energy
C.  Packaging proteins
D. Moving cytoplasm
Answer: A
Which of the following cell parts is described as a "fluid mosaic"?
A.  Chloroplast

B. Vacuole
C. Cell membrane
D. Endoplasmic reticulum
Answer: C
Some cells take in large molecules through the process of:
A, Protein synthesis
B.  Endocytosis
C.  Cytoplasmic streaming
D. ATP
Answer: B

Which of the following organelles would NOT be found in a plant cell?
A.  Chloroplast
B. DNA
C. Food vacuole
D. Cell membrane

Answer: C
Which of the following organelles is most important in providing energy
to the cell?
A. Mitochondrion
B. Centrosome
C. Nucleus
D. Peroxisome

» Answer: A

Name the membrane valves that open and close for potassium efflux and
sodium influx.
A. Ion channels
B. Vacuoles
C.  Capillaries
D.  Cytokines

Answer: A
What is another name for programmed cell death?
A. Necrosis
B. Oxidative burst
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C.  Diapedesis
D.  Apoptosis

Answer: D
Name the violent membrane blebbing exhibited by a cell undergoing
apoptosis.
A.  Fission
B. Zeiosis
C. Necrosis
D.  Apoptotic cells do not bleb
Answer: B
Where are ribosomes produced in a eucaryotic cell?
A.  Endoplasmic reticulum
B. Vacuole
C. Centrosome
D.  Nucleolus
Answer: D

What organelle serves as a primary "packaging" area for molecules that
will be distributed throughout the cell?
A.  Mitochondrion

B. Vacuole
C.  Cytoskeleton
D.  Golgi
Answer: C
What organelle in higher plant cells contains chlorophyll?
A.  Chloroplasts
B.  Cytosol
C. Secretory vesicles
D. Nucleus
Answer: A
Are vacuoles more prominent in plant or animal cells?
A. Animal
B. Plant
C. Both
D. None
Answer: B

The endoplasmic reticulum is an extension of which of these membranes?
A, Cell membrane

B Outer nuclear membrane

C. Inner nuclear membrane

D None

Answer: B
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34. Which is smallest of these four?
A.  Bacterium
B Red blood cell
C.  Virus
D. Lymphocyte
Answer: C
Mitosis
35.  The process of mitosis ensures that:
A. Each new cell is genetically different from its parent
B. Each new cell receives the proper number of chromosomes
C. Cells will divide at the appropriate time
D. DNA is replicated without errors
Answer: B
36.  In what stage of mitosis do the chromosomes align on the spindle's
equator?
A.  Telophase
B.  Metaphase
C.  Anaphase
D.  Prophase
Answer: B
37. Which of the following is not part of mitosis
A. Prophase
B. Metaphase
C. Telophase
D. Interphase
Answer: D
38.  Which of the following is not part of the chromosome?
A. Kinetochore
B. Chromatid
C. Centromere
D. Spindle
Answer: D
39. A cell that has 20 chromosomes undergoes mitosis. Which of the following
is true?
A.  Two daughter cells will be created, each have 20 chromosomes
B. Two daughter cells will be created, each have 40 chromosomes
C. 4 daughter cells will be created, each having 10 chromosomes
D. 2 daughter cells will be created, each having 10 chromosomes
Answer: A
40. A spindle forms during which phase?

A G2
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B. Interphase
C.  Prophase
D. Metaphase

41. Compared to the X chromosome, the Y chromosome is:
A.  Much larger
B.  Much smaller
C.  More twisted
D.  Inherited more often
42.  Which of the following can be determined from a karyotype?
A.  The sex of the individual
B.  Whether the individual has Down Syndrome
C.  The number of chromosomes present
D.  All of above
43.  Most cells spend their lives in:
A.  Prophase
B.  Metaphase
C. Interphase
D.  Telophase
44.  Cytokinesis begins during which phase?
A.  Telophase
B.  Synthesis phase
C.  Anaphase
D. Metaphase
Meiosis
45.  Meiosis results in
A.  2haploid daughter cells
B. 4 haploid daughter cells
C.  2diploid daughter cells
D. 4 diploid daughter cells
46.  Which of the following cells undergo meiosis?

A, Sperm cells

B. Liver cells

C. Unicellular organisms
D All of these
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The picture depicts what phase of meiosis
A. DPropasel

B.  Prophase 2

C.  Anaphasel

D.  Anaphase 2

Answer: A
Crossing-over occurs during:
A.  Anaphasel
B.  Metaphase 1
C.  Prophasel
D. Prophase 2
Answer: C
Meiosis is a type of cell division that produces:
A.  Zygotes
B.  Chromosomes
C. Dna
D.  Gametes
Answer: D

Which of the following distinguishes prophase 1 of meiosis from prophase
of mitosis?

Homologous chromosomes pair up

Spindle forms

Nuclear membrane breaks down

Chromosomes become visible

oO®p

Answer: A
A cell with a diploid number of 24 undergoes meiosis, how many
chromosomes are in each daughter cell?

A 6
B. 12
C 2
D. 48
Answer: B
The picture depicts what stage of meiosis?
A.  Prophase 1
B.  Anaphase 1
C.  Metaphase 1l
D.  Metaphase 2
Answer: D
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In what stage of mitosis do the centromeres split and the sister chromatids
move apart?
A. Telophase
B.  Metaphase
C.  Prophase
D. Anaphase

Answer: D
What is a single cell that results from the fertilization of an egg cell by a
sperm cell?
A.  Anembryo

B. A fetus
C. A haploid cell
D. A zygote

Answer: D
What is the process by which haploid nuclei are formed from diploid
nuclei?

A.  Meiosis
B.  Asexual reproduction
C.  Mitosis
D.  Binary fission
Answer: A
What is the state in which a cell spends most of its life?
A.  Telophase
B.  Metaphase
C.  Prophase
D. Interphase
Answer: D
How many chromosomes do all of your body cells have?
A 25
B. 23
C. 48
D. 46
Answer: D
The cell cycle includes interphase and
A.  Respiration
B.  Meiosis
C.  Mitosis
D. Photosynthesis
Answer: C
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59. In what stage of mitosis do the chromosomes align on the spindle's
equator?
A.  Telophase
B.  Metaphase
C.  Anaphase
D. Prophase
Answer: B
60. Cells having two of each chromosome are called cells.
A.  Diploid
B.  Haploid
C.  Gamete
D. Triploid
Answer: A
Indicate whether the sentence or statement is true (T) or false (F).
1. Robert Hooke observed cork cells under a microscope.
Answer: T
2. Anton van Leeuwenhoek concluded that all plants are composed of cells.
Answer: F
3. All living things are composed of many cells.
Answer: F
4. A cell is the smallest unit that can carry on all the processes of life.
Answer: T
5. Inside smaller cells, materials and information can be transported more
quickly.
Answer: T
6.  Membranes are selectively permeable if they allow only certain substances
to diffuse across them.
Answer: T
7. Lysosomes carry on cellular respiration.
Answer: F
8.  Microtubules and microfilaments form the cytoskeleton of cells.
Answer: T
9. Colonial organisms differ from single-celled organisms in that each cell
cannot support its own existence.
Answer: F
10. The information needed by a cell to direct its activities and to determine its
characteristics is contained in molecules of deoxyribonucleic acid (DNA).
Answer: T
11.

Gametes are diploid so that when fertilization occurs, the resulting zygote
will have the characteristic number of chromosomes for that species.
Answer: F
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A karyotype is a type of gene.

Answer: F
Cell division in bacteria and eukaryotes takes place in precisely the same
manner.

Answer: F
Cells spend most of their lifetime in interphase.

Answer: T
After the replication of a cell's chromatids, there are twice as many
centromeres as there are chromosomes.

Answer: F
Asexual reproduction occurs by mitosis.

Answer: T
During telophase, a nuclear envelope surrounds each new set of
chromosomes.

Answer: T
Chromatids separate from each other during telophase.

Answer: F
After mitosis and cytokinesis, each new cell has a complete set of the
original cell’s chromosomes.

Answer: T
Mitosis is a cell division process that occurs in somatic cells, however,
meiosis is a cell division process in specialized tissues of ovaries and testes
which result in the production of sex cells.

Answer: T

Complete each sentence or statement.

1.

The statement that “cells are produced only from existing cells” is part of
the

Answer: cell theory
The ratio of surface area to volume puts limitations on a cell’s

Answer: size
Eukaryotic cells are much larger and have more specialized functions than
prokaryotic cells because they contain which take
up space and carry out specialized activities.

Answer: organelles
A cell with a well-defined nucleus surrounded by a nuclear membrane is
called a(n) cell.

Answer: eukaryotic
A cell membrane is said to be permeable because it
allows the passage of some solutes and not others.
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Answer: selectively
molecules have “heads” and “tails” and are found

in the cell membrane.

Answer: Lipid
Scientists have discovered that cells contain smaller specialized structures
known as

Answer: organelles
The spherical organelles that are the site of protein synthesis in a cell are
the

Answer: ribosomes
The meshlike network of protein fibers that supports the shape of the cell
is called the .

Answer: cytoskeleton

The fluid portion of the cytoplasm is called the .
Answer: cytosol
Photosynthesis takes place in the of plant cells.
Answer: chloroplasts
Following replication of its DNA, each chromosome contains two
, which are attached to each other by a centromere.
Answer: chromatids
Chromosomes that are not involved in sex determination are called

Answer: autosomes
A picture of a cell’s chromosomes is called a

Answer: karyotype
The sequence of events that occurs in a cell from one mitotic division to the
next is called the

Answer: cell cycle
“Cables” made of microtubules that extend from the poles of a cell to the
centromeres during cell division are called

Answer: spindle fibers
In mitosis, anaphase follows

Answer: metaphase
The stage of meiosis during which homologues line up along the equator
of the cell is called

Answer: metaphase |
are a thread-like, gene-carrying bodies in the cell nucleus.
They are composed primarily of DNA and protein. They are visible only
under magnification during certain stages of cell division.

Answer: Chromosomes
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cells in the body that are not directly involved with
reproduction.
Answer: Somatic
Water

Identify the letter of the choice that best completes the statement or answers
the question.

1.

Normal metabolic activity can occur only when cells are at least ____%
H20.
A.23 B. 45 C.53 D. 65

Answer: D

Which of the following statements about water is false?
A.  Water can serve as both a donor and an acceptor in hydrogen bond
formation.
B.  Water has an unusually high dielectric constant.
C.  Pure liquid water consists of H;O molecules in a highly ordered
three- dimensional network of hydrogen bonds.
D.  The maximum density of water is found in the liquid state.
Answer: C
What property of water best explains its excellent solvent abilities for ionic
substances?
A, Its anomalously low boiling point
B.  Its highly polar nature
C.  Its low dielectric constant
D.  The 109° H-O-H bond angle
Answer: B
The average lifetime of hydrogen bonds between water molecules is about
how long?
A. 10 picoseconds A. 10 nanoseconds C. 10 microseconds D. 10 seconds
Answer: A
The constant Kw, the ion product of water, can be written as:
A.  Keq=10“4=[H+][OH-] C. Keq = 10-1¢ = [H+][OH-]
B. Keq=10"=[H+][OH-] D. Keq = 107 = [H+][OH-]
Answer: C
If the pH of a solution is 7, then the concentration of hydrogen ions in that
solution is:
A. 10 B. 1014 C. 107 D. 107
Answer: D
pH = pKa + log10 [A-]/[HA]:
A.is known as the Henderson-Hasselbalch equation
B. provides a general solution to the quantitative treatment of acid-base
equilibria
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C. contains [A-], which represents a weak acid's conjugate base
D. all of the above

Answer: D
Phosphoric acid, HsPOj:
A. is a polyprotic acid B. requires two equivalents of OH- to
neutralize it
C.is a strong acid D. has a pKa of 2.38

Answer: A

Phosphoric acid, H3PO4, serves to buffer the intracellular fluid of cells at
physiological pH because:
A. itis a naturally occurring amino acid
B. phosphate is only found in an organic form in biological molecules
C. its pK2 lies near the physiological pH value of the cell
D. its pK1 lies near the physiological pH value of the cell
Answer: C
Which of the following statements is true of histidine?
A.  The concentration of free histidine is low in cells.
B. Protein-bound and dipeptide histidine may be the dominant
buffering system in some cells.
C. The pKa for dissociation of the imidazole hydrogen of histidine is
6.04.
D.  All of the above are true.
Answer: D
The bicarbonate buffer system of blood plasma works well because:
A. the concentration of H2CO3 is maintained relatively constant
B. the concentration of H2PO4 is maintained relatively constant
C. Both are true
D. none of above true
Answer: A
Which of the following is true about buffer systems?
A.  They are typically made up of a strong acid and a strong base mixed

together.

B.  The pH will vary greatly in the region of the titration curve where
[HA] = [A-].

C.  They will have an area on their titration curve where the greatest
buffering capacity exists.

D.  They will vary greatly in pH as acid or base is added.
Answer: C
Hydrogen bonds can form between:
A.  hydrogen atom covalently bonded to an electronegative atom and a
second electronegative atom
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B.  anitrogen atom covalently bonded to an electronegative atom and a
nitrogen atom on another molecule.
C.  a hydrogen atom ionically bound to an electropositive atom and a

second electronegative atom
D. a hydrogen covalently coupled to an electropositive atom and a
second electronegative atom

Answer: A
Which of the following has the highest affinity for protons?
A. Lactic acid - pKa = 3.86 C. Pyruvic acid - pKa = 2.50
B. Acetic acid - pKa =4.76 D. Cysteine acid - pKa =1.71
Answer: B

A buffer of HPO4* /HoPOy has a pH of 7.4. What is the ratio of HPO,2
/H2POy in this buffer? The pK of the HPO4 /H2POy couple is 7.2.

A. 16 B. 0.62 C.2x10-3 D.7.0

Answer: A
The pH of a solution with a hydroxyl ion concentration of 4 x 1073 is:
A. 116 B.3.6 C.24 D.104

Answer: A
Which of the following is a weak acid?
A. Nitric acid C. Phosphoric acid
B. Sulfuric acid D. Hydrochloric acid

Answer: C

The cytoskeleton of a cell:

A. functions in the intracellular digestion of materials entering the cell

B. is the powerplant of the cell where fats, proteins, and carbohydrates are
oxidized to provide energy

C. determines the shape of the cell and gives it the ability to move

D. is the selectively permeable outer boundary of the cell

Answer: C
In the formation of biomolecules, carbon forms stable, covalent bonds by
electron sharing. Carbon can form as many as ____ such bonds.
A. three B. four C. five D. six

Answer: B

The four atoms that comprise more than 99% of the atoms in the human
body are:

hydrogen, carbon, oxygen, nitrogen

carbon, oxygen, phosphorus, sulfur

nitrogen, oxygen, calcium, iron

carbon, hydrogen, sodium, potassium

ONw

Answer: A
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Identify the letter of the choice that best completes the statement or answers
the question.

1.

All of the following are carbohydrates except:

A. Starch, B. Glycogen, C. Chitin D. Cholesterol
Answer: D
The structure contains which functional group
A, Aldehyde H 0 H
B.  Ketone 1 ﬂ ]
C. Amino [ S ST DU o N J— Y |
D.  Carboxyl ;
q H Answer: B
Fatty acids that are unsaturated have: Acetone

A. An amino group B. A double bond
C. An excess of protons D. A carboxyl group

Answer: B
. The structure below is a:
S ?“zm
¢ — G
SN AN
c :
ﬂc\oﬂ / N\ / \m M /;1
. ——
H
A.  Monosaccharide B. Disaccharide
C. Lipid D. Polymer
Answer: B
Which of the following can have a quaternary structure?
A. Fatty acid B. Protein
C. Polysaccharide D. DNA
Answer: B
An organic compound is one that:
A. Contains carbon B. Is slightly acidic
C. Forms long chains  D. Is soluble in water
Answer: A

Which of the following elements is the LEAST abundant in living
organisms?
A. Oxygen B. Nitrogen
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C. Phosphorous D. Sodium
Answer: D
Which of the following is used in PET scans?
A. Uranium B. Ions
C. Isotopes D. Steroids
Answer: C
Carbon can form ___ separate bonds with other elements?
Al B.2 C.3 D.4
Answer: D
The cohesion of water is caused by:
A. Ionic bonds B. Hydrophobic compounds
C. Hydrogen bonds D. Covalent bonds
Answer: C
Biology is the study of
A. Minerals. B. Life C. The weather. D. Energy.
Answer: B
Homeostasis means
A. A change over long periods of time.
B. Keeping things the same.
C. Rapid change.
D. The same thing as evolution.
Answer: B

Which of the following is a means by which heterotrophs can obtain
energy?
A. Using water, carbon dioxide, and energy from the sun to produce
sugars
B.  Using water and carbon dioxide to produce energy-rich compounds
C.  Consuming autotrophs
D.  Consuming simple chemicals from the environment and using them
to assemble complex chemicals and structures needed by the
organism
Answer: D
Which of the following is not necessarily a distinct property of living
things?

A. Homeostasis C. Complexity
B. Metabolism D. Reproduction
Answer: C
All organisms are composed of
A. Diatoms C. Cells
B. Cellulose D. None of the above
Answer: C
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Chapter 2
Carbohydrates

Nature and Nomenclature

Carbohydrates are a large family of naturally occurring compounds including
sugars, starches, and cellulose, as well as materials found in bacterial cell walls
and insect exoskeletons. Carbohydrates, in general, contain a C-C skeletal
monomers bearing C=0 and OH (and sometimes NH?>) functional groups. These
skeletal monomers form polymers through a C-O-C linkage. Carbohydrates can
also be called saccharides, a general word derived from the Latin word for sugar.
The nomenclature of sugars uses the suffix, or word name ending, -ose to
indicate a sugar e.g., : glucose.

The carbohydrates comprise one of the major groups of naturally occurring
biomolecules. This is mainly because; the light energy from the sun is converted
into chemical energy by plants through primary production and is transferred to
sugars and carbohydrate derivatives. The dry substance of plants is composed
of 50-80% of carbohydrates. The structural material in plants is mainly cellulose
and related hemicelluloses. Starch is the important form of storage
polysaccharide in plants. Pectins and sugars such as sucrose and glucose are also
plant constituents. Many non-carbohydrate organic molecules are found
conjugated with sugars in the form of glycosides. The carbohydrates in animals
are mostly found in combination with proteins as glycoproteins, as well as other
compounds. The storage form of carbohydrates, glycogen, found in liver and
muscles, the blood group substances, mucins, ground substance between cells in
the form of mucopolysaccharides are few examples of carbohydrates playing
important roles in animals. Chitin found in the exo-skeleton of lower animals, is
a polymer of N-acetyl glucosamine. Carbohydrates are also universally found in
other polymeric substances. For example, fats are fatty acid esters of a sugar
alcohol, glycerol. Ribose and deoxyribose are constituent of nucleic acids.
Moreover, in all living forms, the energy needed for mechanical work and
chemical reactions are derived from carbohydrates. Adenosine triphosphate and
related substances that contain ribose as a constituent are key substances in
energy storage and transfer. The carbon skeletons of almost all organic molecules
are derived from carbohydrates. Besides, the carbohydrates are the basic raw
material of many important industries including sugar and sugar products,
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starch products, paper and wood pulp, textiles, plastics, food processing and
fermentation.

Classification of Carbohydrates

Carbohydrates are classified into three major groups :

Monosaccharides, Oligosaccharides and Polysaccharides

Monosaccharides (Simple Sugars)

Simplest form that cannot be hydrolyzed further into smaller units.
Low molecular weight carbohydrates and cannot be hydrolysed further.
Crystalline, soluble in water, and sweet in taste.

Classified into triose, tetrose, pentose, hexose and heptose depending
upon the number of carbon atoms. They may be either aldoses or ketoses
depending upon whether they contain a (potential) free aldehyde (OH)
or ketone (C=0) group, respectively.

All monosaccharides are reducing in nature.

Oligosaccharides

Contain 2-10 monosaccharides joined by glycosidic bonds. Low
molecular weight carbohydrates which can be hydrolysed by enzymes or
acids to yield monosaccharides.

Powdery or crystalline, soluble in water and sweet in taste.

Classified into disaccharide, trisaccharide, tetrasaccharide and
pentasaccharide depending upon the number of monosaccharides they
contain.

Some of them are reducing and some of them are non reducing in nature

Polysaccharides (Glycans)

Contain many monosaccharides joined by glycosidic bonds. They can be
hydrolysed by enzymes or acids.

Insoluble in water, tasteless, linear or branched.

Classified into homoglycans and heteroglycans depending upon the kind
of monosaccharides present. Depending upon the function, they are
classified as storage and structural polysaccharides.

Non reducing in nature.

Monosaccharides

Monosaccharides are the building blocks of larger sugars, and their biochemistry
is possibly the most complex and confusing of all the biochemicals. Here is a
brief list of the key terms in monosaccharide nomenclature for glucose:
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O. _H
5
H —(?—OH
HO—fT“—H
H-—Cl)—OH
H—('lj—OH
CH,OH
D-Glucose,

Fischer projection

Carbohydrates

CH,OH HO_
O OH H CH,

Q
OH HO H
HO w OH
OH v OHH
OH
B-D-glucopyranose, B-D-glucopyranose,
Haworth projection cyclohexane projection

Number of carbons: six, hence hexose.

Numbering of carbons: C1 is the carbonyl carbon, C6 the farthest carbon

from this.

Type of carbonyl compound: terminal CHO (aldehyde) hence aldose.
D/L descriptor: the OH is to the right on the farthest chiral carbon from
the CHO group (i.e, C5) in the Fischer projection, and in the Haworth
projection, hence D-glucose.

Names of sugars: the three intermediate chiral carbons (C2, C3, C4)
indicate that this is glucose.

Ring forms: six membered ring with anomeric OH (C1) on same side as
CH,OH group (C5 and C6), hence a-pyranose.

The number of carbons in a sugar determines which size group of sugars it
belongs to:

3 Carbons :
4 Carbons :
5 Carbons :

6 Carbons

triose - e.g., Glyceraldehydes, Dihidroxiacetone
tetrose - e.g., Erythrose, Erythrulose, Threose
pentose - e.g., Ribose, Ribulose, Xylose, Xylulose

: hexose - e.g., Glucose, Galactose, Fructose, Mannose, Sorbose
7 Carbons :

heptulose - e,g., Sedoheptulose

Open chain monosaccharides (like the Fischer projection above) have n-2 chiral
carbons, so 2n2 isomers (assuming no internal symmetry). Note that sugars can
also react internally to produce a variety of rings forms: this introduces an extra
chiral centre, as you can see in the Haworth projection above.

These are a hexose and a triose.
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O, _H
c O. _H
I ~C
H —(I: —0OH [

HO _(f —H H —(I3—OH
H—G—OH CH,OH
H—C—OH

CH,OH
Glucose Glyceraldehyde

The number in the chdiri was given from the CHO group at the top down to the
CH,OH group at the base (i.e., number from the end nearest the carbonyl group).
This way of drawing monosaccharides is called a Fischer projection: imagine the
vertical bonds curling away from you and the horizontal bonds sticking out at
you, like the back of a stegosaurus.

H. .O
C‘:r"'

CH,OH
Interpreting Fischer projections.

The type of carbonyl group present in a sugar is an important determinant of its
chemical properties. Sugars with a terminal CHO group are chemically
aldehydes, and are termed aldoses e.g., glyceraldehyde. These sugars are
reducing sugars” they reduce the blue Cu2* in Benedict's solution to a red
precipitate of Cu*. This is the test for reducing sugars so beloved of A-level
syllabi. Sugars with an internal CO group, R-CO-R are ketones, and are called
ketoses e.g., dihydroxyacetone (DHA). Although ketones are not generally
reducing agents, the OH attached to the next carbon along is capable of reducing
Benedict's reagent, hence all monosaccharides are 'reducing sugars'.

CH,CH Ose-H
= |
? Q H —(? —0OH
Dihydroxyacetone D-glyceraldehyde
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Sugars have a somewhat arcane nomenclature. So far it has been mostly logical,
but from now on, it's largely arbitrary decisions made fifty years ago or more.

Apologies for this.

Sugars contain many chiral centres. Naming these chirals centres should be easy
(just use R or S descriptors), but in fact, there are three systems for different bits
of the sugar molecule. The first descriptor is used to name the chiral carbon
farthest from the carbonyl group. This is called the D/L descriptor. If you draw
sugar in the Fischer projection (as above), an OH to the right on the farthest
chiral carbon is the D-form, and an OH to the left is the L-form. D-
glyceraldehyde appears above. Note that DHA is nonchiral (it's about the only
sugar that is!). The two forms of glucose are below, note that they differ at every

chiral centre:

Oy H O _H
5 5
H—C—OH HO—C—H
HO—C—H H—C—OH
H—G—OH HO—C—H
H—C—OH HO—C—H
CH,OH CH,OH
D-glucose L-glucose

The D-isomer of glyceraldehyde also happens to be the R isomer using CIP rules,
as you can see from the following diagram.
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It also happens to be the (+) isomer from polarimetry. This is easy to remember
(R, D and +), but only by fluke! The remaining chiral centres in an open chain
monosaccharide get 'proper' names. These are the D-forms of the common
monosaccharides. Note that they differ only at carbons 2, 3 and 4.

Aldoses
Dé‘% H
H —(i ~0H
CH,OH
D*"c JH D-[+) glyceraldehyde 0°C'H
H -1% —0OH HO _tlé —H
H —l}—OH H —(l:—OH
CH,OH CH,OH
D-(+) erythrose D-()-threase
H, .D a, .H o. H O, H
i i b 5
H—(li—DH HD—Cl—H H—(}—OH HD—(%—H
H—-E—DH H—C-0OH HO_CI_H HO—(IB—H
H—l‘i‘ —0H H—Cl"DH H—(':-OH H-C-0H
CH.OH CH,OH CH.OH CH.OH
D-(-}ribose D-(-y arabincs e D-(+)-xylose D-(-)-lyxose
D.,?,H D;.?,H U\.E,H DQE,H O:E,H Qae,H UQE,H G_:[?,H
H-I|Z-DH HD—!I:—H H-E'—OH HD—E—H H—IE—OH HO-(}-H H—E—OH HO—I}—H
H—(I:-—UH H—ll:—OH HD—tl:—H HD-—(I:-H H—t':—UH H—?-UH HO—IIZ-H HO-—[}—H
H—(}—DH H—CI—OH H—fIJ—DH H—tl:-DH HD—?—H HD—?—H HD—E—H HD —C~H
H—t':—UH H—CI: ~0H H—?-DH H---CI —0H H-—ll:—DH H—I‘I:—UH H-'(I: ~0H H—t‘i—OH
CH.OH CH,OH CHLOH CH,OH CH_.OH CH,OH CH,0OH CH.OH
D-(+) ailes e D-(+) altros e D-(+)-glucose D-(+)ymannose  D-(-)-gulose D-{-)-idas e D-(+)-galactose  D-(+)-talose
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D-galactose and D-glucose differ at only one chiral centre: such a relationship
makes them epimers.

~ Ketoses
(%Hon
(’%=O
CH.OH
dihydroxyacetone
(T‘H:OH
(%=O
H —('I.'—OH
CH.OH
D-(-¥erythrulose
ClIH:OH (llH:OH
§=O ?:O
H ~C—OH HO -C—H
H -'(I:—OH H —(}—OH
CH.CH CH.OH
D-(+}ribulose D-(+)-xylulose
CI'H:OH CI:H.:OH (?H:OH CI:HQOH
(IZ:O (i=0 ('T'=0 f|:=0
H—(IZ—OH HO—CI—H H—CI.—OH HO-—CIZ—H
H—(%—OH H—CII—OH HO—CII—H HO—(}‘—H
H —C‘l. —OH H —C‘I.—OH H—(%—OH H —CI—OH
CH.CH CH.OH CH.0H CH_CH
D-(+} psicose D-(-}fructose D-(+)}sorbese D-(-}-tagatose

The third descriptor for monosaccharides only comes into play when sugars
internally react to form rings. Monosaccharides react internally by nucleophilic
attack of the carbonyl group by a OH group, to form a cyclical hemiacetal:.
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CH,OH CH,OH VVH CH,OH
i:o 0 Ktj?f“

Two chiral ring forms are possible, which introduces a new chiral center, so we
now have (maximally) 27! isomers. These diastereomers are called the a and B
anomers. The o anomer has it's 'new' OH on the opposite side of the molecule to
the CH>OH group. The  anomer has it on the same side, as you can see below.

CH,OH OQC,H CH,OH
O I G OH
H—C—0OH
OH I OH
OH HO _'(% —H
o on H—=C—OH % on
H —CII —0OH
CH,OH
a-D-glucopyranose, Open chain glucose, B-D-glucopyranose,
Haworth projection Fischer projection Haworth projection

For glucose solutions, typically, the ratios of forms are 36% a, 63% B, <1% open
chain. When you dissolve glucose in water, the slow cdnversion of the solid
equilibrium mixture to the aqueous equilibrium mixture means that the rotation
glucose causes to polarised light decreases (becomes less positive) over time.
This is called mutarotation.

A final complication for the ring forms is that the rings of hexoses and pentoses
can be either 5 or 6 membered (including the heterocyclic oxygen atom),
depending on which carbon (usually 4 or 5) the CO group is attacked by. Five
membered rings are called furanoses, after the chemical furan. Six membered

rings are called pyranoses, after pyran. These are glucopyranose and
glucofuranose.
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O @) Cl‘, H,OH CH,OH
\ X I | HO—-C—H ®)
g - OH
: OH
OH OH
CH OH
Furan Pyran a-D-glucofuranose a-D-glucopyranose

The Haworth notation has been used above to show the relative positions of the
OH groups in the ring form. Haworth rotation is a simple and tidy way of
representing ring forms, and is fairly self explanatory. Sugars actually take up
cyclohexane shapes in the pyranose form, as shown below for glucose, but
Haworth notation is considerably easier to interpret.

HO\
H TH,
0
HO H
HO —yp OH
OH
H H

To convert between Haworth and Fischer projections is a little tricky. Remember
that the Fischer projection curves away from you, with the OH and H groups
sticking out like the plates on a stegosaur's back. If you turn the Fischer
projection clockwise through 90° in your mind's eye, you will see that for
carbons 2, 3, and 4, if the Fischer OH goes right, the Haworth OH goes down.
 Carbon 1 is the anomeric carbon, and doesn't exist in the open chain form, so
we're left with carbon 5 to understand. You need to realise there is free rotation
of the H, OH and CH>OH groups around carbon-5, hence you can twirl the three
groups round so that the CH>OH is pointing up as you curl the chain round into
aring.

up (beta) O°C’H down (beta)

up H-—C:-OH down HHQHH o CH,0H CH,OH
Up  HO=C—H  down CH20H~»5—C—C—?—c': oMo O, OH
up  H=C=0OH down Sudud &a H OH ! OH
down H-(_:-OH nng OH OH OH o
CH,OH
up
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Occurrence

* Intermediary metabolities in glucose metabolism.

* Ribose is a constituent of nucleic acid.

® Occurs in polysaccharides.

* Gum arabic, cherry gums, wood gums, proteoglycans.
¢ Fruitjuices and cane sugar .

* Lactose, constituent of lipids.

¢ Plant mannosans and glycoproteins.

* Intermediate in carbohydrate metabolism.

Derived Sugars / Sugar Derivatives

The important functional groups present in monosaccharides are hydroxyl and
carbonyl groups. The hydroxyl group forms esters, usually with phosphoric acid
or is replaced by a hydrogen or amino group. The carbonyl group undergoes
reduction or oxidation to produce number of derived monosaccharides.

Deoxy Sugars

In sugars, the hydroxyl group is replaced by a hydrogen to produce deoxy
sugars (devoid of oxygen). The important deoxy sugar is 2-deoxy ribose that
occurs in deoxy ribonucleic acid. Other important deoxy sugars are L-fucose and
L. rhamnose.

The substitution of the hydroxyl group at C-6 of L. galactose or L.mannose with
hydrogen produces fucose or rhamnose respectively. L-fucose occurs in the cell
wall polysaccharides namely hemicelluloses and L-rhamnose occurs in pectic
polysaccharides namely rhamnogalacturonan. These deoxy sugars are also
found in the complex oligosaccharide components of glycoproteins and
glycolipids.

Amino Sugars

The hydroxyl group, usually at C-2, is replaced by an amino group to produce
amino sugars such as glucosamine, galactosamine and mannosamine. The
amino group may, be condensed with acetic acid to produce N-acetyl amino
sugars, for example, N-acetyl glucosamine. This glucosamine derivative is
important constituent of many structural polymers (chitin, bacterial cell wall
polysaccharides etc.).

Polyols (alditols)

Both aldoses and ketoses are reduced to polyhydric alcohols (polyols) when
treated with enzymes, sodium amalgam, and hydrogen under high pressure
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with catalyst or sodium borohydride. Each aldose yields the corresponding
alcohol upon reduction while a ketose forms two alcohols because of the
appearance of a new asymmetric carbon atom in the process. By this reduction
process, the following sugars give rise to their respective alcohols under
specified conditions.

Glucose > Sorbitol

Fructose > Sorbitol and mannitol
Mannose > Mannitol
Glyceraldehyde > Glycerol

Erythrose > Erythritol

Ribose > Ribitol

Galactose > Dulcitol

Polyols occur in many plant products. Sorbitol was first isolated from the berries
of mountain ash (Sorbus aucuparia). Commercially sorbitol is manufactured by
the hydrogenation of glucose. Mannitol occurs in many terrestrial and marine
plants. Potential food applications of polyols include confectionery products,
bakery products, deserts, jams and marmalade. Sorbitol is an excellent moisture
conditioner and is used in pharmaceutical preparations such as elixirs and
syrups. Sorbitol, as a humectant in creams and lotions helps to stabilize the
water content, providing better moisture control. The use of sorbitol or xylitol in
toothpaste and mouthwashes is highly desirable.

Oxidation Products

When aldoses are oxidized under proper conditions with different types of
oxidizing agents, three types of acids are produced, namely aldomc acids, uronic
acids and aldaric acids or saccharic acids.

Aldonic Acids

Oxidation of an aldose with bromine water at neutral pH converts the aldehyde
group to a carboxyl group. Hydrobromous acid formed by the reaction of water
with bromine acts as an oxidizing agent. Ketoses are not readily oxidized by
bromine water. Aldoses are not only oxidized by bromine water but also by the
alkaline iodine solution.

I, + 2 NaOH

Glucose + NaOl
Uronic Acids

v

NaOQOI + Nal +H,O

gluconic acid

v

When aldoses are oxidised with hydrogen peroxide (H2O:) uronic acids are
formed. In this reaction only primary alcohol group is oxidized to carboxyl
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group, whereas the aldehyde group remains unchanged. Uronic acids are
constituents of pectic polysaccharides.
Aldaric or Saccharic Acid

When aldoses are oxidised with nitric acid, saccharic acids are formed. Both
aldehyde and primary alcohol groups are oxidised to carboxyl groups. Glucose
on oxidation with nitric acid produces glucaric or glucosaccharic acid. The
aldaric acid produced from galactose is called as mucic acid.

Thus, various types of Derived Sugars and their Occurance are summarized in
Table 2.1.

Table 2.1 : Some Important Derived Sugars and their Occurance.

Type of (1;1 oi)Of Name of o
Derived Sugars Aatr °™ | Derived Sugars ccurance
oms
Deoxysugar 5 2-Deoxy ribose |DNA
6 L-Rhamnose Component of cell wall
Aminosugar 6 D-Glucosamine | A major component of
polysaccharide found in insects and
crustaceans (chitin)
Polyol 6 Sorbitol Berries
6 Mannitol Commercially prepared from
mannose and fructose
Aldonic acid 6 Gluconic acid -
Uronic acid 6 Glucuronic acid | Constituent of chondroitin sulfate
6 Galacturonic acid | Constituent of pectin
Aldaric acid 6 Glucaric acid Oxidation product of glucose
(Saccharic acid)
6 Mucic acid Oxidation product of galactose
Oligosaccharides

The general term oligosaccharide, is often used for carbohydrates that contain
from four to ten monosaccharide units. We will look at some of the common
disaccharides, examine their bonding patterns and properties and then turn to
some common polysaccharides.

The oligosaccharides commonly encountered in nature belong to disaccharides.
The physiologically important disaccharides are maltose, lactose, trehalose and
sucrose. Disaccharides consist of two monosaccharides joined covalently by an
O-glycosidic bond. The hydroxyl group formed as a result of hemiacetal
formation is highly reactive when compared to other hydroxyl groups. This
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hydroxyl group present in one monosaccharide reacts with any one of the
hydroxyl groups attached to C-1, C-2, C-3, C+4, or C-6 of another
monosaccharide to produce 1-1, 1-2, 153, 154, and 1-6 linked
disaccharides. When only one anomeric carbon is involved in glycosidic bond
formation, reducing disaccharides are formed. If both anomeric carbon atoms of
monosaccharides are involved in glycosidic bond formation that results in the
formation of a non-reducing disaccharides such as trehalose (aldosyl-aldosyl
disaccharide) or sucrose (aldosyl-ketosyl disaccharide)'. In the case of reducing
disaccharides, one end of the molecule having free anomeric carbon is called
reducing end and the other end, where the anomeric carbon is involved in
glycosidic bond, is called as non-reducing end.

Disaccharides (Table 2.2)

Glycosidic bonds - link sugars via acetal bonds

—0  H

P

~ 7 —0_ H
C CH ——m S 7 4
—CH N ¢ c C
IH(,OH no —CH N 7 N
OH " |

There are four common disaccharides :
e Maltose [o-D-Glucopyranosyl-(1,4)-a-D-glucopyranose]
¢ Cellobiose [B-D-Glucopyranosyl-(1,4)-B-D-glucopyranose]

CH.OH
HA— oM o ?H; Sy Hi %9
5 & Yod ; ‘
oH HA oH M/ NOH H O KoH H/
H S Qe H o &R H o AN H
{ £ § H
H  OH H H H  OH H  OH
Mallose

Celiobiose

Both maltose and cellobiose are composed of two D-glucose molecules linked
together, the only difference between the two disaccharide is the nature of the 1,
4 glucosidic linkage.

e Lactose [B-D-Galactopyranosyl-(1,4)-p-D-glucopyranose] -

CH,OH CH,OH CH,OH
0 0 H,0 0.
HO A ‘\Oi;l 4H G OH HO W G )
oH n VP OH H 2 OH H
H H HO H H H
H OH H OH H OH
Galactose Glucose Lactose
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The major sugar found in human and cow’s milk (4 to 8% lactose by weight).

In humans, the enzyme in the small intestine responsible for the hydrolysis of the
B (1, 4) glycosidic bond is called lactase. This enzyme is not present in all
persons, particularly those whose ancestors did not rely upon cow’s milk (and
milk products) as a food source.

An exception for mammals is the ability of nursing animals to digest lactose. This
ability is generaly lost at the age of weaning, at which time the animal becomes
lactose intolerant.

A deficiency in the enzyme lactase give rise to: lactose intolerance, and this
disorder occurs most commonly among Afro-Americans, Asians, Native
Americans and Hispanics.

e Sucrose [a-D-Glucopyranosyl-(1,2)-B-D-fructofuranoside]

CH,OH CHy OR
“ v 2K H HO
OH KO CH,OM
OH H
Glucose Fructose
nea
H
¢ 20)«1 CH,Oﬂ
H KO
cn,oa
Sucrose

The most common sugar in our diet is sucrose, which is a disaccharide.

It is composed of two monosaccharides a-D-glucose (o -D-glucopyranose) and b
-D-fructose (B -D-fructofuranose).

Sucrose is unusual in that both monosaccharides are linked as acetals

Because both of the potential carbonyl groups in sucrose are tied up in acetals,

sucrose shows none of the typical reactions of carbonyl compounds. It will not
show positive Tollens test, cannot mutarotate, etc.

Sucrose can also be called: a-D-glucopyranosyl-B-D-fructofuranoside or B-D-
fructofuranosyl-a -D-glucopyranoside.

Sucrose is an optically active molecule, [a]D = +66° but its optical activity is quite
different from the sum of the optical activities of the two simple sugars, glucose
and fructose. In fact an equimolar solution of glucose and fructose rotates light in
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the opposite direction to the equivalent solution of sucrose. Glucose also rotates
the plane of polarization to the right, so that it was once known as dextrose: [a]D
= +52.5° for the equilibrium mixture of a and b. By contrast fructose rotates the
plane of polarization to the left, so that it was once known as levulose: [a]D = -
924°.

The disachharides - maltose, lactose and cellobiose are reducing sugars, that is
they have "free" aldehyde groups, whereas sucrose has both carbonyl groups tied
up in the relatively stable glycosidic bond. In general, the -glycosidic bond is
easily cleaved (it is less stable chemically and organisms have enzymes to cleave
it) whereas the beta-glycosidic bond is very difficult to break down.

Thus for cellobiose, and more importantly, cellulose which is also linked by B-
bonds, essentially only bacteria can digest this bond through cellulase enzyme.

So animals can't digest cellulose! Yes, they can digest through bacterial activity

in their digestive system. Cows for instance are basically walking fermentation
tanks.

Table 2.2 : Composition, Sources and Properties of Common Disaccharides

Disaccharides Constituent |Linkage| Source Properties
Monosaccharides
Reducing Disaccharides
Maltose o-D-glucose + |a(1—>4) |Germinating |[Forms osazone with
o-D-glucose cereal and|phenylhydrazine.
malt Fermentable by

enzyme maltase present
in yeast. Hydrolysed to
two molecules of D-

glucose. Undergoes

mutarotation.
Lactose B-D-galactose + |P(1 —4) |Milk. In|It shows reactions of
o-D-glucose trace reducing sugars

amounts it|including mutarotation.
can be seen|Decomposed by alkali.

in urine|Not  fermentable by
during yeast. Hydrolysed to
pregnancy. |one molecule of

galactose and  one
molecule of glucose by
acids and the enzyme
lactase.
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Non Reducing Disaccharides

Sucrose a-D-glucose + |o,B(1—2) |Sugar beet, | Fermentable.
B-D-fructose sugar cane, |Hydrolysed by dilute
sorghum and | acids or enzyme

carrot roots. |invertase (sucrase) to
one molecule of glucose
and one molecule of
fructose. Relatively
stable to reaction with
alkali

Trehalose a-D-glucose + |a,0(1—>1) [Fungi andiIt is hydrolysable by
o-D-glucose yeast. It is|acids to glucose with
stored as a|difficulty. Not
reserve food |hydrolysed by enzymes.
supply in
insect's

hemolymph.

Polysaccharides

Polysaccharides are glycosides between sugars. The name given to the
polysaccharide is dependent on the size of the molecule:

¢ 1 sugar unit: monosaccharide

e 2 sugar units: disaccharide

e 3 sugar units: trisaccharide

e 3-several sugar units: oligosaccharide

e 100+ sugar units: polysaccharide
Polysachharides are two types - homo and heteropolysaccharides.
Homopolysaccharides have a single type of residue. Most common
polysaccharides contain glucose which is used for energy (food), storage
(starches and glycogen) and structure (celulose).

Storage Polysaccharides

Starch (energy storage in plants). Two kinds

e Amylose: linear, a-14 glycosidic links. MW: 4,000-150,000. Deep blue
color with iodine due to coiled complex enclosing iodine-colour is lost
with heating, returns when cooled.

o Amylopectin: branched every 30 or 50 units - linear a-1,4 chain of 30 glu
residues then a-1,6 branch point. Of course get branches on branches as
well. MW: ->500,000. Broken down by -amylase (pancreas and salivary
glands; random cleavage of a-1,4 links) to give glucose and maltose; or
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beta-amylase (plants; hydrolyses from reducing ends to give maltose).
When either of these enzymes attack amylopectin, they are blocked when
they reach or are near a branch, thus end up with a "limit dextrin."

o 14 Bonds Between 3 Molecules of Glucose

CH,0H CHyOH Cti,OH

Starches are carbohydrates in which 300 to 1000 glucose units join together. Itis a
polysaccharide which plants use to store energy for later use. Starch forms in
grains with an insoluble outer layer which remain in the cell where it is formed
until the energy is needed. Then it can be broken down into soluble glucose
units. Starches are smaller than cellulose units, and can be more readily used for
energy. In animals, the equivalent of starches is glycogen, which can be stored in

the muscles or in the liver for later use.
ey O

Starch

Foods such as potatoes, rice, corn and wheat contain starch granules which are
important energy sources for humans. The human digestive process breaks
down the starches into glucose units with the aid of enzymes, and those glucose
molecules can circulate in the blood stream as an energy source. An interesting
example of this enzyme-catalyzed breakdown process is if you chew on a piece

59



Fundamentals of Biochemistry : A Textbook

of bread for a while, it will begin to taste sweet because the enzymes in saliva are
already beginning to break down the starch into glucose, a sugar.

Inulin

Inulin is a non-digestible fructosyl oligosaccharide found naturally in more than
36000 types of plants. It is a storage polysaccharide found in onion, garlic,
chicory, artichoke, asparagus, banana, wheat and rye. It consists of mainly, if not
exclusively, of B- 21 fructosyl-fructose links. A starting glucose moiety can be
present, but is not necessary. Inulin is a soluble fibre that helps maintain normal
bowel function,decreases constipation, lowers cholesrerol and triglycerides. It is
used for fat replacement and fibre enrichment in processed foods.

CH20H

i

‘\—_j
HO i
HO,O 0. CH:OH
RGN

HC {

i
CH éN

’(‘é o i
~CH:0H
HOH:C H '
OH
Glycogen: animal starch. Just like amylopectin, but more highly branched (every

8-12 residues). This allows more free ends for more rapid breakdown-important
in animals.

(1->4)-alpha-D-glycopyran with alpha 1->6 branching
Glycogen has more branching than amylopectin

CH,OH CH,OH CH,OH

o 0 o
OH OH OH
OH OH OH \
CH,
CH,OH CH,OH CH,OH CH,OH
o
/@O(\ /@ o /@;\ /@_(\
—o0 o) 0 o) 0 0—
OH OH OH OH OH
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%
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Glycogen

Structural Polysaccharides
Cellulose:

Cellulose is the most abundant organic substance found in nature. It is a linear
polymer of glucose, with 500 - 5000 glucose units linked together to give
molecules of molecular weight 100,000 to 1,000,000. It is the principal constituent
of cell walls in higher plants. It occurs in almost pure form (98%) in cotton fibres
and to a lessor extent in flax (80%), jute (60-70%), wood (40-50%) and cereal
straws (30-43%).

B-1,4 linkages, thus resistant to breakdown (including acid hydrolysis) as
required for structure (do not participate in digestion). Multiple, extended
strands come together as fibrils held together with H-bonds, laid down in cell
wall in criss-cross pattern, glued together with polyalcohols known as lignin.

Cellulose is a form of carbohydrate in which some 1500 glucose rings chain
together. It is the chief constituent of cell walls in living organisms. Wood is

mostly cellulose, making cellulose the most abundant type of organic compound
on the Earth.

CHDH CH.OH

F— O

/ H I \., / ' ‘: ‘;“"'
OH H Q , OH H o
\ ,‘{ H l“x, .
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Cellulose

) ' : I »,\ %
OO

Celluiose molecules tend to be straight chains, and the fibers which result from
collections of cellulose molecules have the strength to form the supporting
structures of plants. Even though human digestion cannot break down cellulose
for use as a food, animals such as cattle and termites rely on the energy content
of cellulose. They have protozoa and bacteria with the necessary enzymes in
their digestive systems. Cellulose in the human diet is needed for fibre.

The most stable conformation for the polymer is the chain turned 180° relative to
the adjacent glucose residues yielding a straight extended chain. Celluose
molecules within the plant cell walls are organized into biological units of
structure known as microfibrils.

Comparison of Starch and Cellulose

s, CH2OH CH,OH
H ~_~ H H ~_n H
é” SH g\é ({;/ gH g\é
AN LN NN

/0 \C““C/ 0/ C~-C o

| i
H OH H OH
CH,OH
“é o
Celusose ?HZQH /é/?H }?\C p
PARN
W c—-o Ne—cf o
|- N H
¢ OH H g Lo
o \édéx‘; H OH
4 i 7 H
H OH

Both starches and cellulose are carbohydrates which are classified as
polysaccharides since they are composed of chains of glucose molecules. While
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they are similar, starches can be used as energy sources by the human body
while cellulose cannot. Enzymes are important in the metabolism of foods, and
these enzymes are very specific. They are somewhat like keys which will fit the
geometry of the starch bonds, but not those of the cellulose bonds.

Chitin: Serves similar role to cellulose, but in animals (crustaceans and insects),
fungi, and some algae. It is homopolymer of N-acetyl-D-glucosamine. Like
cellulose, it has 3-1,4 linkages, and is thus resistant to breakdown.

Chitin

CHAOH ’{*" CHLOH
O=C-CHy

Chitin is a heteropolysaccharides, which is made up of glycans such as
Hyaluronic acid, an alternating polysaccharide of D-glucuronic acid and N-
acetyl-D-glucosamine; MW to 5,000,000 which serves as a lubricant in joints and
is a component of the vitreous humor.

Also very important are the glycans conjugated to proteins and peptides to give
proteoglycans.

Pectins and Hemicelluloses

Plants also contain more exotic polysaccharides in their cell walls, including
pectins and hemicelluloses. Animals likewise have hyaluronan, and other
glucosaminoglycans (GAG) in their extracellular matrices. GAGs and pectins are
sugar/sugar-acid/sugar-amine polymers, and hemicellulose is a small polymer
of glucose with variable amounts of rhamnose, galactose, xylose, mannose,
fucose, and others. Their structures are somewhat complex.
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Structural Unit
({(1-~4)-beta-N-acetyl-D-glucosamino)-beta-{1->3)-D-giucuronan

COOH

D-galacturonic acid residues form most of the molecules, in blocks of 'smooth'
and 'hairy' regions. The molecule does not adopt a straight conformation in
solution, but is extended and curved (‘worm like') with a large amount of
flexibility. The “hairy' regions of pectins are even more flexible and may have
pendant arabinogalactans. The carboxylate groups tend to expand the structure
of pectins as a result of their charge, unless they interact through divalent
cationic bridging (their pKa of about 2.9 ensuring considerable negative charge
under most circumstances). Methylation of these carboxylic acid groups forms
their methyl esters, which take up a similar space but are much more
hydrophobic and consequently have a different effect on the structuring of the
surrounding water. The properties of pectins depend on the degree of
esterification, which is normally about 70%. Low methoxyl-pectins (< 40%
esterified) gel by calcium di-cation bridging between adjacent two-fold helical
chains forming so-called 'egg-box' junction zone structures so long as a minimum
of 14-20 residues can cooperate. It may well be that the two carboxylate groups
have to cooperate together in prizing the bound water away from the calcium
ions to form the salt links that make up these junction zones. The gelling ability
of the di-cations is similar to that found with the alginates ( Mg2+ << Ca2+, Sr2+
< Ba2+) with Na+ and K+ not gelling. If the methoxy] esterified content is greater
than about 50%, calcium ions show some interaction but do not gel. The
similarity to the behaviour of the alginates is that poly-a-(1,4)-D-galacturonic
acid is almost the mirror image of poly-o-(1-4)-L-guluronic acid, the only
difference being that the 3-hydroxyl group is axial in the latter. The controlled
removal of methoxyl groups, converting high methoxyl pectins to low-methoxyl
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pectins, is possible using pectin methylesterases but the reverse process is not
easily achieved.

High methoxyl-pectins (> 43% esterified) gel by the formation of hydrogen-
bonding and hydrophobic interactions in the presence of acids and sugars.

Function of Pectin

Pectins are mainly used as gelling agents, but can also act as thickener, water
binder and stabilizer.

Low methoxyl pectins (< 50% esterified) form thermoreversible gels in the
presence of calcium ions and at low pH (3 - 4.5) whereas high methoxyl pectins
rapidly form thermally irreversible gels in the presence of sufficient (e.g., 65% by
weight) sugars such as sucrose and at low pH (< 3.5); the lower the methoxyl
content, the slower the set.

The degree of esterification can be (incompletely) reduced using commercial
pectin methylesterase, leading to a higher viscosity and firmer gelling in the
presence of Ca2+ ions. Highly acetylated pectin from sugar beet is reported to
have considerable emulsification ability due to its more hydrophobic nature, but
this may be due to protein impurities.

As with other viscous polyanions such as carrageenan, pectin may be protective
towards milk casein colloids, enhancing the properties (foam stability, solubility,
gelation and emulsification) of whey proteins whilst utilizing them as a source of
calcium.

Pectin Substances

Pectin substances are natural components of plants and therr fruits. They occur
in plants in connection with cellulose and such substances are called protopectin.
Protopectin is the binder of cell walls. Especially large amounts of pectin
substances are present in fruit such as: currant, gooseberry, citrus fruits and
apples. Pectin is a preparation obtained in industrial conditions, containing
pectin substances isolated from plant material and soluble in water. Those
preparations are used as food and medicine additives and they have the ability
to make gels in proper conditions. Raw material for our pectin is dried apple
pomace, containing 8-12 % pectin substances, and dried lemon peel, containing
18-25 % pectin substances, from where they are extracted by diluted acid
solution and subsequently precipitated by alcohol, purified, dried and crumbled.
Being the substance of plant origin, it is the best gelling agent for jams and fruit
jellies production. Being the naturally compound of fruit, it makes products
manufactured with its addition retain fully organoleptic characteristics.
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Gums

e Gums are hydrocolloids High affinity for H2O.
e More complex in structure than starch or pectin.
e Primary building block is galactose (1000 unit).

e They are plant extractives, not digested but are soluble fibres -Low
calorie foods.

Sources are -

Guar gum - Cyamopsis tetragonolobus

Taragacanth - Astragalaus gummifer

Locust bean gum - Ceratonia siliqua

(Carob)

Gum Karaya - Sterulia urens

Xanthan gum (bacterial)

Gum Arabic - Acacia Senegal
Guar gum CH20H
Galactomannan HOf
Mannose $ 1 — 4 OH Gal
Galactose a 1 — 6 Ga MO | o 1-6
(every other mannose) OH cH, CH,

0 0
O
OHHO
@r OO

Xanthan gum Locust bean gum
Glucose 2.8 moles Galactomannan
Mannose 3.0 moles Galactose for every 4th mannose
Glucuronic 2.0 moles
All B 14 linkage Fenugreek gum (Trigonella foenum -grae
Backbone similar to cellulose cum)
Trisaccharide side chain at 3 position =~ Monnose and galactose 1:1
alternate glucose Prosopsis juliflora gum man: Gal 5:4
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Typical Comparison of Storage and Structural Polysachharides

Storage polysaccharides Structural polysaccharides
o Occurs in the storage organs such as e Important constituents of plant cell
seeds and tubers. wall.
¢ Include both homo and ¢ Include both homo and
heteropolysaccharides heteropolysaccharides.
e Starch and inulin are e Cellulose is a homopolysaccharide
homopolysaccharides made from made up of glucose.

glucose and fructose, respectively.

e Arabinogalactan is an example for

Hemicelluloses are

storage heteropolysaccharide. . heterpolysaccharides containing

The configuration of major linkages

pentoses, hexoses and
monosaccharide derivatives.
The configuration of major linkages

are a-type. are (-type.
Chemical Properties of Carbohydrates

Reactions of monosaccharides are due to the presence of hydroxyl (-OH)
and the potentially free aldehyde (-CHO) or keto ( >C=0O) groups.

Sugars in weak alkaline solutions undergo isomerization to form 1,2-
enediol followed by the formation of a mixture of sugars.

Under strong alkaline conditions sugar undergo caramelization
reactions.

Sugars are classified as either reducing or non-reducing depending upon
the presence of potentially free aldehyde or keto groups. The reducing
property is mainly due to the ability of these sugars to reduce metal ions
such as copper or silver to form insoluble cuprous oxide, under alkaline
condition. The aldehyde group of aldoses is oxidized to carboxylic acid.
This reducing property is the basis for qualitative (Fehling's, Benedict's,
Barfoed's and Nylander's tests) and quantitative reactions. All
monosaccharides are reducing. In the case of oligosaccharides, if the
molecule possesses a free aldehyde or ketone group it belongs to
reducing sugar (maltose and lactose). If the reducing groups are
involved in the formation of glycosodic linkage, the sugar belongs to the
non- reducing group (trehalose, sucrose, raffinose and stachyose).

When reducing sugars are heated with phenylhydrazine at pH 4.7 a
yellow precipitate is obtained. The precipitated compound is called as
osazone. One molecule of reducing sugar reacts with three molecules of
phenylhydrazine.

D-mannose and D-fructose form same type of osazone as that of D-
glucose since the configuration of C-3, C-4, C-5 and C-6 is same for all the
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three sugars. The osazone of D-galactose is different. Different sugars
form osazone at different rates. For example, D-fructose forms osazone
more readily than D-glucose. The osazones are crystalline solids with
characteristic shapes, decomposition points and specific optical rotations.
The time of formation and crystalline shape of osazone is utilized for
identification of sugars. If methyl phenylhydrazine is used instead of
phenylhydrazine in the preparation of osazone, only ketoses react. This
reaction serves to distinguish between aldose and ketose sugars.

The hydroxyl group formed as a result of hemiacetal formation in
monosaccharides react with methanol and HCl to form methyl a- and p-
glycosides. The derivaties of each sugar are named according to the name
of the sugar, that is, the derivaties of glucose as glucosides, of galactose
as galactosides and of arabinose as arabinosides etc. Glycosides are acid-
labile but are relatively stable at alkaline pH. Since the formation of
glycosides convert the aldehydic group to an acetal group, the glucosides
are not a reducing sugars.

Glycosides are also formed with a non-sugar component, the aglycone.
The sugars which are connected to the non-sugar moiety, are pentoses,
hexoses, branched sugars or deoxy or dideoxy sugars. The chain length
varies from one to five monosaccharide sugar residues per glycosides.
Apart from O-glycosides, three other classes of glycosides are found in
higher plants namely S-glycosides, N-glycosides and C-glycosides.

Monosaccharides are generally stable to hot dilute mineral acids though
ketoses are appreciably decomposed by prolonged action.

Heating a solution of hexoses in a strong non-oxidising acidic conditions,
hydroxy methyl furfural is formed. The hydroxymethyl furfural from
hexose is usually oxidized further to other products When phenolic
compounds such as resorcinol, a-naphthol or anthrone are added,
mixture of coloured compounds are formed .

The molisch test used for detecting carbohydrate in solution is based on
following principle. When conc. H»SO, is added slowly to a carbohydrate
solution containing a-naphthol, a pink colour is produced at the juncture.
The heat generated during the reaction hydrolyse and dehydrate it to
produce furfural or hydroxymethyl furfural which then react with a-
naphthol to produce the pink colour.

When sugars are treated with appropriate acid anhydride or acid
chloride under proper conditions, the hydroxyl groups get esterified and
form sugar esters.
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QUIZ

Identify the letter of the choice that best completes the statement or answers
the question.

1.

Two sugars that differ in configuration only at one chiral center are called

A. enantiomers B. diastereomers

C. anomers D. epimers

Answer: D

Cellulose is

A. a linear polymer of glucose units linked by beta(1-4) glycosidic
bonds

B. a linear polymer of glucose units linked by alpha(1-4) glycosidic
bonds

C.  a branched polymer of glucose units linked by both alpha(1-4) and
beta(1-4) linkages

D. alinear polymer of fructose units linked by alpha(1-6) linkages

Answer: A
Differences between amylose and amylopectin include
A.  Amylose contains only glucose residues, while amylopectin contains
both glucose and fructose.
B.  Amylopectin is a branched molecule, while amylose is linear.

C. Amylose has both alpha(l1-4) and alpha(1-6) glycosidic linkages,
while amylopectin has only alpha(1-4) linkages.

D.  Amylose has alpha(1-4) glycosidic linkages, while amylopectin has
beta(1-4) linkages.

Answer: B
The repeating units in chitin are
A. mannose units B. glucose units
C. L-glucuronate units D. N-acetylglucosamine units

Answer: D
D-Ribose is:
A. a hexose B. a ketose
C. a pentose D. a deoxy sugar

Answer: C

Two sugars that differ in configuration at only one chiral center are
described as
A. epimers B. hemiketals
C. diastereomers D. enantiomers

Answer: A
In a sugar, the end of the molecule containing the free anomeric carbon is
called
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14.

15.

16.

17.
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A. the epimeric center B. the glycosidic bond
C. an acetal D. the reducing end
Answer: D
Sucrose is a non-reducing sugar because
A. It contains a free anomeric carbon and therefore cannot mutarotate.
B. It has a beta(-6) glycosidic linkage.
C. It gives rise to fructose and glucose upon hydrolysis.
D. It does not contain a free anomeric carbon atom.

Answer: D
Beta-D-glucopyranose behaves in its chemical properties like
A. an acetal B. a ketal
C. a hemiacetal D. an amine

Answer: C

Amylopectin, when hydrolyzed in the presence of a-amylase, yields
maltose and limit dextrins. However, amylose, under the same conditions,
almost quantitatively produces maltose. This difference in behavior is best
explained by:

A.  the greater solubility of amylose in water

B. differences in the molecular weights of amylose and amylopectin

C.  the presence of more glucose units in the amylose molecule

D.  the presence of substantial numbers of a-1-6 linkages in amylopectin

and none in amylose

Answer: D
Which of the following is NOT a major storage molecule for animal
tissues?
A. protein B. glycogen
C. triaclyglycerols D. cellulose

Answer: D
The molecular formula for glucose is CsH1205. What would be the
molecular formula for a polymer made by linking ten glucose molecules
together by dehydration synthesis?
A. CeoHi120060 B. (CsHi1206)10.
C. CsoH102051 D. CsoHi00O0s0.

Answer: C
Monosaccharides, such as ribose, fructose, glucose, and mannose differ
significantly in
A. their sweetness B. the positions of their carbonyl groups.
C. their diastereomeric configurations. D. All

Answer: D
Boat and chair conformations are found
A.in pyranose sugars.
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19.

20.

21.

22,

23.
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B. in furanose sugars.
C. in any sugar without axial -OH groups.
D. in any sugar without equatorial -OH groups.
Answer: A
Which of the following is an example of a storage polysaccharide made by
animals?
A. Cellulose. B. Glycogen.
C. Collagen. D. Starch.
Answer: B
Cellulose, a b(1->4)-linked glucose polysaccharide, differs from starch in
that starch is
A. A b(1->6)-linked manose polysaccharide
B. A b(1->6)-linked glucosc polysaccharide.
C. An a(1->6)-linked glucose polysaccharide.
D. An a(1->4)-linked glucose polysaccharide.
Answer: D
The glycosidic bond
A. joins glucose and fructose to form sucrose.
B. in maltose is not hydrolyzed in "lactose intolerant" humans.
C. in lactose is hydrolyzed by human infants to make two galactose.
D. None

Answer: A
Cellulose fibers resemble ___ in proteins; whereas a-amylose is similar to
' ", A.a-helices; b-sheets.
B. b-sheets; a-helices.
C. b-sheets; the hydrophobic core.
D. a-helices; b-turns.
Answer: B

The N-linked glycoproteins of eukaryotes usually have a N-acetyl
glucosamine (NAG) attached to
A. asurface Asn residue.
B. a surface GIn residue.
C. a buried Asn residue.
D. the amino terminal residue.
Answer: A
The O-linked glycoproteins of eukaryotes usually have their sugar chains
attached to
A. buried carbonyls in the protein backbone.
B. surface carbonyls in the protein backbone.
C. the OH of Ser or Thr residues.
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25.

26.

27.

28.

29.

30.

31.
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D. the carboxyl terminal residue.

Answer: C
Starch is a polymer made from the following monomer
A. B-glucose B. a-glucose
C. a-fructose D. a-galactose
Answer: B
The products of hydrolysis of lactose are:
A. a-glucose and a-fructose B. a-glucose and a-galactose
C. a-fructose and a-galactose D. a-galactose and a-ribose
Answer: B

The type of bond that forms when a disaccharide is formed from two
monosaccharides is called:
A. A peptide bond B. A carbohydrate bond
C. An ester bond D. A glycosidic bond

Answer: D
The type of reaction that occurs when a disaccharide is formed from two
monosaccharides is

A. Addition B. Hydrolysis
C. Condensation D. Reduction
Answer: C
Which is the most important carbohydrate fuel in human cells?
A. Ribose B. Glucose
C. Galactose D. Fructose
Answer: B
Which two monosaccharides combine to form sucrose?
A. a-galactose and a-fructose B. a-fructose and a-ribose
B. a-glucose and p-glucose D. a-glucose and a-fructose
Answer: D
Aldoses are reducing sugars because in their non-cyclic form they contain:
A. A ketone group B. An ester group
C. An hydroxyl group D. An aldehyde group
Answer: D
Saccharides contain the following combination of elements:
A. carbon, hydrogen and phosphorus
B. carbon, nitrogen and hydrogen
C. carbon, oxygen and hydrogen
D. carbon and hydrogen
Answer: C
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Complete each sentence or statement.

1.

2.

10.

11.

12.

13.

14.

15.

Sugars that differ only by the configuration at one C atom are .
Answer: epimers
A/An is any six-carbon sugar.
Answer: hexose
A/An consists of two opposing metabolic reactions that function
together to provide a control point for regulating metabolic flux.
Answer: futile cycle or substrate cycle
A/An is a sugar with the structure of an aldehyde.
Answer: aldose
A/An _is the linkage between the anomeric carbon of a saccharide
and an alcohol or amine.
Answer: glycosidic bond

Pentose is a carbon sugar.

Answer: five
The and stereoisomers of sugars refer to the configuration of
the asymmetric carbon atom from the aldehyde or ketone group.

Answer:D, L
A is formed when two monosaccharides become joined by
a glycosidic bond.
Answer : disaccharide
The groups of sugars can be replaced by other groups to form a
wide range of biologically important molecules including phosphorylated
sugars, amino sugars and nucleotides.
Answer : hydroxyl
Lactose is a disaccharide formed between C-1 of and C-4 of

Answer : galactose, glucose
Long chains of monosaccharide joined together are collectively called

Answer : polysaccharide
is a branched chain polysaccharide containing glucose residues
linked by a 1-4 bonds with a 1-6 branch point.
Answer : Glycogen
is a mixture of unbranched amylase and branched
amylopectin.
Answer : Starch
consists of glucose residue linked mainly by a 1-6 bonds.
Answer : Dextran
is a straight chain polymer of glucose units linked by p 1-4
bonds.
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Answer : Cellulose
Short chains of monosaccharides linked by glycosidic bonds are called

Answer : oligosaccharides
Commercially is manufactured by the hydrogenation of
glucose.
Answer : sorbitol
occurs in many terrestrial and marine plants.
Answer : Mannitol
is an excellent moisture conditioner and is used in
pharmaceutical preparations like elixirs and syrups.
Answer : Sorbitol
acids are formed when aldoses are oxidized with nitric acid.
Answer : Aldaric or Saccharic
Oxidation of an aldose with bromine water at neutral pH converts the
aldehyde group to a group and resulted to form
Answer : carboxyl, aldonic ac1d
is commercially prepared from mannose and fructose.
Answer : Mannitol
sugar is found in milk.
Answer : Lactose
sugar is stored as a reserve food supply in insect’s hemolymph.
Answer : Trehalose
is a non-digestible fructosyl oligosaccharide found naturally in
more than 36,000 types of plants.
Answer : Inulin

Indicate whether the sentence or statement is true (T) or false (F).

1.

The body's favorite energy supply is from protein.

Answer: F

Carbohydrates can be sugars, starches or fiber.

Answer: T
Whole-grain breads, cereals and pastas are good sources of carbohydrate.

Answer: T
Sugars that have three or more sugar molecules are called
monosaccharides.

Answer: F

The number of carbohydrate grams in a food can be found on the
Nutrition Facts Label.

Answer: T
Sucrose is a reducing sugar.

Answer: F
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10.

11.

12.

13.

14.

15.
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Sugar found in human blood is glucose

Answer: T
Molisch reaction is a general test for carbohydrates
Answer: T
Iodine test for polysaccharides is a chemical reaction
Answer: F

The changes in specific rotation of an optically active solution without any
change in other properties is known as mutarotation.

Answer: T
Non carbohydrate protion of a glycoside is called aglycone.
Answer: T
Dextrose is the partially degraded breakdown products of starch.
Answer: F
Sucrose is called an invert sugar.
Answer: T

Carbohydrates that differ in their configuration around a specific carbon
atom than the carbonyl! carbon atom are called epimers.

Answer: T
Carbohydrates that differ only in their configuration around the carbonyl
carbon atom are called anomers.

Answer: T
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Chapter 3
Lipids and Membranes

The word lipids is derived from the Greek word 'lipos' meaning fat. Lipids are
chemically heterogenous group of compounds that are insoluble in water but
soluble in non-polar solvents such as hexane, chloroform. Lipids occur in plants
and animals as storage and structural components. Structural lipids present in
animals and plants are in the form of meat and vegetables, respectively. Storage
fats occur in milk and adipose tissue of farm animals and in seed oils. Fats
supply over twice as much energy per unit weight as proteins or carbohydrates.
Lipids are anhydrous due to non-polar nature and represent more energy than
carbohydrates which are heavily hydrated due to polar nature. The presence of
lipids in diet contributes considerably to palatability. A fat- free diet would be
unpleasant to eat. Lipids contribute palatability in two ways. They induce
olfactory responses, namely, taste in the mouth and aroma through nose.
Secondly, they contribute to the texture of food and is responsible for the
mouth-feel. Lipids also supply the essential fatty acids which are not
synthesised in human beings but are essential for growth. Lipids are essential
for the effective absorption of fat-soluble vitamins A, D, E and K from intestine.
Many enzymes require lipid molecules for maximal activity. ~Examples are
microsomal enzyme, glucose 6-phosphatase and mitochondrial enzyme, B
-hydroxybutyrate dehydrogenase. Adrenal corticosteroids, sex hormones and
vitamin D3 (Cholecalciferol) are synthesized from lipid derivative (cholesterol).
Much of the lipid of mammals is located subcutaneously and acts as insulation
against excessive heat loss to the environment.

Classification of Lipids
Simple Lipids
e Esters of fatty acids with glycerol and monohydric alcohols.

e Depending upon the constituent alcohols they are further subdivided
into fats or oils and waxes.

e TFats, also termed as triacylglycerols are esters of fatty acids with glycerol
e.g., Plants-vegetable oils; Animals-ghee and butter.

o Waxes are esters of fatty acids and alcohols other than glycerol e.g., Plant
wax-carnauba wax; Insect wax-beeswax; Animal wax -lanolin.
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.

Compound Lipids
» Esters containing chemical groups in addition to alcohol and fatty acids.

¢ Depending upon the chemical groups they are further subdivided into
phospholipids, glycolipids, sulpholipids and lipoproteins.

¢ Phospholipids contain phosphate group. Phopholipids are further
grouped as glycerophospholipids, if the constituting alcohol is glycerol
(e.g., Lecithin) or as sphingophospholipids, if the alcohol is sphingosine
(e.g., Sphingomyelin).

e Glycolipids contain hexose units preferably galactose alongwith fatty
acids and alcohol e.g., cerebrosides.

e Plant sulpholipids contain sulfated hexose with fatty acids and alcohol.

e Lipoproteins contain protein subunits along with lipids. Depending
upon density and lipid compound they are further classified as VLDL.
LDL and HDL.

Derived Lipids

* Substances derived from simple and compound lipids by hydrolysis of
alcohols, fatty acids, aldehydes, ketones, sterols and hydrocarbons.

Lipids are water-insoluble that are either hydrophobic (nonpolar) or
amphipathic (polar and nonpolar regions). Lipids are in many ways the most
diverse of the biological macromolecules, since they are something of a rag-tag
bunch of leftovers. Lipids are pretty much everything in the cell that isn't very
water soluble, and chemically they don't have a great deal in common with one
another. The best known lipids are probably the fatty acids, so that is where we
shall start.

The Fatty Acids

The fatty acids are long chain carboxylic acids synthesised by the condensation
and reduction of acetyl coenzyme-A units by fatty acid synthase. The more
important ones have nonsystematic names in wide use. Stearic and palmitic
acids are saturated (no double bonds), oleic acid is monounsaturated, and
linoleic and linolenic are polyunsaturated (Table 3.1). All these common fatty
acids are cis (E) fatty acids. Because of the links in the chain caused by the double
bonds, the unsaturated fatty acids tend to be liquids at room temperature (they
are less easy to pack together to form a solid). Bacteria and plants (which cannot
thermoregulate) will use more unsaturated acids in their cell membranes when
they are exposed to cold: this helps to maintain membrane fluidity.
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Molecular structure Name of Fatty acid
0
/\/\/-\/\/\/LL Lauric acid: saturated
C12
QH
O . .
Myristic acid:
/\/\/\/\/\/\)‘]\ OH saturated Cus
@
Palmitic acid:
/\/W\/\/\/\)J\ saturated Cis
OH
O .
Stearic acid :
/\/\/\/\/\/\/\/\)J\ OH saturated Cis
O .
Oleic acid :
\/\/\WV\/\/I‘L OH monounsaturated Cis
o) o
Linoleic acid :
/\/\/—\M\/\)‘L OH diunsaturated Cas
O

y -Linolenic acid :
— — — OH triunsaturated Cis

Arachidonic acid :
— — — == OH tetraunsaturated Cz

The nomenclature of these acids is rather complicated. There are at least five
systems in use. Here are some of the above in the different systems. The delta
system numbers the double bonds from the carboxyl group (the A carbon),
whereas the omega system indicates where the first double bond is counting
from the other end of the molecule (the © carbon).

Table 3.1 : Details of important Saturated and Unsaturated Fatty Acids.

Fatty Acid Systematic Colon Delta Omega
Stearic acid | Octadecanoic acid 18:0 Octadecanoic acid -
Eglgutlc Hexadecanoic acid 16:0 Hexadecanoic acid -
. . . . cis-A%-octadecenoic

Oleic acid E-Octadec-9-enoic acid 18:1n9 acid w9
Linoleic 9E, 12E-Octadeca-9, 12- 18:2n9 cis, cis-A% 12- o6
acid dienoic acid ) octadecadienoic acid

Linolenic 6E, 9E, 12E-Octadeca-6, 9, 18316 cis, cis, cis -A69.12_ 3
acid 12-trienoic acid ’ octadecatrienoic acid ®
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However, the most important use for lipids in the cell is in the formation of
membranes. membranes contain amphipathic molecules, ie., ones with a
hydrophobic end and a hydrophilic end.

Some of these lipids contain two fatty acids bound to a glycerol molecule. These
are glycerolipids. The third position is taken up by a polar head group
containing phosphate and another compound. This other compound can be
choline (as below) forming phosphatidyl choline, or serine (phosphatidyl serine),
glycerol, inositol, ethanolamine, hydrogen (phosphatidic acid) or even an entire
other diacylglycerol unit (forming a cardiolipin).

Essential Fatty Acids

Human body is unable to synthesise all fatty acids found in the body. Those
fatty acids that are not synthesized in the body but required for normal body
growth and maintenance are called as essential fatty acids. These fatty acids are
to be supplied through diet. Linoleic and linolenic acids are essential fatty
acids. The longer chain fatty acids can be synthesized by the body from dietary
linoleic and a-linolenic acids. Arachidonic acid is essential but it can be
synthesised by the body from linolenic acid. It is also present in the meat.
Linoleic acid is grouped under n-6 family because the 6th carbon from methyl
end possesses the double bond.

Simple Lipids

Lipids containing only fatty acids and glycerol or long chain alcohols
(monohydric) are called as simple lipids which include fats, oils and waxes.

Fats and Qils

Triacylglycerols are the simplest lipids constructed from fatty acids and glycerol.
They are also referred as triglycerides, fats or neutral fats. Triacylglycerols are
composed of three fatty acids esterified to the three hydroxyl groups of glycerol.
Triacylglycerol that are solid at room temperature are called as fats, while the
liquid triacylglycerols are called as oils. Fats are usually rich in saturated fatty
acids and the unsaturated fatty acids predominate in oils. Most oil-producing
plants store their lipids in the form of triacylglycerols.

Three fatty acids esterified to glycerol known as triglycerides
o)

il
ﬁ CHO—C—CH-CHy~(C M- CH,
HoH
HC—{CIL) "f,:Cm(CHz‘g-‘C—O—(l)H o)
1l
CHzO—C—CHE-CH—(CH 3 CH,

A triacylglycerol
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Structural or Hidden Fats in Plants

The leaves of higher plants contain upto 7% of their dry weight as fats; some of
which are present as surface lipids, the others as components of leaf cells,
especially in the chloroplast membrane. The fatty acid composition of plant
membrane lipids is very simple. Six fatty acids- palmitic, palmitoleic, stearic,
oleic, linoleic and y-linolenic generally account for over 90% of the total fatty
acids.

Waxes

Waxes are esters of long-chain saturated and unsaturated fatty acids with long
chain alcohol (Table 3.2). The carbon number of fatty acids vary from 14 to 34
and that alcohol from 16 to 30.

W aster 0

R W N T N T ,»/2]\ O et e Nt N o S TN

For example, beeswax is an ester of palmitic acid with a 30 carbon alcohol,
triacontanol.

I
CH(CHy) -~ C—O0—CHy—{(CHy)os—CHgs

Palmitic acid Triacontanol

More commonly, waxes are esters of an alcohol other than glycerol (long chain
alcohol, sterol, hydroxycarotenoids, vitamin A) and a long chain acid (wax
esters). Wax esters are saponified by hot alkaline solutions and give a fatty acid
and an alcohol. They are soluble in aromatic solvents, chloroform, ethers, esters
and ketones.

Table 3.2 : Wax Components and Its General Structure

Compound General structure
n-Alkanes HiC[CH,].CH;
Ketones R'COR?

Secondary alcohols RICH{OH)R?
B-Diketones RICOCH,COR?
Monoesters RICOOR?

Primary alcohols RCH,OH
Aldehydes RCHO

Alkanoic acids RCOOH
Dicarboxylic acids HOOC[CH,}.COOH
o-Hydroxy acids HOCH:[CH;].COOH
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Waxes are the chief storage form of metabolic fuel in marine phytoplanktons.
Biological waxes have find a variety of applications in the pharmaceutical,
cosmetic and other industries. Waxes are not easily hydrolysed like fats or
digested by lipases.

Compound Lipids

Compound lipids contain certain chemical groups in addition to alcohol and
fatty acids. These group of lipids include glycerophospholipids, sphingo
phospholipids, glycolipids, sulpholipids and lipoproteins.

Glycerophospholipids

The important structural lipid in biological membrane is glycero phospholipid
which contains glycerol, fatty acids, phosphoric acid and a nitrogenous base.
Two fatty acids and a phosphate esterified to glycerol

I 0
0 i
H,0—0—P—O—R
coo" 3
R= OH,CH , CH,CH,-NHy , CH,~CH,N(CHy)" ,et.

NH,

Without alcoholic residue (R), it is called as phosphatidic acid. Depending on the
alcoholic residue attached to phosphatidic acid, they are named as :-

e Phosphatidyl choline (lecithin)
¢ Phosphatidyl ethanolamine (cephalin)
e Phosphatidyl serine
e Phosphatidyl inositol
e Phosphatidyl glycerol (which include monophosphatidyl glycerol and
diphosphatidyl glycerol or cardiolipin).
Phosphatidy! choline (lecithin)

0
ﬁ Hz(l:—o ""p: —Ry
R—(—0-CH 0
%&o—q—o—cnzcuzﬁ(cns)s
S
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Lecithins are widely distributed in the membranes of cells having both
metabolic and structural functions. Dipalmityl lecithin is a very effective surface
active agent preventing adherence due to surface tension of the inner surfaces
of the lungs. Most phospholipids have a saturated fatty acid in the C1 position
but an unsaturated fatty acid in the C2 position.

Phosphatidyl ethanolamine (cephalin)

0
0 Hz(i:—o—H—Fh

i
RZ-—C—O—CH 0

Hz(‘:—o—F:!-O—CHzmzfﬁH3
o
The cephalin differs from lecithin only in the nitrogenous group where
ethanolamine is present instead of choline.

Phosphatidyl serine

o H2F—0—C R
R;mC—0=CH O .
Hzc""O—Ii'_O"CHZ—?H-NH;
o Co0~

The hydroxyl group of the amino acid L-serine is esterified to the phosphatidic
acid.

Phosphatidyl inositol

0
0 HZIC'—O —'E—R 1
Il
R—C—0— CH 0

OH
Hz(lz—o—él!—o
sy
N H OH
H H

Phosphatidyl inositol is an important constituent of cell membrane
phospholipids; upon stimulation by a suitable animal hormone it is cleaved
into diacylglycerol and inositol phosphate, both of which act as internal signals
or second messengers.
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Phosphatidyl glycerol
0

?I) HZ(IZ—O—O!—FH
R~C—0-CH 0O
1
Hzé—o—,la—o—cuzcucuzou
0" H

Cardiolipin is a phospholipid that is found in membranes of mitochondria. It is
formed from phosphatidylglycerol.

0
o Hzc—«o—!!—n1

I
R;—C—0—CH O

0
HzJ:—o—;::'—o——-CHZ HzC'—O—g“Rﬂ

0" H-C—OH O  HC—0—C—R,
HyC~0—p—0—CHz

I
o-

Sphingophospholipids

The phosphate and fatty acids are attached to the alcohol sphingosine instead of
glycerol in sphingophospholipids. The fatty acids are attached through an
amide linkage rather than the ester linkage. The base present is normally choline.
C-1, C-2 and C-3 of the sphingosine or phytosphingosine bear functional groups,
-OH, -NH2 and -OH respectively, which are structurally homologous with the
three hydroxyl groups of glycerol.

All sphingolipids contain a sphingoid long-chain base (e.8., sphingosine) that is
linked to a fatty acid molecule through an amide bond, thereby forming the

ceramide unit. Addition of phosphocholine or carbohydrates to ceramide leads
to sphingomyelin or glycosphingolipids, respectively." (Fig. 3.1)

34



Lipids and Membranes

Seh ngowne

MW'"R
WAAMAAAAH

O
Ceramide
Fatty acid
Substituent (R) Sphingolipid
H Ceramide
Phosphochofine Sphingomyelin
Sugar(s) Glycosphingolipid

Fig. 3.1 . General sphingolipid Structure

Glycolipids and Sulpholipids
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Fig. 3.2 : General Structure of Glycolipids
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Glycolipids are structurally characterised by the presence of one or more
monosaccharide residues and the absence of a phosphate (Table 3.2). They are
O-glycoside of either sphingosine or glycerol derivative. The monosaccharides
commonly attached are D-glucose, D-galactose or N-acetyl D-galactosamine.
Monogalactosyl diglycerides and digalactosyl diglycerides have been shown to
be present in a wide variety of higher plant tissues.

Lipoprotein

triacylclycqrol
and esterfied
cholesterol

apolipoprdin

Protein molecules associated with triacylglycerol, cholesterol or phospholipids
are called lipoproteins. Triacylglycerols derived from intestinal absorption or -
from the liver are not transported in the free form in circulating blood plasma,
but move as chylomicrons, as very low density lipoproteins (VLDL) or as free
fatty acids (FFA) - albumin complexes. Besides, two more physiologically
important groups of lipoproteins are low density lipoprotein (LDL) and high
density lipoprotein (HDL).

The major lipid components of chylomicrons and VLDL are triacylglycerol,
whereas the predominant lipids in LDL and HDL are cholesterol and
phospholipids respectively. The protein part of lipoprotein is known as
apoprotein. Lipoproteins occur in milk, egg-yolk and also as components of cell
membranes.

Sterols

The characteristic structure of sterol is their steroid nucleus consisting of four
fused rings, three with six carbons (Phenanthrene) and one with five carbons
(cyclopentane). This parent structure is known as perhydro cyclopentano
phenanthrene. Cholesterol is the most abundant sterol in animals. Cholesterol
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is a major component of animal plasma membranes and occurs in lesser
amounts in the membranes of their subcellular organelles.
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Brassinosteroids

General structural formula Simplified general structural formula

In 1979, a novel plant growth regulating steroidal substance called brassinolide
was isolated from rape (Brassica napus) pollen. Brassinosteroids are thought by
some to be a new class of plant hormones. The evidences are :

They are widely distributed in the plant kingdom.
They have an effect at extremely low concentration.

They have a range of effects which are different from the other classes of
plant hormones.

They can be applied to one part of the plant and transported to another
where in very low amounts elicit a biological response.

Properties of Fat

Physical

They are insoluble in water and soluble in organic solvents.

Pure triacylglycerols are tasteless, odourless, colourless and neutral in
reaction.

They have lesser specific gravity (density) than water and therefore float
in water.

Though fats are insoluble in water, they can be broken down into minute
droplets and dispersed in water. This is called emulsification.

They contain hydrophilic colloidal particles such as proteins,
carbohydrates and phospholipids which act as stabilizing agents.

Emulsification greatly increases the surface area of the fat and this is an
essential requisite for digestion of fat in the intestine.
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Chemical

» Fatis hydrolysed to yield three molecules of fatty acid and one molecule
of glycerol. The hydrolysis of fat is effected by alkali and enzyme.

* The process of alkali hydrolysis is called 'saponification'.
* The alkali salt of fatty acid resulting from saponification is soap

* Hydrolysis of triacylglycerol may be accomplished enzymatically
through the action of lipases.

e Development of disagreeable odour and taste in fat or oil upon storage is
called rancidity. Rancidity reactions may be due to hydrolysis of ester
bonds (hydrolytic rancidity) or due to oxidation of unsaturated fatty
acids (oxidative rancidity).

* The partial hydrolysis of the triacylglycerol to mono and diacylglycerol is
called Hydrolytic rancidity. The hydrolysis is hastened by the presence of
moisture, warmth and lipases present in fats or air. In fats like butter
which contains a high percentage of volatile fatty acids, hydrolytic
rancidity produces disagreeable odour and taste due to the liberation of
the volatile butyric acid. Butter becomes rancid more easily in summer.

* The unsaturated fatty acids are oxidised at the double bonds to form
peroxides, which then decompose to form aldehydes and acids of
objectionable odour and taste (Oxidative rancidity).

Constants of Fats and Oils

Since fats and oils form essential nutrient of human diet, it is necessary to
identify a pure fat or to determine the proportion of different types of fat or oil
mixed as adulterant in edible oils and fats like butter and ghee. With an
adequate knowledge of the characteristic composition of fats or oils, it is
possible to identify the fat or oil under investigation. The chemical constants also
give an idea about the nature of fatty acids present in fats or oils. Eventhough
gas chromatographic method is available to identify and quantify the fatty acids
present in fat or oil, the physical and chemical constants are still used in routine
public health laboratories where such sophisticated facilities are lacking.

Physical constants

. Specific Gravity : Since different oils have different specific gravity, any
variation from normal value shows mixture of oils.
. Refractive Index : Fats have definite angles of refraction. Variation from

the normal value indicates adulteration of fats or oils.
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Solidification Point or Setting Point : Solidification point is the temperature
at which the fat after being melted, sets back to solid or just solidifies. Each
fat has a specific solidification point.

Chemical constants

Saponification number : It is defined as milligrams of KOH required to
saponify 1 gm of fat or oil. Saponification number is high for fat or oil
containing low molecular weight or short chain fatty acids and vice versa.
It gives a clue about the molecular weight and size of the fatty acid in the
fat or oil.

Iodine Number : It is defined as the number of grams of iodine taken up by
100 grams of fat or oil. Iodine number is a measure of the degree of
unsaturation of the fatty acid. Since the quantity of the iodine absorbed by
the fat or oil can be measured accurately, it is possible to calculate the
relative unsaturation of fats or oil.

Reichert-Meisel Number (R.M.number) : It is defined as the number of
millilitres of 0.1 N alkali required to neutralise the soluble volatile fatty
aicds contained in 5 gm of fat. It measures the volatile soluble fatty acids.
It is confined to butter and coconut oil. The determination of
Reichert-Meisel number is important to the food chemist because it helps
to detect the adulteration in butter and ghee. Reichert-Meisel value is
reduced when animal fat is used as adulterant in butter or ghee.

Polanski Number : It is defined as the number of millilitres of 0.1 N
potassium hydroxide solution required to neutralise the insoluble fatty
acids (not volatile with steam distillation) obtained from 5 gm of fat.Ghee
may be adulterated by the addition of insoluble, non-volatile fatty acids
(by addition of animal fat). This can be tested by finding out the Polanski
number

Acetyl Number : It is defined as the amount in millilitres of potassium
hydroxide solution required to neutralise the acetic acid obtained by
saponification of 1 gm of fat or oil after acetylation. Some fatty acids
contain hydroxyl groups. In order to determine the proportion of these,
they are acetylated by means of acetic anhydride. This results in the
introduction of acetyl groups in the place of free hydroxyl groups. The
acetic acid in combination with fat can be determined by titration of the
liberated acetic acid from acetylated fat or oil with standard alkali. Acetyl
number is thus a measure of the number of hydroxyl groups present in fat
or oil.
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. Acid Number : It is defined as the milligram of potassium hydroxide
required to neutralise the free fatty acids present in one gram of fat or oil.
Acid number indicates the amount of free fatty acids present in fat or oil.
The free fatty acid content increases with age of the fat or oil.

Biological Membranes

Proteins and polar lipids account for mass of biological membranes. The relative
proportions of protein and lipid differ in different membranes, reflecting the
diversity of biological roles. Amphipathic molecules form a lipid bilayer with
the non polar region of lipids facing outward. In this lipid bilayer, globular
proteins are embedded at regular intervals held by hydrophobic interactions.
Some proteins protrude from one or other face of the membrane (peripheral
proteins); some span its entire width (integral proteins). The individual lipid and
protein subunits in a membrane form a fluid mosaic. The membrane is fluid
because the interactions among lipids, between lipids and proteins are non
covalent, leaving individual lipid and protein molecules free to move laterally.

One of the key functions of a membrane is to control the passage of substances
across it. They are said to be selectively permeable. The different membranes of
the cell have different selective permeabilities.

Common Features
. Membranes are sheetlike, just a few molecules thick and form closed
boundaries between cell compartments.

o Membranes contain lipids and proteins, with small amounts of
carbohydrayes linked to the lipids and proteins.

. Lipids in membranes are small with hydrophobic and hydrophilic
portions. Lipid bilayers provide a barrier to the diffusion of polar

molecules.

. Characteristic functions of membranes are mediated by specific proteins,
serving as pumps, channels, receptors, energy transducers and enzymes.

. Membrane components associate through noncovalent interactions.

. Membranes are asymmetrical, with two sides of the membrane differing

from each other.

. Lipid and protein molecules often diffuse rapidly in the plane of the
membrane.
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Bilayer Formation
Hydrophobic interactions provide the primary driving force for the formation of
bilayers (Fig. 3.3).

Aqueous

MIRIATNE
LY LS

Aqueous phitic

Fig 3.3 : Arrangement of Lipid Bilayer in Cell Membrane

Saturated fatty acid chains pack easily and have a higher melting temperature
(Tm). Butter is a solid at room temperature so has a high Tm.

Unsaturated fatty acids have a lower Tm. Canola oil is a liquid at room
temperature so has a low Tm.

Cholesterol impedes motion of the hydrocarbon tails making membranes less

fluid (3.4).
%’ @ — Poiar head group
ﬁ-‘ {

Apoiar, hydrocarbon tails

S Uu S5 8§
Fig. 3.4 : Typical Structure of Head and Tail of Lipid Bilayer

The degree of saturation of the "tails" affects the stability of the membrane.
Saturated fats pack more easily than unsaturated fats. A high percentage of
unsaturated fats lowers the temperature at which a membrane will become rigid.
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Fluid Mosaic Model

* The lipids are arranged in a bilayer, which is both a permeability barrier
and solvent for integral proteins (Fig. 3.5).

* Some lipids interact with specific proteins to produce
characteristic functions of the membrane.

* Lipids diffuse laterally (horizontally) rapidly but transversely
(vertically) slowly. Proteins diffuse laterally.
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Peripheral protein "

Fig. 3.5 : Fluid Mosaic Structure of Cell Membrane

Membrane Carbohydrates:

. Common monosaccharides associated with membranes are: glucose,
galactose, fructose and mannose.

. Polysaccharides attached to membranes are built from monosaccharides
attached to each other via glycosidic bonds.

J Hexoses can be linked from any of 5 positions on the molecule ---—- >
possibility of numerous different structures, i.e., "high information content".

. Both membrane proteins and lipids can be glycosylated.

. In glycoproteins, the sugar residues are attached to nitrogen of Asn (N-
linked) or via hydroxyl of a Ser or Thr (O-linked).
. Both glycoproteins and glycolipids are important in cell-cell recognition.
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Membrane Asymmetry:

1. Membrane components are asymmetrically distributed across the
bilayer.

2. Membranes are asymmetrically oriented:
pumps drive transport in one direction
receptors bind molecules on the outside

3. Carbohysrates are asymmetric because they are found on the outside of
the surface of the cell.

Sphingolipids and Glycolipids:

Sphingomyelin (an important spingolipid)-
A lipid found in brain, blood cells and lung surfactant.
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Glycolipids -
e have an identical structure, except the phosphoryl choline
headgroup is replaced with a monosachharide (sugar).
Peripheral Membrane Proteins:
¢  Are either extracellular or intracellular.

¢ Though associated with membranes they can be easily
removed.

Extracellular Proteins:
e Protein ligands specific for cell surface receptors.
¢ Proteins of the extracellular matrix.

Intracellular Proteins:
e Attach to lipid anchors or to integral proteins.

o These proteins can be modified covalently by lipids ---->
localizes them to specific membranes.

e Many of these modified proteins are oncoproteins -->
cause cancer if they become malfunctional.

Integral Membrane Proteins:

e Span the bilayer and thus have both intra- and
extracellular domains.

¢ The transmembrane domain is always -helical.

¢ They cannot be removed from the membrane without
very harsh treatments.

They fall into three classes: antigens, receptors and translocators.

1. Antigens:

e Integral membrane proteins that are recognized by
antibodies.

2. Receptors:

e Are required for the specific action of hormones,
transmitters and growth factors.

o Three general classes of membranes receptors: growth factor
receptor tyrosine kinases (RTKs), small molecule 7
transmembrane helix receptors, receptor channels.
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(@) RTKs bind hormones such as insulin

They contain:

*  Anextracellular ligand binding domain.
* A single a-helical transmembrane domain.

* An intracellular domain which can phosphorylate
tyrosine residues on proteins.

(b) Small Molecule 7 Transmembrane Helix Receptors (Fig. 3.6).

* Bind hormones such as epinephrine and glucagon.
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Fig. 3.6 : Receptor proteins on out and Inside Cell Membrane.

Most are G-Proteins- activate other membrane proteins which bind GTP (Fig.
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G-Proteins
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Fig. 3.7 : Schematic Presentation of G-Protein Functions in Signal Transduction

3. Transporters (Translocators):

The major function of membranes is that of a permeability barrier allowing the
cell to maintain distinctly different environments between compartments.

So, cells have evolved transport mechanisms to move things across membranes.
Transporters may be active or passive.
Active Transport: (Fig. 3.8)

e In some cases the cell "pumps" solutes against their
concentration (electrochemical) gradient.

e This is active transport because energy must be expended.
e Na*/ K* ATPase (or Na* Pump)

e This "pump" is found in the plasma membrane of ALL mammalian
cells.
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e Its function is to pump three Na* ions out of the cell and two K*
ions into the cell, at the expense of one ATP molecule.
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Fig. 3.8 : Active Transportation process Across the Cell Membrane
Passive Transport : Channel (carrier-mediated) with the Electrochemical

(concentration) Gradient (Fig. 3.9).
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Fig. 3.9 : Passive Transportation Processes Across the Cell Membrane
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QUIZ

Identify the letter of the choice that best completes the statement or answers
the question.

1.

What functional group is present in a triglyeride formed between glycerol
and a saturated fatty acid?

A. Carboxylic acid
B. Alcohol
C. Ester
D. Hydroxyl
Answer: C
Which functional groups are present in an unsaturated fatty acid?
A. Carboxylic acid and ester
B. Carboxylic acid and alcohol
C.  Carboxylic acid and alkane
D. Carboxylic acid and alkene
Answer: D
Which of the following is the molecular formula for glycerol?
A. CHOHCHOHCH,COOH
B. CH-OHCH,CH,>OH
C. CH,OHCHOHCHOH
D. DHOHC(OH).CHs
Answer: C
Phospholipids are molecules that contain:
A.  Positively charged functional groups.
B. Long water-soluble carbon chains.
C. Cholesterol.
D. Hydrophilic heads and hydrophobic tails.
Answer: D
Micelles of fatty acids in water are organized such that the ___ face the
solvent and the ___ are directed toward the interior.
A.  Carboxylic acid groups; hydrocarbon chains
B.  Hydrocarbon chains; carboxylic acid groups
C.  Hydrophobic tails; hydrophilic heads
D. None.
Answer: A

The lipid with the lowest energy value for human nutrition is:

A.

B.

C.

Cardiolipin.
OlestrA.
Lecithin.
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Margarine.

Answer: B

Cholesterol is essential for normal membrane functions because it

A.

B.

C.
D.

Cannot be made by higher organisms, e.g. mammals.
Spans the thickness of the bilayer.

Keeps membranes fluiD.

Catalyzes lipid flip-flop in the bilayer.

Answer: C

According to the fluid mosaic model of cell membranes, which type of

molecule spans the membrane, from its inner to outer surface?

SEOR e

What are the membrane structures that function in active trans

onwp

All of the following are found in membranes except:
A.

B.
C.
D.

Carbohydrate.
Hydrocarbon tails.
PhospholipiD.
Protein.

Peripheral proteins.
Carbohydrates.

Integral proteins.
Hydrophobic molecules.

Nucleic acids.
Phospholipids.
Glycoproteins.
Glycolipids.

Answer: D
port?

Answer: C

Answer: A

The membrane proteins that catalyze active transport reactions differ from
soluble enzymes in that

They do not enhance the rates of reaction.

The product(s) of the reaction move in a specific direction.

The substrate(s) of the reaction are all outside the cell.

Answer: B

Which of the following is not an example of a lipid found in lipid-linked

A.

B.

C.

D.  They are not specifiC.
proteins?

A.  Farnesyl groups.

B.  Palmitic aciD.

C.  Myristic aciD.

D.  Stearic aciD.
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Answer: D
Which of the following molecules cannot move directly through the
membrane by simple diffusion?

A O
B. N2
C. HO
D. CO;

Answer: C
The facilitated diffusion of glucose into erythrocytes uses a mechanism
called

A. Active transport

B.  Antiport
C.  Symport
D.  Uniport
Answer: D
The rate-limiting step in lactose transport (in E. coli) is
A, Binding of a H+ outside the cell
B. Binding of lactose outside the cell
C.  Conformational change in the permease
D. Dissociation of lactose inside the cell
Answer: C

The outward-facing conformation of E. coli lactose permease has a:
A.  High pKa for the active site Glu residue

B.  Low affinity for lactose
C.  Low pKa for the active site Arg residue
D. None

Answer: A
The active transport of Na+ and K+ by the membrane Na+-K+ pump uses
energy from:
A.  Lhe membrane potential, Y.
B.  ATP hydrolysis to ADP and Pi.
C.  ATP hydrolysis to AMP and PPi.
D.  Symport (or counter-transport) of Cl-.

Answer: B
An intermediate in the Na+-K+ pump transport cycle is
A. A phosphorylated Asp residue, E1~P.
B.  Anenzyme-adenylate complex, E~AMP.
C.  Anenzyme-PPi complex, E~PPi.
D. A protonated Glu residue, E-COOH
Answer: A

Which of the following statements about lipids is false?
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A.  The lipids found in biological systems are either hydrophobic or
amphipathic.

B.  Lipids represent highly reduced forms of carbon.

C.  Lipids are highly soluble in water.

D.  Upon oxidation in metabolism, lipids yield large amounts of energy.
Answer: C

Fatty acids that are saturated:

A.  have an even number of carbon atoms

B.  have single bonds between all carbon atoms

C.  have an odd number of carbon atoms

D.  have double bonds between some carbon atoms
Answer: B

Which of the following two fatty acids are the most common saturated

fatty acids in nature?

A.  lauric acid (dodecanoic acid) and stearic acid (octadecanoic acid)

B.  myristic acid (tetradecanoic acid) and palmitic acid (hexadecanoic
acid)

C steric acid (octadecanoic acid) and arachidic acid (eicosanoic acid)

D.  stearic acid (octadecanoic acid) and palmitic acid (hexadecanoic
acid) :

Answer: D

Which of the following statements about fatty acids is true?

A.  The double bonds found in fatty acids are nearly always in the cis
configuration.

B.  Saturated fatty acid chains can pack closely together.

C.  Unsaturated fatty acids produce flexible, fluid arrays because they
cannot pack closely together.

D.  All of the above.

Answer: D
Triacylglycerols are:
A. the fatty acids found only in microorganisms
B fatty acids with highly oxidized carbons
C.  amajor energy reserve for animals
D found only in animals
Answer: C

While many diets call for reduced intake levels of cholesterol, the plant
sterols such as stigmasterol, which are very similar in structure to
cholesterol, are not restricted. One of the reasons for the lack of strictures
on plant sterols is:

A.  The plant sterols are very different in solubility than cholesterol.

B.  The plant sterols are poorly absorbed by intestinal mucosal cells.

102



25.

26.

27.

28.

29.

Lipids and Membranes

C.  The plant sterols are always present as part of the plant cell
membranes and are not free in solution like cholesterol.
D.  The plant sterols are readily broken down by digestive enzymes,
while cholesterol is not.
Answer: B
The glycosphingolipids, which are important components of muscle and
nerve cells, are distinguished by having:
A.  one or more sugar residues in beta-glycosidic linkage at the 1-
hydroxyl position of a ceramide
B.  adiphosphatidylglycerol moiety attached to the sugar residues
C.  phosphatidylcholine as one of the components of the
glycerophospholipid structure
D.  anether linkage instead of the acyl group at the C-1 of glycerol
Answer: A
The primary function of the dolichyl phosphates is to:
A.  serve as intermediates for cholesterol biosynthesis
B.  to carry carbohydrate units in the biosynthesis of glycoproteins
C.  form part of the water-insoluble waxes
D.  form ether linkages to fatty acids in glycerophospholipids
Answer: B
A 1,2-diacylglycerol that has a phosphate group esterified at carbon atom 3
of the glycerol is a:
A.  cardiolipin B. tristearin
C.  sphingomyelin D. glycerophospholipid
Answer: D
In experiments designed to explore whether there is protein transverse
asymmetry in membranes, it was shown that when trypsin was used to
treat intact erythrocytes, the carbohydrate groups of the transmembrane
protein glycophorin were released from the N-terminus of this protein (as
glycopeptides). This was taken as evidence that the N-terminus of
glycophorin must be on the exterior side of the membrane because:
A.  Trypsin is too large to get inside the cell to attack interior parts of
glycophorin.
B Trypsin only attacks carbohydrate residues and not proteins.
C.  Trypsin only attacks proteins when they are present in membranes.
D.  Trypsin only attacks N-terminal regions of proteins and never near
the C terminus.
Answer: A
The term "phase transition" as applied to lipid bilayers involves the
conversion of -a gel to a liquid crystalline phase. The Tm or transition
temperature would be decreased by:
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A. an increase in the average chain length of the component
phospholipids
B. an increase in the degree of unsaturation of the component
phospholipids
C. adecrease in the average chain length of the phospholipids
D. bothbandc
Answer: D.
The protein bacteriorhodopsin has seven transmembrane segments. Based
on your general knowledge of protein structure, you would anticipate that
these transmembrane segments would consist primarily of:
A. beta-pleated sheets with alternating hydrophilic and hydrophobic
residues.
B.  beta-pleated sheets with primarily hydrophobic residues.
C.  amix of beta-pleated sheets and alpha-helices.
D. primarily alpha-helical sequences composed of hydrophobic
residues.
Answer: D
In typical eukaryotic lipid bilayer membranes:
A.  The long hydrocarbon tails of the component phospholipids are
oriented toward the outside of the membrane.
B. The long hydrocarbon tails of the component phospholipids are
oriented towards the interior of the membrane.
C. Proteins embedded in the membrane can readily flip from one side
of the membrane to the other.
D. Proteins on the exterior surface of the membrane are connected by a
cytoskeleton.
Answer: B
When lipids in bilayer are heated, they undergo phase transitions at
specific melting temperatures. These melting points:
A.  decrease with increasing chain length of the component lipids
B.  increase with increasing chain length of the component lipids
C. areindependent of the chain length of the component lipids
D. require specific proteins termed "flippases” to show a defined
melting point

Answer: B
Which of these are among the three types of transmembrane transport?
A.  passive diffusion B. facilitated diffusion
C.  passive transport D.aandc
Answer: D
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The cell membrane allows some charged atoms and molecules to diffuse
through them. What is the gradient that goes to 0 (zero) when charged
particles are at equilibrium across the membrane?
A.  concentration gradient B. electrochemical gradient
C.  electrochemical potential D. Faraday's constant

Answer: B
What is the main difference between passive diffusion and facilitated
diffusion?
A.  Facilitated diffusion uses ATP for energy, but passive diffusion does

not.

B.  Facilitated diffusion uses protein channels, but passive diffusion
does not.

C.  Passive diffusion needs a change in free energy across the

membrane, but facilitated diffusion does not.
D.  Passive diffusion exhibits saturation kinetics, but facilitated diffusion
does not.
Answer: B
Which of the following are examples of facilitated diffusion?
A.  transport of H+ in mitochondria to increase the energy of the cell
B.  transport of glucose across erythrocyte cell wall

C.  transport of chloride ions across cell membrane in erythrocytes
D. BandC

Answer: D
What is the most common molecule involved in driving active transport?
A.  Proton B. ATP
C. NADH D. Chloride

Answer: B

Transport proteins are always found as:
A.  cytoplasmic complexes  B. membrane-associated complexes
C.  transmembrane channels D. having high kinetic energy

Answer: C
If an active transport protein is mutated by scientists to decouple the
hydrolysis of ATP from the transport of the transported molecule, which of
the following will likely happen?
A.  The transport molecule will become a facilitated diffusion protein.
B.  The cell will die.
C.  The transport molecule will stop working, but the cell will survive.
D. A, B,and Careall possible.

Answer: D
What is the function of the chloride-bicarbonate transport protein in
erythrocytes?
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It transports chloride ions to the nucleus.

It exchanges chloride for bicarbonate across the cell membrane.
It brings CO2 away from the respiring tissues to the lungs.
AandB

oN e

Answer: B
Of the following, which is the most direct way to shut down the transport
of Na+ and K+ across animal cell membranes?
A.  administering large amounts of an ATP non-hydrolysable analog to

stop ATP binding
B. feeding the cells large amounts of radioactive glucose
C.  giving the cells a dose of the toxin ouabain

D. none of the above
Answer: C
In humans, what is a common side effect of inhibiting Na+/K+ transport
in the cells of the heart and blood vessels?
A.  highblood pressure B. low blood pressure
C.  Dbipolar disorder D. obesity
Answer: A
When a muscle contracts, what is happening to the Ca++ levels inside and
outside the cell?
A. High cytosolic Ca++ amounts are released into the extracellular
spaces.
B.  Ion channels open to allow extracellular Ca++ to flow into the cell.
C. Ca++ in the nucleus is released into the cytoplasm and this triggers
the contraction.
D. The Ca++ ions attack the stoma and cause it to contract the muscle.
Answer: B
What important process must take place so that muscle cells can contract?
A.  All the ATP must be consumeD.

B.  Excess cytoplasmic Ca++ must be pumped out.
C.  The Na+/K+ pump must be reactivateD.
D. AandC

Answer: B
Across which cell membranes do you find the highest pH gradient in the
body?

A.  across axons in the brain

B across muscle cell membranes during strenuous exercise

C.  in the stomach across gastric mucosal cell membranes

D.  across the membrane of osteoclasts during breakdown of bone
Answer: C

Which of the following is a pore-forming toxin?
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A. colicinla B. a hemolysin
C.  aerolysin D. all of the above
Answer: D
Gap junctions allow which of the following processes to occur?
A.  transport of minerals and nutrients between adjacent cells

B.  protection against cell death if an adjacent neighbor cell dies

C.  movement of cells between adjacent sites

D. AandB
Answer: D

Gramicidin forms a(n) in cell membranes?

A.  coiled coil B. antiparallel sequential helix

C.  antiparallel double helix D. parallel sequential helix
Answer: B

Which of the following statements concerning facilitated diffusion is false?
A. Net diffusion occurs only in the thermodynamically favored
direction.
B.  Proteins that participate in facilitated diffusion display a measurable
affinity and specificity for the transported solute.
C.  Transport rates for biomolecules are lower with facilitated diffusion
than passive diffusion.
D.  Facilitated diffusion displays saturation behavior.

Answer: C
In the sodium pump:
A. 2 Na+t are pumped out while 3 K+ ions are pumped in
B. 3 Na+ ions are pumped out while 2 K+ ions are pumped in
C. 2 Na+ ions are pumped in while 3K+ ions are pumped out
D. 3 Na+ ions are pumped in while 2 K+ ions are pumped out

Answer: B
The calcium pump consists of the following characteristics except:
A. 10 transmembrane helical segments
B.  an ATP-binding domain
C.  aphosphorylation site
D.  one transmembrane segment, glycosylated at the carboxy terminus

Answer: D
The pH gradient across the gastric mucosa is maintained by:
A.  passive diffusion B. facilitated diffusion
C.  active transport D. all of the above

Answer: C

The E2-P state of the sodium/potassium ATPase binds which of the
following?

A.  sodium with high affinity B. potassium with high affinity
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C.  cardiac glycosides D.band ¢

Answer: D
Multidrug resistance is conferred by a protein that:
A.  operates by facilitated diffusion B. operates by active transport
C.  has high substrate specificity D.aand b

Answer: B
One photon of light absorbed by H. Halobium results in which of the
following processes?
A.  the inward transport of 2 H+ B. the outward transport of 2 H+

C.  the inward transport of Cl- D. bothband c
Answer: D
56. Most amino acid and sugar transport systems operate as:
A.  symports utilizing Na+ gradients
B.  antiports utilizing Na+ gradients
C.  symports utilizing Cl- gradients
D. antiports utilizing Cl- gradients
Answer: A

57.

58.

59.

60.

Group translocation refers to which of the following processes?
A. A process in which a chemical modification accompanies transport

B. A process in which an ion and the other transported species move in
opposite directions
C. A process in which an ion and another transported species move in
the same direction
D. BandC
Answer: A

Which of the following features distinguish the phosphotransferase?
A.  Phosphoenolpyruvate is both the phosphoryl donor and the energy
source for sugar transport.
B.  Phosphotransferase requires Enzyme I and HPr.
C.  Enzyme I forms a reactive phosphohistidine intermediate.
D.  all of the above
Answer: A
Which of the following statements concerning porins is false?
A.  Porins are found in outer membranes of Gram negative bacteriA.
B.  General porins sort molecules according to molecular size.
C.  Specific porins contain binding sites for particular substrates.
D.  Porins adopt alpha helical structures in transmembrane segments.

Answer: D
Which of the following toxins fit the helical channel model?
A.  alpha hemolysin B. aerolysin
C.  colicins D. antrax toxin protective agent
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Answer: C
Melittin is a peptide toxin that forms alpha-helical aggregates in
membranes. Which of the statements concerning helices is true?
A. Polar and non-polar residues are randomly situated throughout the
helix.
B Non-polar residues face the ion channel.
C.  Non-polar residues face the hydrophobic interior of the membrane.
D.  Polar residues face the hydrophobic interior of the membrane.
Answer: C
Which of the following statements is true?
A.  Channels are sensitive to membrane phase transitions, while carriers
function efficiently only above a membrane phase transition.

B.  Carriers adopt a fixed orientation in a membrane.

C.  Channels are temperature-independent, while carriers function only
above a membrane transition phase.

D. AandB

Answer: C

Complete each sentence or statement.

1.

is the simultaneous transmembrane movement of two molecules
in opposite directions through a transport protein.
Answer: Antiport
An area of a lipid bilayer with a distinct lipid composition and near-
crystalline consistency is called a/an
Answer: lipid raft
The movement of a lipid within one leaflet of a bilayer is called
Answer: lateral diffusion
is the fusion of an intracellular vesicle with the plasma
membrane in order to release the contents of the vesicle outside the cell.
Answer: Exocytosis
is the charge of one mole of electrons.
Answer: Faraday
A lipid to which carbohydrate is covalently attached is a/an .
Answer:glycolipid
An artificial vesicle consisting of a lipid bilayer surrounding an aqueous
interior is a/an
Answer: liposome
A long-chain hydrocarbon with a carboxylic acid group at one end is a/an

Answer: fatty acid
A/An is a metabolically required substance but not a part of
lipid bilayer membrane.
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Answer: vitamin
is a model of biological membranes in which integral membrane
proteins float and diffuse laterally in a fluid lipid layer.

Answer: Fluid mosaic model
A/An is an amphipathic lipid containing a polar head group and
an acyl group attached to a derivative of palmitate and seririe.

' Answer: sphingolipid
A membrane protein that is embedded in the lipid bilayer is a/an
protein, also called an intrinsic protein.
Answer: integral membrane or intrinsic
A substance released by a nerve cell to alter the activity of a target cell is
a/an
Answer: neurotransmitter
A/An is a lipid constructed from 5-carbon units with an isoprene
skeleton.

Answer: isoprenoid
is a lipid in which three fatty acids are esterified to a glycerol
backbone.

Answer:Triacylglycerol
Myelin sheath is the multilayer coating of -rich membranes that
insulates a mammalian neuron.
Answer: sphingomyelin
is the movement of a lipid from one leaflet of a bilayer to the
other.
Answer: Transverse diffusion or Flip-flop
An enzyme that catalyzes the movement of a lipid from one bilayer leaflet
to another is , also called a flippase.
Answer: translocase
is the difference in electrical charge across a membrane.

Answer: Membrane potential
The thermodynamically spontaneous protein-mediated transmembrane
movement of a substance from high to low concentration is called

Answer: passive transport
is the simultaneous transmembrane movement of two molecules
in the same direction through a transport protein.
Answer: Symport
The momentary reversal of membrane potential that occurs during
transmission of a nerve impulse is called
Answer:action potential or depolarization
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A/An is any member of a broad class of macromolecules that are
largely or wholly hydrophobic and therefore tend to be insoluble in water
but soluble in organic solvents.
Answer: lipid
is an amphipathic lipid in which two fatty acyl groups and a
polar phosphate derivative are attached to a glycerol backbone.
Answer: Glycerophospholipid
A/An is loaded with neurotransmitters to be released from the
end of an axon.
Answer: synaptic vesicle

Indicate whether the sentence or statement is true or false

1.

10.

Diffusion is an active process that requires a cell to expend a great deal of
energy.

Answer : T
During diffusion, molecules diffuse from a region where their
concentration is low to a region where their concentration is higher until
they are evenly dispersed.

Answer: F
A cell placed in a strong salt solution would probably burst because of an
increase in osmotic pressure.

Answer : F
When the concentration of solutes outside the cell is equal to the
concentration of solutes inside the cell, the cell solution is isotonic relative
to its environment.

Answer: T
Diffusion occurs only in living systems.

Answer: F
The transport of specific particles through a membrane by carrier proteins
is known as facilitated diffusion.

Answer: T
Ion channels are usually able to transport only one type of ion.

Answer: T
Facilitated diffusion moves molecules and ions in one direction only, while
active transport moves them in two directions.

Answer :F
In active transport, energy is required to move a substance across a cell
membrane.

Answer :T
Both the sodium-potassium pump and the proton pump require energy to
move particles across the cell membrane.
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Answer: T
The sodium-potassium pump moves sodium and potassium ions against
the concentration gradient.

Answer: T
Exocytosis helps the cell rid itself of wastes.

Answer: T
During the process of exocytosis, the cell membrane extends to engulf
substances that are too big to pass through the cell membrane.

Answer: F
Active transport systems are a form of cell transport that requires energy
from molecules of ATP.

Answer: T
Active transport allows a cell to stockpile substances in far greater
concentrations than they occur outside the cell.

Answer: T
The transport of food into cells involves the action of the sodium-
potassium pump and coupled channels.

Answer:T

Refer to the illustration above A and B. The process shown in figure “B” is
called exocytosis.

Answer: T
Refer to the illustration above. Cells often trap extracellular particles and
fluid. This is shown in figure A.

Answer: T
The process in which an amoeba engulfs its, prey and takes it in is known
as phagocytosis.

Answer: T
Characteristic functions of membranes are mediated by specific proteins,
serving as pumps, channels, receptors, energy transducers and enzymes.

Answer: T
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Chapter 4
Nucleic Acids

Nucleic Acid Building Blocks

Nucleic acids are composed of nucleotide monomers, which themselves are built
from a phosphate group, a sugar, and a nitrogenous base. The bases are of two
types, pyrimidines (single ringed) and purines (double ringed).

The Bases

Pyrimidines:

NH, 0 ¢]

{ | |
N’C\C/“ H\N/C\C/CH3 H\N/C\C/H
P L -

0” SNT H O’ SN SH 0’ SN H
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H H H
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Purines:
NH, 0
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“/ \N/ \N\ H,N/ \N‘,/ \N\
H H
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HOCH,
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H
H OH
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Formation of Nucleoside and Nucleotides

Nucleosides and nucleotides are combinations of a base with a sugar. A
nucleoside is an N-glycoside formed between a base and a sugar (usually ribose
or deoxyribose). A nucleotide is a phosphate ester of a nucleoside. DNA
nucleotides are more stable to acid hydrolysis of the glycosidic bond, which is
one reason that DNA has superceded RNA as the main genetic storage molecule;
it is less prone to mutation.

NH,, NH,
NH N N N N
: S P
NP NN N7 N
Y i

s H, T H,

NT TN HO —C oK% 4

O o~
OH OH
OCH OH
Adenine Adenosine. Adenosine monophosphate
(AMP)

? ? Adenine
'b-—t;—-o—-—?oca, 0

O. O.KH H
B € H H
OH OH OH o
Adenosine diphosphate (ADP) Adenosine triphosphate (ATP)
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Comparison of Ribonucleoside, Deoxyribonucleoside and Ribonucleotide

o%

-

g

OH OH OH H OH OH
Ribonucleoside Deoxyribonucleoside Ribonucleotide
Nucleotide Composition ‘
Base Ribonucleoside Ribonucleotide
(Base + Ribose) (Base + Ribose + Phos.)

Adenine (A) Adenosine Adenosine 5'-monophosphate (AMP)
Guanine (G) Guanosine Guanosine 5'-monophosphate (GMP)
Cytosine (C) Cytidine Cytidine 5'-monophosphate (CMP)
Uracil (U) Uridine Uridine 5'-monophosphate (UMP)

Types and Functions of Nucleic Acids

There are two types of nucleic acids, deoxyribonucleic acid or DNA, and
ribonucleic acid or RNA. DNA stores genetic information used for the synthesis
of proteins including enzymes and is found in the nucleus and mitochondria.
RNA has several functions and is found in the nucleus, cytosol and
mitochondria. Messenger RNA (mRNA) carries genetic information obtained
from DNA to sites that translate the information into a protein. Transfer RNA
(tRNA) carries activated amino acids to sites where the amino acids are linked
together to form polypeptides. Ribosomal RNA (rRNA) is a structural
component of ribosomes, which serve as the sites for protein synthesis. Small
nuclear RNA (snRNA) is a component of small nuclear ribonucleoprotein
particles. These particles process heterogeneous RNA (hnRNA, the immature
form of mRNA) into mature mRNA. In some viruses, HIV, influenza, polio, RNA
functions as the storage house of genetic information.

Primary Structure of Nucleic Acids

The sequence or order of the nucleotides defines the primary structure of DNA
and RNA. The nucleotides of the polymer are linked by phosphodiester bonds

115



Fundamentals of Biochemistry : A Textbook

connecting through the oxygen on the 5' carbon of one to the oxygen on the 3'
carbon of another. The Oxygen and Nitrogen atoms in the backbone give DNA
and RNA "polarity" (Fig. 4.1).
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Fig. 4.1: Nucleotides Linked Through Phosphodiester Bond
Secondary Structure of Nucleic Acids

A purine base always pairs with a pyrimidine base or more specifically

Guanosine (G) with Cytosine (C) and Adenine (A) with Thymine (T) or Uracil
(U) (Fig. 4.2).
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Fig. 4.2 : Base pairing, A with T (A =T) and F with C (CG = C)

The G-C pair has three hydrogen bonds while the A-T pair has two hydrogen
bonds.

DNA: The secondary structure of DNA consists of two polynucleotide chains
wrapped around one another to form a double helix. The orientation of the helix

is usually right handed with the two chains running antiparallel to one another
(Fig. 4.3).
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Fig. 4.3 : Secondary Structure of DNA
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Complementarity

The sequence of bases on each strand are arranged so that all of the bases on one
strand pair with all of the bases on another strand, i.e. the number of guanosines
always equals the number of cytosines and the number of adenines always
equals the number of thymines.

There are two grooves, one major and one minor, on the double helix. Proteins
and drugs interact with the functional groups on the bases that are exposed in
the grooves (Fig. 4.4).

minoe
groove

Fig. 4.4 : Grooves in Double Stranded DNA

The structural forms of DNA can differ in four aspects: the "handedness" (right
or left), the length of the helix turn, the number of base pairs per turn, and the
difference in size between the major and minor grooves. The most common
structural form of DNA is the B-form (Fig. 4.5).
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Fig. 4.5 : Different Types of Double Stranded DNA

RNA: The secondary structure of RNA consists of a single polynucleotide. RNA
can fold so that base pairing occurs between complementary regions. RNA
molecules often contain both single- and double-stranded regions. The strands
are antiparallel and assume a helical shape. The helices are of the A-form (see
above).

The structure of t (transfer) and r(ribosomal) RNA consists of multiple, single
stranded, stem-loop structures. The stems consist of helices formed by base
pairing of complementary regions within the RNA. The secondary structure of
tRNA and rRNA are important for their biological functions, mRNA also
assumes some degree of secondary structure but not to the same extent as tRNA
and rRNA.

&-a r-RNA

t-RNA
Some of the bases in DNA and RNA can be chemically modified via methylation.
Enzymes, similar to proteases, called exo- and endo-nucleases can cleave RNA
and DNA. Exonucleases cleave nucleic acids from the ends. Endonucleases
recognize specific sequences of duplex DNA and cleave at a specific site within
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or near the recognized sequence. The sequences that are recognized range from
four to eight base pairs in length. The resulting fragments can be joined to other
fragments to create new combinations of DNA sequences.

$*-xuG A AT T Cev-3* EcoRl 5t wmald AATT Cennl
IR — I 1
JreanC T T A A G---5 3'=«=CTTAA Gem~i

DNA can be denatured into single strands and renatured back into a double
helix. Reversible denaturation is essential for the biological processes of
replication and transcription; and for molecular biological techniques such as
Southern blotting and polymerase chain reactions (PCR's). There are three ways
to denature DNA: enzymatically, chemically or with heat. The denaturation of
DNA via heat can be followed with a spectrophotometer set to a wavelength of
260 nm. Absorption increases with increasing heat breaking the hydrogen bonds
that hold the strands together, unstacking and exposing the bases. This effect is
called the hyperchromic effect. The temperature at which 50% of the DNA is
denatured is called the melting temperature or Tm. Because GC base pairs are
held together with three hydrogen bonds (AT have only two) the higher the
percentage of GC base pairs the higher the Tr, required to melt the DNA.

% denatured
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8
2
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tomperature

For renaturation to take place the two strands of DNA must contact one another
to initiate base pairing. Once this happens the two strands quickly reassociate
along their entire length. Several things influence renaturation: complexity, DNA
concentration, cation concentration and temperature. Cations such as sodium,
potassium and magnesium decrease the intermolecular repulsion of the
negatively charged phosphate backbones of the two DNA strands. Renaturation
will only occur if the temperature is below the Tm, however if the temperature is
too low the rate of renaturation will decrease. Studies have shown that most of
the mammalian renatures DNA consists of repetitive sequences with only about
5% being unique sequences encoding proteins and enzymes.
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Hybridization can occur between complementary strands of nucleic acids
derived from different sources. The double stranded nucleic acid that forms is a
heteroduplex and the extent of heteroduplexes indicates homology between the
two nucleic acid sources. For example, humans and mice mix with a very small
fraction of the DNA renaturing but humans and chimpanzees give greater than
98% homology. DNA and RNA can also hybridize with one another to form
heteroduplexes.

The study of the replication and expression of genetic information involves a
unidirectional flow from DNA to RNA to Protein:
DNA >RNA. >Protein

Study of genetics will examine these processes in relation to the diagram shown
below. (Fig. 4.6)
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Fig. 4.6 : Replication and Expression of Genetic Information
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DNA and Inheritance

Until the 1940s biologists argued about whether DNA or protein was the
molecule of heredity.

Nuclei observed to divide when cells reproduced themselves.
Large amounts of both DNA & protein in the nucleus.
Many though protein was most likely molecule of heredity.

Proteins made of 20 different amino acids- could have more variety than
DNA (made of only 4 different bases).

Pneumonia bacteria have a transforming factor.

Pneumonia bacteria (Streptococcus pneumoniae) exist in 2 forms:

o R (rough): harmless.
o S (smooth): "wild type", causes disease.
» The S type is coated with a polysaccharide which makes it
infective and gives the colonies a smooth appearance.
Frederick Griffiths about 1928 studied the R & S strains by injecting them

into mice.

S injected into mice -> pneumonia -> death.
R injected into mice -> harmless.
Also, boiled S injected into mice -> harmless (bacteria killed by
boiling).
o The Griffiths did a strange experiment and got a strange result:
= Boiled S + live R injected into mice -> pneumonia ->
death.
= This was not expected because boiled S and live R were
harmless by themselves.
» Took blood samples and found live S in the dead mice.
* Concluded that some factor, a "transforming principle",
from the dead S had converted some R bacteria into S
bacteria (a genetic change).

Table 4.1 : Summary of Griffith's Experiments

Injected Result Live S in Blood ?
LiveR No disease No
Live S Death Yes
Killed S No disease ’ No
Killed S + Live R Death Yes
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The transforming factor was found to be DNA.

Oswald Avery wanted to know the nature of the transforming principle.

Spent many years purifying transforming principle from killed S
bacteria.

Finally determined it was DNA 1944.
First clear cut evidence for hereditary role of DNA.

Bacteriophage DNA changes the hereditary functions of bacteria.

Bacteriophage are a type of virus that attacks bacteria.
Consist of DNA with a protein coat.
When virus attacks bacterium its DNA is inserted, but not its protein.

Viruses alter genetic function of bacteria so that they make virus proteins
and DNA.

Again DNA shown to have a genetic function.

By the early 1950s, it was believed that the secret of heredity was in the
structure of DNA.

Many laboratories began studying the structure of DNA, hoping to find
the secret of heredity.

The basic composition of DNA was known.
o A sugar-phosphate backbone, with 4 nucleotide bases (A, C, G &

e © ©
< -~

(In the diagram S = sugar; P = phosphate; B = base)

Chargaff had measured the base composition in DNA from many species
and found that always A=Tand C=G.

X-ray diffraction pictures made by Rosalind Franklin showed that the
DNA structure was a helix (2 or more molecules spiraling around each
other); the structure appeared to have a uniform thickness.
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QUIZ

Identify the letter of the choice that best completes the statement or Answers
the question.

1.

The bonding between complementary base pairs is
A.  Peptide links
B.  Ester links
C.  Van der Waal's forces
D.  Hydrogen bonding
Answer: D
The following base pairs can produce complementary base pairing:
A, T-U

B. A-T
C. T-C
D. A-G
Answer: B
The sugar present in the nucleotides of DNA is:
A. Ribose
B.  Glucose
C.  Fructose
D.  Deoxyribose
Answer: D
The type of reaction that forms the sugar-phosphate chains in DNA and
RNA is:
A.  substitution
B.  condensation polymerisation
C.  esterification
D.  addition polymerisation
Answer: B
Which of the following are purine bases?
A.  adenine and cytosine
B.  adenine and uracil
C.  adenine and guanine
D.  adenine and thymine
Answer: C
Which of the following are pyrimidine bases?
A.  cytosine and guanine
B.  adenine and thymine
C.  cytosine and thymine
D.  cytosine and adenine
Answer: C
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The sugars in nucleotides are:
A.  heptoses

B.  hexoses

C.  trioses

D.  pentoses

Answer: D
The four bases in RNA are:
A. adenine, cytosine, thymine, uracil
B. adenine, guanine, thymine, uracil
C. adenine, guanine, cytosine, uracil
D. adenine, guanine, cytosine, thymine
Answer: C
Intramolecular bonds in nucleotides are formed by:
A.  hydrolysis reactions
B. condensation reactions
C. polymerisation reactions
D. esterification reactions
Answer: B
The three components of nucleotides are:
A.  asugar, a phosphate group, a nitrogen-containing base
B.  asugar, a phosphate group, an amino acid
C.  glucose, a phosphate group, an ester
D.  glucose, a phosphate group, a nitrogen-containing organic base
Answer: B

The B-DNA structure found in solution is a

A.  right-handed double helix of antiparallel chains (11 bp/turn).
B.  left-handed double helix of antiparallel chains (~10 bp/ turn).
C.  right-handed double helix of antiparallel chains (~10 bp/ turn).
D. left-handed zig-zag helix of antiparallel chains (12 bp/ turn).

DNA differs from RNA in the following features

Answer: C

A.  DNA residues are linked by 3'-->5' phosphodiester bonds; RNA is 2'-

->5' linked.
B.  DNA has deoxyribose residues; RNA has ribose residues.

C. DNA contains the A, C, G and T bases; RNA contains A, C, G, and U.

D. Al

Because DNA is a highly charged polyanion, its stability to heat
denaturation ("melting"):

A.  does not depend on hydrophobic interactions.

B.  increases with increasing salt.
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C.  decreases with increasing salt.
D. isindependent of G + C content.

Answer: B
The total contour length of DNA in a human cell is about
A, 1mm.
B.  1mm.
C. 10cm.
D.  1meter.
Answer: D

Polyacrylamide and agarose gel electrophoresis separate nucleic acids
based primarily on their
A.  length.
B.  ratio of mass/charge.
C.  (G+C)/(A+T) content.
D.  organismal origin.
Answer: A
The number of supercoils in a covalently-closed, circular DNA can only be
changed if
A.  atleast one of the phosphodiester chains is cleaved.
B.  both of the phosphodiester chains are cleaved.
C.  histones are bound to the DNA.
D.  chemical reagents react with the backbone phosphates.

Answer: A
Thymidine
A.  isreplaced by Uracil in RNA.
B.  normally forms 2 hydrogen bonds with adenosine.

C.  can participate in hydrophobic interactions due to its methyl group.
D. Al

Answer: D
The major and minor grooves of B-form DNA correspond to what features
of A-form RNA?
A.  minor and major grooves
B.  deep and shallow grooves
C.  deoxyribose backbones
D.  phosphoribose backbones

Answer: B
The glycosidic bonds in DNA and RNA
can be hydrolyzed by OH-.
are restricted to one of four possible orientations.
connect the sugar to the base.
stabilize Watson-Crick H-bonds.

ONwp»
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Answer: C

In solution, the grooves of nucleic acid helices

A.  expose the H-bonding groups of the bases.

B.  expose the hydrophobic surfaces of the bases.

C. are about equal in width.

D. None

Answer: A

When an aromatic molecule intercalates into the DNA double helix, the

two adjacent base pairs are separated by about and the helix is

unwound by about

A, 34A,36°

B. 344,26°

C. 43A,26°

D. 17A,10°

Answer: B

The successive mononucleotide units in DNA and RNA are:

A. linked by hydrogen bonding through phosphodiester bridges
between the 3' position of one mononucleotide and the 5' position of
the next

B. linked by hydrogen bonding between adenine and thymine and
between guanine and cytosine

C. linked covalently through phosphodiester bridges between the 3'
position of one mononucleotide and the 5' position of the next

D. linked covalently between adenine and thymine and between
guanine and cytosine

Answer: C

The sequence of bases in the part of a complementary strand of DNA that

pairs with

5'- adenine - cytosine - adenine - guanine -3' is

3'- - - - -5'

O G @) @)

A.  cytosine - adenine - cytosine - thymine

B.  guanine - thymine - thymine - cytosine

C.  thymine - adenine - thymine - cytosine

D. thymine - guanine - thymine - cytosine

Answer: D

In DNA, the phosphodiester linkages between the adjacent nucleotides are

between:

A.  the 3'and 4' positions of the deoxyribose units

B.  the4'and 5 positions of the deoxyribose units

C. the1'and 5' positions of the deoxyribose units
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D.  the 3'and 5' positions of the deoxyribose units

Answer: D
In double-stranded DNA, hydrogen bonding between the bases on the two
strands typically occurs between:
A.  adenine and guanine

B. adenine and thymine
C.  adenine and cytosine
D. adenine and uracil

Answer: B
Both purines and pyrimidines can exist in different tautomeric forms. The
forms typically found in double-stranded DNA are:
A.  uracil = keto; adenine = keto
B.  guanine = keto; cytosine = enol
C.  thymine = keto; guanine = keto
D.  guanine = enol; thymine = keto

Answer: C
In the nucleotides found in nucleic acids, the linkage between the bases
and the sugar involve:
A. N-1 of pyrimidines and C-1 of the sugar
B.  N-3 of pyrimidines and C-1 of the sugar
C.  N-1of purines and C-5 of the sugar
D.  N-9 of purines and C-2 of the sugar

Answer: A
The process of "transcription” in eukaryotes involves the synthesis of:
A.  anRNA copy of a DNA sequence by an RNA polymerase
B.. a DNA copy of an RNA sequence by an RNA polymerase
C.  anRNA copy of another RNA by an RNA polymerase
D.  aDNA copy of a DNA sequence by a DNA polymerase

Answer: A
Transfer RNAs are involved in:
carrying nucleotides to the ribosome for messenger RNA synthesis
carrying amino acids to the ribosome for protein synthesis
carrying amino acids to peroxisomes for degradation
carrying glucose residues to the Golgi apparatus for polysaccharide
synthesis

ONw

Answer: B
There are fundamental chemical differences between DNA and RNA, such
as:
A.  The nucleotides in RNA are linked by 3'-5' phosphodiester bridges
while those in DNA involve 2'-5' bridges.
B.  The nucleotides in RNA include uracil, while DNA has thymine.
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C. The sugars in the nucleotides of RNA are hexoses, while they are the
pentose deoxyribose in DNA.
D. Adenine is found in DNA but not in RNA.
Answer: B
DNA is much more stable to alkaline hydrolysis than RNA because:
A.  DNA is usually protected by proteins, while RNA is not.
B.  There are many more RNA digesting enzymes present in cells than
DNA digesting enzymes.
C.  The 2-OH group of the ribose in RNA can assist hydrolysis of 3'-5'
phosphodiester bridges, but DNA lacks the 2'-OH group.
D. The uracil found in RNA but not DNA aids in the hydrolysis by
alkali.
Answer:C
The difference between the sugars in DNA and RNA is:
A.  In RNA the sugar residue is neuraminic acid, while the sugar residue
in DNA is deoxy-neuraminic aciD.
B. In DNA the sugar residue is deoxy-adenine, whereas in RNA it is

adenine.
C. In RNA the sugar residue is a reducing sugar, whereas in DNA it is
not.
D. In DNA the sugar is 2-deoxy-D-ribose, whereas in RNA it is D-
ribose.
Answer: D
How many hydrogen bonds are formed between the complementary bases
G:C and AT, respectively?
A 23
B. 3,2
C. 3,4
D. 43
Answer: B
A DNA double helix is described as a(n):
A.  vparallel double helix
B.  antiparallel double helix
C.  hydrogen-bonded double helix
D. AandC
Answer: B
What are the most common conformational forms of DNA?
A. A,b,and e
B. A, B,and Z
C.  parallel, antiparallel, and triple helical
D. bandc
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Answer: B

In tRNA, some unusual bases are found. Some examples of these are:

A.  pseudouridine

B. inosine

C.  methylguanosine
D. all of the above

This molecule is a substrate analog for:
A. dATP

B. dGTP
C. dUuTP
D. dTTP

Which of the following is NOT a type of RNA in prokaryotes?

A. transfer RNA

B. messenger RNA

C. ribosomal RNA

D. small nuclear RNA

DNA stands for-

A. deoxynucleic acid

B.  deoxyribonucleic acid

C. denatured ribonucleic acid

D. deoxoribonuclear acid

The process by which RNA is made from DNA:

A.  synthesis

B.  trbanslation
C.  transcription
D.  replication

Adenine always pairs with:

A.  thymine
B. cytosine
C.  guanine

D. ribose

The "rungs" of the DNA ladder are made of:
A.  phosphates and hydrogen

B.  glucose and sugars

C.  sugars and phosphates
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D. Dbase pairs

The DNA molecule is held together by:
A.  magnetism

B.  glucose

C. glue

D. hydrogen bonds

The process by which DNA makes a copy of itself is called:
A.  synthesis

B.  replication

C.  transcription

D. translation

A gene is:
A. a segment of DNA that codes for a protein
B. aset of homologous chromosomes

C. a molecule within DNA
D. atype of pants

The twisted ladder shape of DNA is called a:
A.  hydrogen twist

B.  deoxyribose flip

C.  double helix

D. double membrane

The sugar found in DNA is:
A. equal

B deoxyribose

C.  ribose

D. glucose

Which of the following takes the genetic code to the cytoplasm:

A. DNA

B. deoxyribose
C. tRNA

D. mRNA

The three nucleotide sequence on RNA is called a:
A.  tRNA
B. codon
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C.  triplet
D. gene
Answer: B
Three nucleotides code for:
A. 1 amino acid
B. 3 amino acids
C.  1protein
D. 3 proteins
Answer: A
RNA differs from DNA in that:
A.  ithas a different kind of sugar
B.  itis single stranded
C. it has uracil
D. all of these
Answer: D
DNA is called the "blueprint of life" because:
A. itislikea fingerprint
B. it has a blue color
C.  itcontains the plans for building an organism
D. it can relay messages to other molecules
Answer: C
The two men who established the structure of DNA were:
A. Frederick and Alvers
B. Watson and Crick
C. Berkely and Fry
D.  Darwin and Lamarke
Answer: B

One side of the DNA "ladder" has the following sequence of nitrogen
bases: C AT G. What is the sequence of nitrogen bases on the other side of
the ladder?

A. GTAC
B. CATC
C. ATGA
D. TAGC

Answer: A
If a DNA molecule were a ladder, what would make up the sides of the
ladder?
A.  nitrogen bases
B sugars and acids
C. DbaseG
D base A
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Answer: B
One side of the DNA "ladder" has the following sequence of nitrogen
bases: AT G A. What is the sequence of nitrogen bases on the other side of
the ladder?

A, CATG
B. ATGA
C. TACT
D. TAGA
Answer: C
How does DNA direct all traits in living things?
A, by coded message
B. by signlanguage
C. by waggling its tail
D. by speaking
Answer: A

What is the type of DNA formed when DNA from one organism is spliced
into the DNA of another organism?

A. recombinant DNA
B.  gene therapy
C. RNA
D.  genetic counseling
Answer: A
What molecule acts as a messenger for DNA?
A. PKU
B. RNA
C. ABC
D. AIDS
Answer: B

Nitrogen base A can only join which nitrogen base to complete a rung in
the DNA ladder?

A.  baseC
B. base G
C. base T
D. Dbase A
Answer: C
Where are ribosomes located in a cell?
A.  in the vacuole
B. in the nucleus
C.  inthe cytoplasm
D. in the chloroplast
Answer: C
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62. What is the bringing together of two living things to produce offspring?

A. breeding
B.  cloning
C.  grafting
D. budding
Answer: A
63. What translates the DNA language into the protein language?
A.  electronic messenger
B.  genetic code
C. acomputer
D. afingerprint
Answer: B
Indicate whether the sentence or statement is true (T) or false (F).
1.  Analtered gene may be passed on to every cell that develops from it.
Answer: T
2.  Inrecent years, new varieties of farm plants and animals have been

engineered by
manipulating their genetic instructions to produce new characteristics.

Answer: T
3. Restriction enzymes can be used to cut sequences of DNA.
Answer: T
4.  The cutting, cloning, and movement of segments of DNA does not involve
enzymes.
Answer: F
5. Our increased knowledge of genetics is not important to health care.
Answer: F
6.  Mapping of genetic instructions in cells makes it possible to detect, and
perhaps correct, defective genes that may lead to poor health.
Answer: T
7. Substances from genetically engineered organisms have increased the cost
and side effects of replacing missing body chemicals.
Answer: F

8.  Although all body cells are descended from a single cell and have identical
genetic instructions, they may be very different because different parts of a
cells instructions are used based on a cell's environment and past history.

Answer: T

9. Cell regulation is not important.

Answer: F

10.  Cell regulation allows cells to respond to their environment and control
and coordinate cell growth and division.

Answer: T
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Cell regulation occurs through both changes in the activity of proteins and
selective expression of individual genes.

Answer: T
The genetic information stored in DNA is used to direct the synthesis of
the thousands of proteins required by a cell.

Answer: T
Proteins are long, folded molecules, but do not have specific shapes which
influence their functions.

Answer: F
Proteins can be made from 20 different amino acids in a specific sequence.

Answer: T
Offspring resemble their parents because they inherit similar genes that
code for the production of proteins that form similar structures and
perform similar functions.

Answer: T

Complete each sentence or statement.

1.

2.

3.

10.

The is the narrower of the two grooves on a DNA double helix.
Answer: minor groove
lines run in opposite directions.
Answer: Antiparallel
The sequence of three nucleotides in DNA or RNA that specifies a single
amino acid is a/an
Answer: codon
A/An is a linear stretch of genomic DNA that has been fully
sequenced.
Answer: contig
A/An organism stably expresses a foreign gene.
Answer: transgenic
Oligonucleotide is a polynucleotide consisting of a few nucleotide

Answer: residues
A/An is a compound consisting of a nitrogenous base linked to a
five-carbon sugar (ribose or deoxyribose).
Answer: nucleoside
Blunt ends are the fully base-paired ends of a DNA fragment that are
generated by a/an that cuts both strands at the same point.
Answer: restriction endonuclease or restriction enzyme
is an enzyme that catalyzes the formation of a phosphodiester
bond to join two DNA strands.
Answer: DNA ligase
A gene with no assigned function is called a/an
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Answer: orphan gene
is a technique in which a cloned gene is mutated in a specific
manner.
Answer: Site-directed mutagenesis
Expressed sequence tag (EST) is a segment of DNA that is synthesized
from a/an template and which, therefore, represents a portion of
the genome that is expressed.
Answer: mRNA
A Dbase is a purine or component of a nucleoside, nucleotide, or
nucleic acid.
Answer: pyrimidine
The linkage in which a phosphate group is esterified to two alcohol groups
is called a/an
Answer: phosphodiester bond
are the small L-shaped RNAs that deliver specific amino acids to
ribosomes according to the sequence of a bound mRNA.
Answer: Transfer RNA or tRNA
is the loss of ordered structure in a polymer, such as the
disruption of native conformation in an unfolded polypeptide or the
unstacking of bases and separation of strands in a nucleic acid.
Answer: Denaturation
Genes that are related by evolution from a common ancestor are called
genes.
- Answer: homologous
is a nucleotide sequence variation in the genomes of two
individuals from the same species.
Answer: Single-nucleotide polymorphism
is the process by which RNA is synthesized using a DNA

template, thereby transferring genetic information from the DNA to the

RNA.
Answer: Transcription
A plasmid-is a small circular DNA molecule that autonomously replicates
and may be used as a/an
Answer: cloning vector
A/An is a collection of immobilized DNA segments of known
sequence. _
Answer: microarray
A segment of DNA, sometimes including genes, that can move or be
copied from one position to another in a genome is called a/an
Answer: transposable element or transposon
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23. is a technique for distinguishing cells that contain a particular
feature, such as resistance to an antibiotic.
Answer: Selection
24.  The unit of length used for DNA molecules is
Answer: bp or kb
25. is an enzyme that catalyzes synthesis of a new DNA strand using
an existing strand as a template for the assembly of nucleotides.
Answer: DNA polymerase

137



“This Pageis IntentionallyLeft Blank”


a
Typewritten Text
“This Page is Intentionally Left Blank”


Chapter 5
Amino Acids and Proteins

The amino acids are the building blocks for proteins - nearly all proteins studied
are made from the twenty "standard" amino acids. Other amino acids are also
found in proteins, but most arise by modification from the twenty after they
have been incorporated in the protein. All of the standard amino acids are
amino acids (except for proline, an imino acid). That is they have an amino
group to the carboxyl group (they are 2-amino acids). Thus all 20 of these amino
acids share the basic structure below:

R R
THN —(I:—COU = TH3N = C--COT
H H
Fischer structure

At neutral pH (pH =7) both the acid and amine groups will be ionized to give the
so-called zwitterion form. There is no pH at which the amino acid structure will
have no ionized groups.

Chemistry of Amino Acids

Amino acids are the building blocks of proteins. They all have the basic structure
shown below:

(llOOH (IZDOH

HC C:-H
( ~ e
=) NH, H,M \R
L-amino acid D-amino acid
CO-R-N goes anticlockwise CO-R-N goes clockwise

Amino acids (in general) are chiral: only the L form is found in proteins,
although the D form of alanine is an important component of bacterial cell walls.
All amino acids are chiral except glycine. The L/D descriptor is an old fashioned
version of the S/R descriptor, and almost all amino acids are the (S)-isomer
because the R group (not to be confused with an (R) descriptor!) is priority three.
Only cysteine is an exception to this rule, because its R side group is -CH2SH,
which has higher priority than COOH. The L/D descriptors come from the 'CO-
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R-N' law: if you place the hydrogen behind the chiral centre, and count round
from the COOH group, to the R group, to the NH: group, this goes
anticlockwise, and for similar reason to the R/S descriptor, this means it's the L
isomer. The D-isomer goes clockwise.

There are twenty (or so) amino acids, which we will discuss in groups based on
their chemical properties.

The hydrophobic amino acids are -

» Aliphatic : glycine (Gly, G), alanine (Ala, A), leucine (Leu, L), isoleucine
(Ile, T), valine (Val, V).

O5n-OH Oy ,OH Oy . OH O -OH Os.-CH
¢ c , CH, Y CH ¢ cH,
H—C—H H—C—CH, H—G¢=C—CH =~ H=G—C=C-CH, _c_cf
i W N2 CH N, 2 i1, CH
NH, NH, 2 s 2 NH, ~Ms
Glycine Alanine Leucine Isoleucine Valine
* Sulphur containing : methionine (Met, M).
0. _OH
g
H—C-C "-C——S--CH:3
’ H2 H2
NH,
Methionine
* Aromatic : phenylalanine (Phe, F), tryptophan (Trp, W).
O~ .0OH 4y H O+..0OH 4
i C=C, S NH
H-—CIZ—E— 3 ,/CH H_(I:—S_C‘ I
2 _ =
NH, E ﬁ H, 5: “CH
HC. ¥
“c ~CH
H
Phenylalanine Tryptophan
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e Cyclic imine : proline (Pro, ).

Proline

Proline has an unusual imine ring structure (a secondary amine), where the
terminal amine group is actually incorporated into the side chain. This causes
changes to the secondary structure of a protein. Hydrophobic residues are often
found in membrane bound proteins, and the aromatic ones contribute to protein
absorbance at 280 nm, which is an important method of protein quantification.
Alanine is the 'don't care' amino acid, often appearing where nothing interesting
is happening!

The polar amino acids are those that are not charged at physiological pH, but
which are nevertheless quite polar due to their alcohol or amide groups.

e Alcohols : threonine (Thr, T), serine (Ser, S).

Q. .OH O, .OH
T oH g
H—C—-C—CH, H—-C—C—0OH
I H | H,
NH, NH,
Threonine Serine
e Amides : asparagine (Asn, N), glutamine (Gln, Q).
0. .0OH O~ .OH
0 ¢ 0
] /7 ! 173
H—-C—-C—C H—C-C—-C—C
R, (H, A,
NH, 2 NH, NH, NH,
Asparagine Glutamine

The basic amino acids are those that can accept protons. The pK, refers to the
dissociation of the proton from a positively charged (protonated) amine group.
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* Imidazole : histidine (His, H, pKa of protonated form of the group -

C=NH?*- = 6.04).
O. _OH
I N=g
H=C-5C
NH, 2§
Histidine

* Amine: lysine (Lys, K, pKa of protonated form of terminal amine group
NH;* = 10.54).

Lysine

o  Guanidinium : arginine (Arg, R, pKi of protonated form of terminal
group -C=NHz* = 12.48).

O._ .OH
¢ JNH
H_(I:_C_C_C——H—C‘
NHZHZ H, H, NH,
Arginine

The acidic amino acids are carboxylic acids, plus an thiol (cysteine) and a phenol
(tyrosine) with dissociable S-H or O-H groups:
* Asparticacid (Asp, D, pK, of COOH group = 3.90).
O._.0H
¢ 0
| 17
H—C-C—C
I H,
NH, 2 OH

Aspartic acid
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* Glutamic acid (Glu, E, pK, of COOH group = 4.07).

O, .OH
¢ O
[ /2

H—C-C—C—C
NH2H2 " oH

Glutamic acid
* Cysteine (Cys, C, pK. of SH group = 8.37).
Q. .OH

I
H—-C—-C—SH
I H,
NH,
Cysteine
* Phenol: tyrosine (Tyr, Y, pK, of OH group = 10.46).
O~ ..OH
c H H

Y

| /C:C\
H—C-C—C C—OH
I H, \E:_Cf/
NH, il
Tyrosine

The sodium salt of glutamic acid is the flavour enhancer MSG.

Cysteine is capable of forming a dimer: Cys-SH + Cys-SH = Cys-5-5-Cys. These
disulphide bridges (confusingly known as cystine), are responsible for a lot of
protein tertiary structures.

The charged (acidic/basic) and polar amino acids are often involved in catalysis,
forming covalent products with substrates. The terminal COOH and NHa groups
on an amino acid (and on larger peptides and proteins) may also be charged, as
have their own pKa's.

e NH3* has pKaof c. 9.5
» COOH has pK. of c. 2.5

At physiological pH, amino acids and proteins are usually charged at both ends,
a zwitterion.
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H o© H ©
| 4 | 7
H,N—C—C == H.N+—-C—C
[ 3 P
CH, OH CH, O

Alanine zwitterion.

In addition to the amino acids found in proteins, the cell also contains a number
of other aminp acids that are not normally found in peptides. This includes
ornithine, an important intermediate in the urea cycle, selenocysteine, a very rare
component -of some proteins and homocysteine, an important intermediate in
sulphur metabolism.

O~ .OH O. OH 0. .OH
f 5 g
H—?—E—E—E—NHz H—(lj—a—SeH H—CIZ—S—E—SH
NH, 2 % 2 NH, NH, 2 2
Ornithine Selenocysteine Homocysteine

In addition to this, many amino acids in proteins are modified after translation to
incorporate phosphate groups, extra hydrogen, etc. These modified amino acid
residues include the phosphorylated alcohol amino acids (Ser, Thr, Tyr), which
are phosphorylated by kinase enzymes. This is a common strategy for protein
regulation. The histone proteins, which regulate DNA packaging in the nucleus
are themselves regulated by methylation of their arginine and lysine residues,
and the characteristic triple helical structure of collagen is caused by its
possession of many glycine and hydroxyproline (a post-translational
modification of proline) residues.

O. .OH ® Os.OH H H
¢ 0 Ose-CHT ¢ og=  ®
H—C—C—0—P—0H _l_H F7OH H=G=g=¢ ~ £-0-F-oH
' H [ | OH NH, 2 S—C OH
NH, 2 OH ! i
2 NH, CH,
O-phosphoserine O-phosphothreonine O-phosphotyrosine
O, .OH O. .OH O, .OH
C c NH ¢ H
| | /t 1 2
H—C—-C—-C—C—C~N—CH, H—C-C~C—C—N-C H=C—C.H_
! Hz 2 2 T2 I 2 Hp H, H \N—CH HN -/ OH
NH, NH, H 3 Se
H2
N-Methyllysine N-Methylarginine Hydroxyproline
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One final interesting amino acid modification is that found in the methanogenic
Archaea. These 'bacteria’ interpret the amber stop codon as the amino acid
methylpyrrolysine, making this the 22nd genetically encoded amino acid (the 21st
being the N-formyl methionine that eukaryotes use to start translating all their
proteins).

O. ..OH
ol H,C
G O, .CH 3 /
H—C—C—C—5—CHj ¢ N
NI H—C—C—C—C—C—N—C
| | H, H, H, H, H %
_C. NH,
o7 OH
N-formyl methionine Methylpyrrolysine

All amino acids share two chemically functional groups, the carboxyl group and
the amino group. Thus, they will share the chemical reactions of these groups
familiar from organic chemistry. Many of these reactions are exploited in the
laboratory manipulation of amino acids, peptides, and proteins. Note that these
reactions are also common to the side chains of asp, glu (-COOH), and lys (-
NH>). Another side-chain with important chemistry is cys (-SH). Biologically the
most important reactions are those required for protein formation, particularly
the peptide bond.

Classification of Amino Acids

The protein amino acids are classified according to the chemical nature of their R
groups as aliphatic, aromatic, heterocyclic and sulphur containing amino acids.
More meaningful classification of amino acids is based on the polarity of the R
groups. The polarity of the R groups varies widely from totally non-polar to
highly polar. The 20 amino acids are classified into four main classes.

. Amino acids with non-polar or hydrophobic, aliphatic R groups

This group of amino acids includes glycine, alanine, valine, leucine. Isoleucine
and proline. The hydrocarbon R groups are non-polar and hydrophobic. The side
chains of alanine, valine, leucine and isoleucine are important in promoting
hydrophobic interactions within protein structures. On the other hand, the imino
group of proline is held in a rigid conformation and reduces the structural
flexibility of the protein.

. Amino acids with non-polar aromatic R groups.

This group includes phenylalanine, tyrosine and tryptophan. All these amino
acids participate in hydrophobic interactions, which is stronger than aliphatic R
groups because of stacking one another. Tyrosine and tryptophan are more
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polar than phenylalanine due to the presence of hydroxyl group in tyrosine and
nitrogen in the indole ring of tryptophan. The absorption of ultraviolet (UV)
light at 280 nm by tyrosine, tryptophan and to a lesser extent by phenylalanine is
responsible for the characteristic strong absorbance of light by proteins. This
property is exploited in the characterization and quantification of proteins.

) Amino acids with polar, uncharged R groups.

This group of amino acids includes serine, threonine, cysteine, methionine,
asparagine and glutamine. The hydroxyl group of serine and threonine, the
sulphur atom of cysteine and methionine and the amide group of asparagine and
glutamine, contribute to the polarity. The R groups of these amino acids are
more hydrophilic than the non-polar amino acids.

. Amino acids with charged R groups.

Acidic : The two amino acids with acidic R groups are aspartic and glutamic
acids. These amino acids have a net negative charge at pH 7.0.

Basic : This group includes lysine, arginine and histidine. The R groups have a
net positive charge at pH 7.0. The lysine has a second e-amino group; arginine
has a positively charged guanidino group; and histidine has an imidazole
group.

Essential Amino Acids

Most of the prokaryotic and many eukaryotic organisms (plants) are capable of
synthesizing all the amino acids present in the protein. But higher animals
including man possess this ability only for certain amino acids. The other amino
acids, which are needed for normal functioning of the body but cannot be
synthesized from metabolic intermediates, are called essential amino acids.
These must be obtained from the diet and a deficiency in any one of the amino
acids prevents growth and may even cause death. Methionine, Threonine,
Tryptophan, Valine, Isoleucine, Leucine, Phenylalanine and Lysine are the
essential amino acids, however, Histidine and Arginine are considered semi
essential amino acids as it can be partly synthesized by the body.

Properties of Amino Acids

Physical

. Amino acids are white crystalline substances. Most of them are soluble in
water and insoluble in non-polar organic solvents (e.g., chloroform and
ether).
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Aliphatic and aromatic amino acids particularly those having several
carbon atoms have limited solubility in water but readily soluble in polar
organic solvents.

They have high melting points varying from 200-300°C or even more.

They are tasteless, sweet or bitter. Some are having good flavour.
Amphoteric nature of amino acids as they contain both acidic (COOH) and
basic (NH2) groups. The amino acids possessing both positive and
negative charges are called zwitterions.

Isomerism - All amino acids except proline, found in protein are a-amino
acids because NH2 group is attached to the a-carbon atom, which is next
to the COOH group. Examination of the structure of amino acids reveals

that except glycine, all other amino acids possess asymmetric carbon atom
at the position.

Chemical Properties

Reaction with formaldehyde (Formal titration): An amino acid solution is
treated with excess of neutralized formaldehyde solution, the amino group
combines with formaldehyde forming dimethylol amino acid which is an
amino acid formaldehyde complex Hence the amino group is protected
and the proton released is titrated agajnst alkali. This method is used to
find out the amount of total free amino acids in plant samples.

Reaction with nitrous acid: Nitrous acid reacts with the amino group of
amino acids to form the corresponding hydroxyacids and liberate nitrogen
gas.

Reaction with ninhydrin: Ninhydrin is a strong oxidizing agent. When a
solution of amino acid is boiled with ninhydrin, the amino acid is
oxidatively deaminated to produce ammonia and a ketoacid. The keto acid
is decarboxylated to produce an aldehyde with one carbon atom less than
the parent amino acid. The net reaction is that ninhydrin oxidatively
deaminates and decarboxylates o-amino acids to CO2, NH3 and an
aldehyde. The reduced ninhydrin then reacts with the liberated ammonia
and another molecule of intact ninhydrin to produce a purple coloured
compound known as Ruhemann's purple.

This ninhydrin reaction is employed in the quantitative determination of
amino acids. Proteins and peptides that have free amino group(s) (in the
side chain) will also react and give colour with ninhydrin.

Decarboxylation: The carboxyl group of amino acids is decarboxylated to
yield the corresponding amines. Thus, the vasoconstrictor agent, histamine
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is produced from histidine. Histamine stimulates the flow of gastric juice
into the stomach and the dilation and constriction of specific blood vessels.
Excess reaction to histamine causes the symptoms of asthma and various
allergic reactions.

Peptides

Amino acids are linked together by formation of covalent bonds. The covalent
bond is formed between the o-carboxyl group of one amino acid and the a-
amino group of the next amino acid. The bond so formed between the carboxyl
and the amino groups, after elimination of a water molecule is called as a peptide
bond and the compound formed is a peptide.

T 0 0.0

+ - T -a - - + -

HgN—CH—CﬁQ—H + _HZ'—-}.?I—CH—C—O — H;N—CH—C—I;T—CH—C—O + H,0
T 0w H

* The peptide bond is formed with the elimination of water, giving a
planar bond between the carboxyl carbon and the amino nitrogen.

e Linear peptides will have free amino- and carboxy- terminal groups.
Thus they will exhibit titration curves similar to a free amino acid, but
with the pKa values shifted closer to simple acid and amine values (there
will be no charge stabilization).

* By convention the amino terminal residue is written on the left
progressing to the carboxyl terminal residue on the right: *HsN-aa-aa-aa-
aa-COx-.

* Can determine the composition of a peptide by acid hydrolysis and
amino acid analysis.

* Can sequence proteins by specific enzyme and chemical hydrolysis to
give peptides which can then be run through sequenators (up to about
100 aa's).

* Amino acid sequences have been used to help determine relatedness of
organismes.

Classification of Protein : Proteins are classified based on their

(A)  Solubility and composition.
(B) Function.
© Size & Shape.
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(A) Classification of Proteins Based on Solubility and Composition

Proteins are again divided into three main groups as simple, conjugated and
derived proteins.

(4] Simple Proteins

Simple proteins yield on hydrolysis, only amino acids. These proteins are
further classified based on their solubility in different solvents as well as their
heat coagulability.

Albumins

Albumins are readily soluble in water, dilute acids and alkalies and coagulated
by heat. Seed proteins contain albumin in lesser quantities. Albumins may be
precipitated out from solution using high salt concentration, a process called
'salting out'. They are deficient in glycine. Example - Serum albumin and
Ovalbumin (egg white).

Globulins

Globulins are insoluble or sparingly soluble in water, but their solubility is
greatly increased by the addition of neutral salts such as sodium chloride. These
proteins are coagulated by heat. They are deficient in methionine. Example -
Serum globulin, Fibrinogen, Myosin of muscle and Globulins of pulses.

Prolamins

Prolamins are insoluble in water but soluble in 70-80% aqueous alcohol. Upon
hydrolysis they yield much proline and amide nitrogen. They are deficient in
lysine. Example - Gliadin of wheat and Zein of corn.

Glutelins

Glutelins are insoluble in water and absolute alcohol but soluble in dilute
alkalies and acids. They are plant proteins. Example - Glutenin of wheat.

Histones

Histones are small and stable basic proteins and contain fairly large amounts of
basic amino acid, histidine. They are soluble in water, but insoluble in
ammonium hydroxide. They are not readily coagulated by heat. They occur in
globin of haemoglobin and nucleoproteins.

Protamines

Protamines are the simplest of the proteins. They are soluble in water and are
not coagulated by heat. They are basic in nature due to the presence of large
quantities of arginine. Protamines are found in association with nucleic acid in

the sperm cells of certain fish. Tyrosine and tryptophan are usually absent in
protamines. ‘
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Albuminoids

These are characterized by great stability and insolubility in water and salt
solutions. These are called albuminoids because they are essentially similar to
albumin and globulins. They are highly resistant to proteolytic enzymes. They
are fibrous in nature and form most of the supporting structures of animals.
They occur as chief constituent of exoskeleton structure such as hair, horn and
nails.

(In) Conjugated or Compound Proteins

These are simple proteins combined with some non-protein substances known as
prosthetic groups. The nature of the non-protein or prosthetic groups is the basis
for the sub classification of conjugated proteins.

Nucleoproteins
Nucleoproteins are simple basic proteins (protamines or histones) in salt

combination with nucleic acids as the prosthetic group. They are the important
constituents of nuclei and chromatin.

Mucoproteins

These proteins are composed of simple proteins in combination with
carbohydrates like mucopolysaccharides, which include hyaluronic acid and
chondroitin sulphates. On hydrolysis, mucopolysaccharides yield more than 4%
of amino-sugars, hexosamine and uronic acid e.g., ovomucoid from egg white.
Soluble mucoproteins are neither readily denatured by heat nor easily
precipitated by common protein precipitants like trichloroacetic acid or picric
acid. The term glycoproteins is restricted to those proteins that contain small
amounts of carbohydrate usually less than 4% hexosamine.

Chromoproteins

These are proteins containing coloured prosthetic groups e.g., haemoglobin,
flavoprotein and cytochrome.

Lipoproteins

These are proteins conjugated with lipids such as neutral fat, phospholipids and
cholesterol.

Metalloproteins

These are metal-binding proteins. A -globulin, termed transferrin is capable of
combining with iron, copper and zinc. This protein constitutes approximately
3% of the total plasma protein. Another example is ceruloplasmin, which
contains copper.
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Phosphoproteins

These are proteins containing phosphoric acid. Phosphoric acid is linked to the

hydroxyl group of certain amino acids like serine in the protein, Example- casein
of milk.

(IIT)  Derived Proteins

These are proteins derived by partial to complete hydrolysis from the simple or
conjugated proteins by the action of acids, alkalies or enzymes. They include
two types of derivatives, primary-derived proteins and secondary-derived
proteins.

Primary-derived Proteins
These protein derivatives are formed by processes causing only slight changes in

the protein molecule and its properties. There is little or no hydrolytic cleavage
of peptide bonds.

Proteans

Proteans are insoluble products formed by the action of water, dilute acids and
enzymes. These are particularly formed from globulins but are insoluble in
dilute salt solutions. Example - myosan from myosin, fibrin from fibrinogen.

Metaproteins

These are formed by the action of acids and alkalies upon protein. They are
insoluble in neutral solvents.

Coagulated Proteins

Coagulated proteins are insoluble products formed by the action of heat or
alcohol on natural proteins. Example - cooked meat and cooked albumin.

Secondary-derived Proteins

These proteins are formed in the progressive hydrolytic cleavage of the peptide
bonds of protein molecule. They are roughly grouped into proteoses, peptones
and peptides according to average molecular weight. Proteoses are hydrolytic
products of proteins, which are soluble in water and are not coagulated by heat.
Peptones are hydrolytic products, which have simpler structure than proteoses.
They are soluble in water and are not coagulated by heat. Peptides are
composed of relatively few amino acids. They are water-soluble and not
coagulated by heat. The complete hydrolytic decomposition of the natural
protein molecule into amino acids generally progresses through successive
stages as follows:
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Protein = ------ — Protean ------- — Metaprotein ------ —>
Proteoses ------ — Peptones ------— — Peptides ---—--- — amino acids
(B) Classification of Proteins Based on Function

Proteins are classified based on their functions as -
(I Catalytic Proteins - Enzymes

The most striking characteristic feature of these proteins is their ability to
function within the living cells as biocatalysts. These biocatalysts are called as
enzymes. Enzymes represent the largest class. Nearly 2000 different kinds of
enzymes are known, each catalyzing a different kind of reaction. They enhance
the reaction rates a million fold.

(1 Regulatory Proteins - Hormones

These are polypeptides and small proteins found in relatively lower
concentrations in animal kingdom but play highly important regulatory role in
maintaining order in complex metabolic reactions.Example- growth hormone,
insulin etc.

(IT)  Protective Proteins - Antibodies

Some proteins have protective defense function. These proteins combine with
foreign protein and other substances and fight against certain diseases.Example -
immunoglobulin. These proteins are produced in the spleen and lymphatic cells
in response to foreign substances called antigen. The newly formed protein is
called antibody which specifically combines with the antigen which triggered its
synthesis thereby prevents the development of diseases. Fibrin present in the
blood is also a protective protein.

(IV)  Storage Proteins

A major class of proteins which has the function of storing amino acids as
nutrients and as building blocks for the growing tissues. Storage proteins are
source of essential amino acids, which cannot be synthesized by human beings.
The major storage protein in pulses is globulins and prolamins in cereals. But in
rice the major storage protein is glutelins. Albumin of egg and casein of milk are
also storage proteins.

V) Transport Proteins

Some proteins are capable of binding and transporting specific types of
molecules through blood. Haemoglobin is a conjugated protein composed of
colourless basic protein, the globin and ferroprotoporphyrin or haem. It has the
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capacity to bind with oxygen and transport through blood to various tissues.
Myoglobin, a related protein, transports oxygen in muscle. Lipids bind to serum
proteins, principally, albumin and transported as lipoproteins in the blood.

(VI) Toxic Proteins

Some of the proteins are toxic in nature. Ricin present in castor bean is extremely
toxic to higher animals in very small amounts. Enzyme inhibitors such as
trypsin inhibitor bind to digestive enzyme and prevent the availability of the
protein. Lectin, a toxic protein present commonly in legumes, agglutinates red
blood cells. A bacterial toxin causes cholera, which is a protein. Snake venom is
protein in nature.

(VII) Structural Proteins

Some proteins serve as structural materials or as important components of extra
cellular fluid. Examples of structural proteins are myosin of muscles, keratin of
skin and hair and collagen of connective tissue. Carbohydrates, fats, minerals
and other cellular components are organized around such structural proteins
that form the molecular framework of living material.

(VIII) Contractile Proteins

Proteins like actin and myosin function as essential elements in contractile
system of skeletal muscle.

(IX)  Secretary Proteins

Fibroin is a protein secreted by spiders and silkworms to form webs and
COCoONnSs.

x) Exotic Proteins

Antarctic fishes live in -1.99C waters, well below the temperature at which their
blood is expected to freeze. These fishes are prevented from freezing by
antifreeze glycoproteins present in their body.

(Q) Classification of Proteins Based on Size and Shape

Based on size and shape, the proteins are also subdivided into globular and
fibrous proteins. Globular proteins are mostly water-soluble and fragile in
nature. Example- enzymes, hormones and antibodies. Fibrous proteins are
tough and water-insoluble. They are used to build a variety of materials that
support and protect specific tissues. Example- Skin, Hair, Fingernails and
Keratin.
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Conformation of Proteins

Conformation of a protein refers to the three-dimensional structure in its native
state. There are many different possible conformations for a molecule as large as
a protein. Four types of structural organization can be distinguished in proteins:
(Fig.5.1)
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Fig. 5.1 : Structural Organization of Proteins
Primary structure

The linear order or sequence of peptide bonded amino acid residues, beginning
at the N-terminus. (Characteristic bond type: covalent).

Primary structure of protein refers to the number of amino acids and the order in
which they are covalently linked together. It also refers to the location of
disulfide bridges, if there are any, in a polypeptide chain (Fig 5.2).
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Fig. 5.2 : Primary Structure of Proteins

Frederick Sanger in 1953 determined the complete amino acid sequence of
insulin for the first time. The important steps involved in determining the
primary structure of protein are -

e Determination of number of (chemically different) polypeptide chains or
subunits in the protein.

e Separation of polypeptide chains if more than one are present in a
protein.

e Determination of the amino acid sequence of the suhunits.

e Flucidation of the position of the disulphide bonds, if any, between and
within the subunits.

Edman's reagent is also used to determine the amino acid sequence of a
polypeptide chain from the N-terminal by subjecting the polypeptide to repeated
cycles of Edman degradation. After every cycle, the newly liberated
phenylthiohydantoin (PTH) amino acid was identified. The sequence of
peptides containing 30-40 amino acids can be determined using a sequencer by
adopting the Edman's degradation method.
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C-terminal identification: C-terminal amino acid can be determined by methods
similar to those used for the N-terminal acid. Hydrazine is used to find out the
C-terminal amino acid.

Amino Acid Sequencing of Polypeptides

The amino acid sequence in polypeptides with 30-40 amino acids can be
determined by Edman reaction. For polypeptides containing more than 40
amino acids, both enzymatic and chemical methods are employed to break
polypeptide chains into smaller peptides. The enzyme, trypsin hydrolyses the
peptide bond on the carboxyl side of the basic amino acid residues of lysine or
arginine. The chemical reagent, cyanogen bromide cleaves peptide bond on the
carboxyl side of methionine residues. The hydrolyzed peptides are separated
and the amino acid sequence is determined by Ed