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Biology for Engineers and other Non-Biologists
Professor: G.K.Suraishkumar
Department of Biotechnology

Indian Institute of Technology, Madras
Lecture Number 01
Introduction

Welcome to this course “Biology for Engineers and other Non-Biologists”. This is for anybody

who has an interest in biology. We will go through some initial aspects of this course in the first
lecture which is this.

(Refer Slide Time: 00:36)

Course will be handled by: G. K. Suraishkumar and Madhulika Dixit
Steffi Jose and Abhiram Charan Tej
4 weeks

Lectures of varying duration each, for a total of 10 h; about 2 to 3 h of
lectures every week.

MCQ based assignment every week; 25% toward the final marks

Proctored exam, MCQ based, on the lines of the assignments. 85%
weight toward the final marks.

Alot of additional material will be pointed out. It will be good to go through
them for a better understanding and appreciation of the material.

The course will be handled by me, G K Suraishkumar and my colleague, Dr. Madhulika Dixit. |
am a biological engineer, Madhulika Dixit is a biologist. So this combination is expected to bring
out the best of biology for non-biologist engineers and other non-biologists. You will be ably
helped by Steffi Jose and Abhiram Charan Tej. They will interact heavily with you.

This is a four-week course or a ten-hour course. In other words, the lectures by us, Madhulika
and I, would be about ten hours long, and they would be of much shorter duration. In other
words, each lecture would be about anywhere between fifteen minutes to about forty minutes and
all the lectures put together would be about a total of ten hours. And this would be given to you
in four installments over four weeks. So that comes to about two to three hours of lectures each
week, and we will work it out such that it is easy for you to assimilate, it’ll be interesting for you
to assimilate and so on.



This is for the evaluation. The learning is much more important than the evaluation is what we
believe, but we also know that the evaluation is important for our audience. The evaluation
would be two-fold, the first one is through assignments. There will be an assignment every week,
typically about ten questions, and all of them or most of them would be multiple choice
questions. All the four assignments together would carry twenty-five percent marks, twenty-five
percent weightage toward the final marks. At the end of the course, there will be a proctored
exam in different locations. This will be on the computer, again multiple choice questions based,
and these, this exam would be on the lines of the assignments that are given. And this exam

would carry eighty-five percent weight toward the final marks.

And as you would already know, the people who opt to take the exam are eligible for a
certificate depending on their performance. | think the details are given in the NPTEL website,
they keep changing from time to time. | think it's typically, till about a certain percentage, you
get the participation certificate and then you get three other certificates depending on the level of
performance. I think the final one has something to do with the gold star and so on. You can look
at the details in the NPTEL website. These, questions would be designed such that they are all
across the spectrum.

What we usually aim for is that about thirty percent of the questions are amenable to all people
who are taking the course, all the participants of the course would be able to answer about thirty
percent of the questions. Thirty to eighty depending on the level of engagement, skill and interest
would be able to answer and one needs to be really good to get the last twenty percent. That's the
way we typically design our assignments as well as the exams. A lot of additional material will
be pointed out during the lectures as material that is available to you on the site and so on. It will
be really good if you can go through them for a better understanding, and appreciation of the

material.

Some of those would just be additional material, some of those we really feel, that means | really
feel that you should see those videos and those figures and, (reading) and go through those
reading assignments for a good appreciation of the course. Therefore, that would, | would say
somewhat mandatory. We may even ask you questions from that; whereas the others that are
clearly pointed out as additional material, it is upto you, you can go and read them up for better

understanding and so on so forth.



(Refer Slide Time: 05:20)

INTERNATIONAL EDITION

B1OLOGY

' &

CAMPBELL

This is, the, cover of one of the reference books that will be used for this course. It's, “Biology”
by Campbell and Reece, this is the seventh edition here, this is the international edition; the,
country specific editions may look different. This is the seventh edition which came out a while
ago. Now we are in the tenth edition. However, I’ve gone through the table of contents of
seventh, eighth and the tenth editions. There are differences but those differences will not matter

for an initial exposure to biology. Therefore you don’t have to worry about this.

This is another thick book, and any biology book would be a reasonably thick book because of
the information that is available now. We will not be looking at all parts of it; we’ll be looking at
some chapters and some sections of some chapters in this book. If somebody’s interested, we can
point that out to them what chapters we are going to do in this particular book. These are
reference books, so we won't be following them in the way they have addressed the subject and

so on so forth. We’d be taking information from them.
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INTERNATIONAL EDITIO

CELL AND &%
BIOLOGY MOLECULAR
BIOLOGY

'

\

GERALD KARP

CAMPBELL REECE

Another book that is also recommended as a reference book for this course is “Cell and
Molecular Biology” by Gerald Karp. This is also a nice book; it has a subtitle ‘Concepts and

Experiments’. It's also a nice book. If you get your hands on these books, it might be good if you
read them.

(Refer Slide Time: 09:12)

wonder

Biology

_ fear
Promise,

Expectation

Why do we need to know biology?

Now, let us start looking at “Biology”, okay? When you think of ‘Biology’, what does it bring to
your mind? I’m used to dealing with a certain homogenous set of students, I know what comes to

their mind. I’ll tell them, tell that to you in a little while. What comes to your mind?



Depending on your background, | think there is a certain aspect of wonder that comes to your
mind when you think of biology. There’s so much of things that you don’t understand, we don’t
understand. We are fascinated about when we look closer at biology. There’s so much to learn
from biology and all these aspects are really wonderful. At the same time, if you ask my
students, who are typically engineers, they have a fear for biology, mostly because of the way
they have been exposed to biology in school, nothing else. So, we have an introductory course
here for all engineers, typically in their third semester, now I think it's in slightly later semesters,
where we work on getting them, asking, making them getting over the fear for biology.

I’ tell you the reason why. Most likely, engineers in this century may be interfacing with some
aspect of biology in terms of the field that they’d be contributing to, and there’s no point in
fearing that field and it's nothing to fear about. That is another aspect that could come to mind. In
any case, there’s a lot of promise, there’s a lot of expectation from biology, especially in this

century.
(Refer Slide Time: 09:13)

1. To find solutions to challenges

Historical: bird flight - airplanes

Sustainability

Biology has already found sustainable methods.
Life forms have evolved, and co-existed in harmony with
their surroundings for millions of years.

If we need solutions, we just need to look at
how biology does it.

Design through biomimicry: https://www.youtube.com/watch?v=Z0Dvr_GzNc4
Biomimicry (sustainable) — Janine Benyus: https h?v=FBUpnG1G4yQ
Biomimicry (Janine Benyus - slightly old, but relevant): htps://www.youtube.com/watch?v=k GFq12w5WU

So, why do we need to know biology? First, to find solutions to challenges, that face mankind.
You know, historically speaking, probably a century ago, airplanes became possible, atleast
according to the history that we know. And, all of us know that the airplanes were inspired by a

bird flying. Man saw a bird flying, he or she wanted to fly that way, and therefore made it



possible to fly that way using airplanes. It was not an easy task, but ultimately, mankind got

there, and nowadays it's a very standard form of travel that we take for granted.

Sustainability, it's a very big aspect nowadays. And, whatever we do, we like to do in a
sustainable fashion, so that we don’t spoil the our planet, and leave it for the next generations in
the best state that we can. What we normally fail to recognize, is that biology has already found
sustainable methods. This earth is probably 4.5 billion years old, primates developed about sixty-
five million years ago, mankind, humans developed about fifty million years ago, round about
that some million years ago. And, whereas earth itself has been around for billions of years, so
about 4.5 billion years, and life evolved may be some billion years ago.

And, over time, biology has found methods to do things in a sustainable fashion. Life forms have
evolved, co-existed in harmony with their surroundings for millions of years atleast, or even
billions of years. So it's all, all there, we just have to look at it and learn from biology and adopt
those practices to be able to lead a sustainable life, and sustainability is a very big challenge in
front of us nowadays. So if you need solutions, just look at how biology does it, and it is there
and we probably need to adapt to some of those. |1 would like you to look through these videos.
There are three of them, let me list and then talk about them. Design through mimicry is this,
there will be a file that is available to you as a pdf file, along with the course material. This

would be a clickable link in that file, it will be available with every lecture.

You just need to go and click on these appropriately to go and view these videos or papers or
figures and so on, they cannot be included here for obvious reasons. But they are very good
videos, the first one is design through mimicry. This talks about design of things that we use,
using principles that biology uses, okay? So bio-mimicry, we are trying to mimic biological
aspects. So that's a nice small video, may be about three to four minutes long. Then bio-mimicry
from a sustainable angle; Janine Benyus, who is a known person in bio-mimicry aspects. This is
about again a short video, may be about three to for minutes long. The last one, bio-mimicry, is

slightly old but very relevant, okay?

In this Janine Benyus talks about various examples, you know, the whale, she talks about this,
one of the whales has a surface which does not allow bacteria to stick and grow on them, okay?

And think about that. If we have some such surface, there is no coating, nothing like that, it's just



the nature of the surface, that does not allow bacteria which causes a lot of bad things as we
know, infections, that does not allow bacteria to grow on it's surface. So think about it. If we can
have a similar surface at the micro scale in our hospitals, then the problem of infection is
obviated, right? So, the implications are big. There are beetles which use moisture in the air for

their water requirements.

Their body structure or their, the structure of a part of the skeleton is designed such that to, in
such a way to capture the moisture from the air. It lives in very arid places and the water that is
collected directly goes into it's mouth and so on. And, some similar structures can be used to
capture water from, like the humid air around us, especially in Chennai it's very humid. So, if
that can be done probably the water shortage can be handled to a certain extent. And it so
happens that there are companies doing this already, we may not have, we may not be very
familiar with it, but I know of one of my students’ fathers having a company which does exactly
this, and so on and so forth.

So there are various ways. Let me give you one more example. We have been looking at the
solar energy, right? This uses, chemical based solar cells to capture light. In other words, light
falls on it, and electrons go out of it. And that's how you get electricity. Okay? Photosynthesis
does exactly the same thing in a very efficient fashion, right? So can we get inspiration from the
way photosynthesis is done in nature, and translate it to more efficient solar cells? This is
something that is being worked on right now. Some level of success, it's a long way before it

becomes completely viable and so on.

So there are various different things that you can, various different ideas, various different ways
of doing things that we can learn from nature and use it for our own needs. So these three, videos

and bio-mimicry would be able to give you more information on that.



(Refer Slide Time: 15:56)
2. Biology is us. Can our wellness, both
physical and mental, be better?

Through better understanding - cell, its processes, systems
as a whole (e.g. obesity)

Artificial retina — Sheila Nirenberg:
http://www.youtube.com/watch?v=wGDKD|HfhXQ

Brain-computer interface
https://www.youtube.com/watch?v=7t84IGE5TXA

]

Second reason is, second reason for studying biology is that biology is us, we are all biological
creatures. Can our wellness, both physical and mental be better? Surely. We all, all of us would
like to feel good you know, be good without diseases, mentally be alert, mentally be mentally
feel at peace and so on. Can that be done?

Through a better understanding of biology, the cell, it's processes, the systems as a whole,
certainly yes. Even the simple things, such as obesity is not understood properly. You know, why
people become obese? It's not a simple calorie counting kind of a situation here, and therefore
can we understand that a lot better and so, so as to reproducibly get people to their appropriate
weight without a lot of pain, as it is currently being done. There are a couple of videos that Id
like you to see and | say that these are essential videos to see, so were the first three.

The first one is a 2011 Ted talk by Sheila Nirenberg, professor Sheila Nirenberg. This is on
artificial retina, okay? This is the link to that which will be available on the other clickable pdf
that you’ll have. When you watch through these videos, | would like you to see how your field,
the aspects of your field are being used to solve huge problems, huge challenges, overcome huge
challenges as the ones that are being given here. This is artificial retina which talks about a

means by which people with damaged retina could be, would be able to see.

There’s a good level of success already in this. This is 2016, a slightly old 2011, so there’s a lot

of development that has taken place after that, but the basic idea is all the same, the basic



concepts are all the same. If you’re an engineer, you could 1ook at what all aspects, is it computer
science, electrical engineering, mechanical engineering, materials engineering and so on and so
forth that go into making this challenge, or making or addressing, making it possible to address
this challenge. You can look at that.

This is about ten minutes long, and the next video that | would recommend is on a brain
computer interface. The link is this. This talks about the possibility of a quadriplegics walking
again. Just by using the brain, just by using the electrical signals in the brain, whether they’ll be
able to walk again. There’s a lot of development that has happened. There was a well known, or
there was a publicity aspect that was also a part of the recent world cup, where a quadriplegic
was supposed to Kick the football using some such principles. So you may want to watch this,
and while you are watching this, think of what all fields of yours are being used here to solve

these problems.

And it is because of these, to make these possible, especially, by people like you who would be
in several different fields that may not be directly related to biology as you see it. Getting those
people to contribute to this, getting those people interested in this, is the purpose of this whole

course, or one of the purposes of this whole course.



(Refer Slide Time: 20:05)

3. Because it is there, and needs to be
understood (scholarly view)

They may have practical applications in the future — Mendelian genetics, electricity

Many important contributions are expected to be made in Biology 4to
understand life, ourselves, and to make a sustainable, better life for
ourselves.

They are being made as we speak, in this ‘century of Biology’

The third reason why we could, we would want to know biology, is because it is there, and needs
to be understood. This is what is called a scholarly view, okay? Many somehow don’t understand
this view, that's okay. But, if you are oriented that way, you would already have a feel for it. You
may not still accept it but you will certainly have a feel for it.

And with experience, you know that it is a very valid and a very high level kind of a view. Okay?
Because it has significance over decades or probably even centuries. That is because you know
we tend to appreciate something that has an immediate practical application. And such a view
may not have an immediate practical application, you never know. Sometimes, something that
seems very, scholarly, you know, you you want to understand it, you want to learn it just because
it is there could have an application within a year as has happened in the past. And something
like this, you know, we will be looking at Mendelian genetics. It's not a very standard or classic
example of this kind, but Mendelian genetics is something that we would look at in a later

lecture.

This was developed by Gregor Mendel, just because it was there. He was a monk, he wanted to
study plants, and by studying plants, he came up with the essence of inheritance. How human
beings inherit things from their parents, often their grandparents, and so on, the principles of that,
and that has become huge now, may be a century later, (much) much more than a century later to

be able to predict whether a disease would occur in a certain child, and so on. A classic example

10



is electricity. When electricity was found, people said all this is fine, but, is it really going to be

useful?

And all the, all that the people could say who were involved with electricity is yes, may not be
now, may be much later. And we all know what electricity is nowadays. We cannot even think of
a life without support from electricity. So many important contributions are expected to be made
in biology to understand life ourselves, and to make a sustainable better life for ourselves as well
as our future generations, and those contributions are being made as we speak in this century for

biology, or century of biology. Now let me, get a little deeper in this introduction itself.

| usually ask this question to our students, our engineering students, “How many of you have
done biology in twelfth standard?” This is the first question I asked students, whenever | handled
this course with my colleagues, and typically about, five percent, or less than five percent would
have done biology in their twelfth standard. Even in our own department -biotechnology, about
ten percent would have done biology in their twelfth standard, ninety percent would not have.
And in the case of, all departments put together, all engineering departments put together, about
may be ninety-eight, ninety-five to ninety-eight percent would not have done biology in their
twelfth standard. Okay?

That is because for entrance into the bachelor’s programmes here, they are tested on
mathematics, physics, chemistry, and probably, yeah these are the main things that are tested,
and therefore they don’t need biology. Not just that, there are other social aspects that, kind of,
straight-jacket students into some fields, which may not be really, desirable for the overall
growth of the country. And, when, such students are addressed, there is usually a preference in

them for certain subjects, which is certainly not biology.

1"



(Refer Slide Time: 24:12)

| usually ask this question to our students: how many of you have
done biology in your XII standard?

And many of them like mathematics a lot, irrespective of their own capability level in

mathematics, they all like mathematics a lot. And, so, I asked them this question.

(Refer Slide Time: 24:45)

How we learnt Arithmetic
Aset of numbers: 0,1,2,3, ...

They can represent space, money, time, amount, ...

You can perform a set of operations on them: +, -, x, /, sin, etc.,.
They are related in different ways: ascending/descending order, lcm, hcf, ...

The operations and relationships are useful.

But, what is sin? log? error fugction? Bessel's function?

You need to know or remember what they are, the same way you need
to know or remember people’s names. But, since you are exposed to them
many times, they have become a part of you.

Let us think about how we learnt arithmetic, in mathematics. This is way back, may be in your,
first standard, first grade, second grade and so on. There are a set of numbers, let’s say, 0, 1, 2, 3
and so on. Initially when you think of numbers, you start from zero, one, two, three. They can

represent many different things, they can represent, let’s say the space that you live in, the area,

12



the volume and so on, the amount of money that one has, the amount of time that one has, the

amounts of so many different things that are relevant to humans.

You can perform a set of operations on them, you can add two numbers together, you can
subtract one number from another, you can multiply two numbers together, you can divide one
number by another, you can; if after a certain while, you can take the sine of certain numbers,
cosine of certain numbers, and so on so forth. You can perform a set of operations on them, and,
you can also see that they are related in different ways, you could order them in an ascending
descending order, if you have a set of numbers, there could be a least common multiple among
them, there could be a highest common factor among them and so on.

And these operations, you know, these are the operations, these are the relationships, they are
useful to us. For example, if you have five apples and four apples, together they make nine
apples, right? And, if | have, let us say, hundred rupees, if somebody borrows twenty-five
rupees, | have seventy-five rupees left. That would be subtraction. Similarly, multiplication,
division sign when you have, cyclic occurrences and so on. And similarly, there are relationships
that could be helpful, useful. But, what is even sine? This probably sine is learnt in your sixth,
seventh, may be seventh, eighth standards, or may be ninth standard. And what is log? Which is

again learnt sometime in high school.

When you start thinking about this, you start slightly doubting the level of comfort you have with
numbers, okay? How did we kind of, look at this earlier, okay? Sine, log, probably ninth
standard. Leave alone these. What is an error function? Okay. That's also mathematics. What's a
Bessel’s function? That's also mathematics, heavily used in engineering and so on so forth,
okay? And when you think of these things, we deconstruct and deconstruct how we learnt
arithmetic, then we come to realize something, you know? Whatever we feel so comfortable
with, you know, performing a set of operations on numbers, and knowing the relationship
between numbers and so on and so forth that we are so comfortable with, became comfortable

because of repeated doing of the same thing with those numbers, nothing else, okay?

But, when, you are exposed to them for the first time, error function, Bessel’s function and so on

and so forth, you need to know or remember them, what they are, the same way that you need to

13



know or remember people’s names, okay? There’s no difference. But since you are exposed to

them so many times, they become a part of you, okay? That's all. There’s nothing else. Okay?

(Refer Slide Time: 28:19)

For people who have an interest in maths, you would like to know what an error function is. It is
this, okay?

2
erf(z) = ——
V7T

0
And, let me show you what a Bessel’s function is,

(Refer Slide Time: 28:39)
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It is this. Okay? So you can look through the details of the Bessel’s functions. There are Bessel’s
functions of many kinds and so on so forth. They are very useful in some aspects of engineering,

including biological engineering. Right?

And therefore, knowing and remembering and recalling and so on so forth is no different from
the way biology is done largely in schools, right? And arithmetic, when you started out, was
done that way. It's just that you have done, repeatedly so many times, that you become very
comfortable in that. Right? And so there is probably no basis in terms of learning, to place maths

here, physics here, which people normally do, our students.

And then chemistry here, and biology hmmm, right? There is absolutely no basis to do that. And,
biology, biological engineering, both have a lot of mats in them, as of now. A lot of
quantification has come in, and there’s a lot of math even if you like math, and you would be

able to contribute a lot in biology even if you are a pure mathematician.

[Refer Slide Time: 29:55]
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How we learnt Physics

- Lots of observations: apple falling, object moving at a certain speed,
behaviour of charged particles in electromagnetic fields, ...

- Are there rules that govern the above?

- Are the rules "universal'?

Biology: rules are not yet reasonably "universal'. We quickly find exceptions.
Information is highly incomplete. Understanding is rudimentary.

Let me go to physics now. How did we learn physics? Lot of observations, apple falling, object
moving at a certain speed, behaviour of charged particles and electromagnetic fields, and so on.

Avre there rules that govern the above? Yes.

That's what physics is all about. Are the rules universal? Mostly yes, okay? There are a few
exceptions, but mostly yes. But in biology, the rules are not yet reasonably universal, okay?
We’ll quickly find exceptions. Information is highly incomplete, understanding is rudimentary,
and since it is a new science, there’s a lot of information that one needs to rely on. It's changing
as we speak. They’ll all be, the information will be put into nicely understandable packets, and
then it becomes much easier to manipulate them, right? So, you need to keep this in mind when

you are looking at biology.

So what we thought we would do, is pick up some aspects of biology, that, one would need to
know as basic information, as to how life formed, how life evolved, they are very interesting
aspects which could have a relevance to some of the things that we’re dealing with nowadays.
And the very fundamentals of biology, the basic biomolecules, how they interact with each other
to certain extent may be. Some genetics which are, which is helpful in, predicting diseases and
some aspects of DNA, RNA, and so on so forth. Okay, we’ll give this to you as a ten hour
module, and that would equip you with some level of biology with which you can learn further
with ease and also start applying with ease. Hope you enjoy the course, with Madhulika and I,

we will alternate our lectures here, and see you soon. Bye.
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Biology for Engineers and other Non-Biologists
Professor: Madhulika Dixit
Department of Biotechnology
Indian Institute of Technology, Madras
Lecture Number 02
Origin of Life
Hello and welcome to this course called “Biology for Engineers and other Non-Biologists”. My
name is Madhulika Dixit and I am a faculty at Department of Biotechnology, and I am taking this
course along with my colleague, Professor G K Suraish kumar. Now when this idea of taking this
course for engineers and non-biologists was brought up to me, the idea was to essentially bring
in biology, teaching biology at a level which will be easily taken up by the non-biologists. So for
those students who have already taken some sort of a course in biology, a lot of things will sound

very fundamental. However, the whole idea of this course is to essentially highlight the basic

features of biological life.

Now, most of the times when I have taken these kind of courses with engineering students, I
have always noticed an apprehension in terms of trying to learn a biological course, and the
reasons that I have gotten more often from them is that it's a subject which requires a lot of
memorizing. I would like to bring out to the students here that indeed there are lot of terms
which seem very difficult, but I would also like you to understand that biology is at a very infant
stage, in comparison to, for example physics or chemistry, where the logics of chemistry and

physics are very well defined. For biology, we are still trying to understand those logics.

Hence, in this course, we’ll try to understand the logics of how a biological life is governed, and
what is it in terms of reactions, in terms of physical entities, which help a life to survive and
sustain. So let me start this course with my first lecture or rather first set of slides on origin of
life. Now, life, or origin of life is a very intriguing topic because for a very long time, we still
haven't been able to answer the question as to how life really evolved. But before I get into the
actual topic of today, which is origin of life, it's important to understand what are the features of

life. What is it that you call ‘life’ and how is it sets itself apart from non-living things.

Well, anything that you see around yourself which is living, you will notice that there are certain
features which are fundamentally common across living world, whether you start from a

bacteria, you go to a plant, you go to a fungal organism or you go all the way to human beings,
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you find that there are certain features of life which remain constant, and the most important of
them all is the ability to replicate and reproduce. Now this is one critical feature which sets the
living world separate from the non-living world. But in order to do that, in order to sustain it's
survival, in order to pass on it's characters to it's progeny or it's off-springs as we call it, an
organism goes through a whole lot of processes, and these include it's ability to utilize food, it's
ability to synthesize food if the need be, it's ability to digest the food, it's ability to throw out the

waste material and keep the machine going.

So in other words, life or any biological system is a very highly dynamic system, and it has it's
sole purpose of surviving and reproducing. So, this is one character of life which is very unique,
and we are still puzzled and we still don’t have a complete answer as to life, how a life really
evolved on this earth. But, lot of studies done by geologists, by archaeologists, by molecular
biologists, have noticed that there are enough proofs as of today, with which we can confidently
say or at least speculate that the present form of life has evolved from non-living things. In other

words, we have essentially evolved from chemical reactions.
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So, let’s get to how the history of earth is, and how life really evolved during this history of
earth. Now if you notice in the slide, if you were to look at the life of earth as a whole, and here
I’ve drawn a clock and the time scale or in terms of billions of years, what you’ll notice is that

the radio active dating estimates that the origin of earth happened somewhere close to four point
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eight billion years ago, and, the earliest fossil records which suggest existence of life forms is
about a billion years later. So, it is possible for us to speculate and now you have enough proofs
through fossil records that the life must have originated within seven hundred to eight million

years of earth’s existence.

So, how did the life evolve is something that we’ll talk in this class today, but I want you to
understand that a lot of this was initially a set of chemical reactions, and these set of chemical
reactions were actually possible because the earth’s atmosphere was highly conducive for such
reactions to happen. And mind you, at that point of time in the early life of earth, the atmosphere
of the earth was very different from what we see of today, which is essentially full of
atmospheric oxygen. So in other words, the initial phase of earth’s history, it had a highly
reducing environment. And I’ll come back to this when we talk about experiments which

actually go on to prove how the initial biological molecules actually got synthesized.

So, the earth seems to be about 4.6 to 4.8 billion years old, the earliest fossil records are
somewhere about 3.6 to 3.8 billion years old, and somewhere in between the life really evolved.
And what we also observe is one of the earliest forms of lives are something which we even see
them today and those are the bacterial forms. So it's interesting that something which evolved or
which came into existence more than three billion years ago, has sustained it's survival for the

last 3.5 to 4 billion years.

And in the process, the Prokaryotes have also evolved and has given rise, is what we think as of

today to different forms of life. So we’ll come back to this and see it in a step by step fashion.
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So, for simplicity, what we understand today or rather, based on the various evidences that we
have from geological excavations, from chemical reactions, from molecular biology techniques,
for simplicity's sake the biologists believe and have divided this very process of life and it's
existence or origin into three different phases. The very first phase is of chemical evolution. Now
this must be the phase which must have evolved during the very early stages of earth’s life, when
the earth’s crust was very hot, the material has still not cooled down, the oceans, the springs, the

hot pools were still boiling, the atmosphere was highly reducing.

And, it is during this phase that probably some sort of geological complexes or molecules would
have interacted to form the initial and the early very building blocks of organic molecules. We’ll
come to this. Then came the most important feature which kind of sets apart life from chemistry,
and that is the ability of these molecules, somewhere during the course of history, to develop into

a property where it can replicate itself.

Now this is one of the most critical features, I would say, in terms of the origin of life, because it
is at this stage you would find, that probably the system changed from just a set of chemical

entities into developing a property where they could self-replicate.

And then, comes the last phase which would probably correspond to the rest of the phase all the
way from here till what we see present today, is the evolution. And, what do we mean by

evolution; it was just initially a set of chemical entities, all sitting together, these set of chemical
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molecules must have evolved an ability to self-replicate, and then sooner or later, these entities
would have enclosed themselves into organism-like entities, which were the initial prokaryotes,
and then the prokaryotes would have evolved into much more complex forms of life, which is
what you call as the eukaryotes, a single-celled organism to a multi-cellular organism to plants,

to animals, and then, to the present day human beings.

So, in that sense, for simplicity, we kind of divide this development of life into three phases,
chemical evolution, acquisition of the replicative ability by life, and the evolution of these early

forms of life into what we see today as complex organisms and complex plants.
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So let’s go to what are the various theories and evidences for origin of life. But before I get into
the theories and evidences of life, I want to highlight certain things, which are very important to
understand how these theories were built up. If you were to look at any living organism as of

today, we all know that our, seventy percent of our body weight is made up of water.

But if you were to just account for the dry weight, you’ll find that the ninety percent of a dry
weight of any living being essentially consists of these major elements — the most abundant
being the carbon, hydrogen, oxygen, nitrogen, phosphorous and sulphur. In addition to these, you
do have some trace elements like iron, copper, zinc; but in terms of bulk quantity, the bulkiest, or
the one which is available in most quantity is the carbon, and that should not be a surprise

looking at the chemical properties of carbon, because carbon has a versatile ability to form
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covalent bonds, not just with itself, and thus lead to a infinite long chains of organic molecules, it

can also form covalent bonds with other elements, like hydrogen and so on.

So in that sense, carbon seems to be a very nice element. And, it should also be noted that when
geologists went on analyzing the chemical composition of the early rocks of earth and the
meteorites, which continue to keep hitting us, they were found to be very rich in carbonaceous
compounds. So clearly, the earliest building blocks were formed because of carbon. The other
important thing to note is that the initial earth’s atmosphere, which is what we call as the
primordial earth’s atmosphere, was highly reducing. As I mentioned earlier, it is in, in the initial
seven hundred to eight hundred million years, you would find that the earth’s atmosphere was
highly reducing because of presence of nitrogen, ammonia, methane, carbon dioxide, and it

actually did not have any atmospheric oxygen.

So, what was the first hypothesis? With this background in mind, the first hypothesis was put
forth by Alexander Oparin and J.B.S Halden in 1929, and they said, that the very first molecules,
or biological molecules would have arosen, because of the abiotic synthesis of small molecules.
So the first set of sugars or amino acids would have been formed by a mere abiotic synthesis of
these molecules. And how it would have been possible? According to them, in that initial
reducing environment of the earth, any high energy discharge, either in the form of ultra-violet
lights, or in the form of lightning would have favoured spontaneous synthesis of simple

molecules from existing geological molecules on earth’s surface.

Now this was just a hypothesis way back in nineteen twenty-nine and twenty-four years later, in

1953, it was actually demonstrated to be true by Stanley Miller and Harold Urey.
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So what did Stanley Miller and Urey did is that they tried to create this kind of a primordial earth
atmosphere, or the primordial soup, in this case I mean the early forms of oceans on earth which
must have been at a very high boiling temperatures, and created that in a laboratory setup. So
they had a primordial soup kind and they had an ocean kind of environment at a very high

temperature, which is the boiling water.

They collected the water vapour under a very reduced environment consisting of methane,
ammonia and hydrogen. Now in this reduced environment, when the energy was supplied, to
mimic ultra-violet radiations or lightnings through electrodes, whatever was being spontaneously
generated was then eventually condensed by the means of a condenser, and then collected at the
collecting pole, or the collecting conical flask. And when they analyze the composition of this
cooled water, they found to their amazement that it consisted of a lot of amino-acids that we even
see today, such as alinine and glycine, sugars, nucleic acid, and nucleic acid bases like adenine
and lipids. So this was one of the earliest proofs to the hypothesis which was put forth in
nineteen twenty-nine, that the early forms of biological molecules must have had an abiotic

synthesis.
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But then, just having small molecules is not enough, because if we were to look at the present
day life, you find that you have macromolecules, and not just smaller molecules. For example, if
you look at the plant cell, the outer covering of the plant cell is the cell wall, and we’ll come to it
when we’re talking about cell structure and cell function is actually a polymer of glucose, which

is made up of, which is what you call as cellulose, and these are huge polymeric molecules.

So how is it that these abiotic molecules eventually went on to polymerize and form higher order
molecules? So the second hypothesis is that during the early phase of earth, when the earth’s
crust was still very hot, you find that there were hot rocks, clay or sand, and under such hot
conditions, it was very easy for one monomer to interact with another monomer, through the
process of dehydration. And since there were sufficient carbonaceous material available in the
earth’s crust, the rate of synthesis was much much higher than the rate of hydrolysis. So the
postulation is that after the abiotic synthesis of monomeric units, there must have been
spontaneous polymerization due to very high rate of dehydration and that is simply because of

the presence of hot rock, clay or sand which will promote this chemical reaction.

And the proof of this was then supplied by Sydney Fox where he went about dripping actual
organic monomers onto a hot clay. To be specific, on iron pyrite or on sand, which do have these
charged sites, and he found that these monomeric molecules would eventually join together to

form polymeric molecules, and in the process it is the metal ions which are helping or facilitating
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the process of condensation. So, we do know, or we do now believe that yes, the initial set of
biological molecules were from abiotic synthesis, then you ended up having polymerization of
these molecules, and then the question is, ‘When did the replicative ability begin’? Because all
this while, we are just talking about chemical reactions which are happening in a primordial
earth, which has got a highly reducing environment, still doesn't have atmospheric oxygen, and it

still has a very hot surface.

But, as I told you in the initial part of my presentation, what sets apart life from the non-living
things is the ability to replicate. At this time, we don’t really have the clear proof as to how this
change happened from a non-replicative to the replicative form and life, but, if one were to look
at which set of molecules would have been the ideal initiator of this process, we now have
sufficient proof or suggestions which suggest that the earliest genetic material must have been

RNA.
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Now before I get to why we think it would have been RNA, it's important to understand the flow
of information in a living world. And we all know, and that in our system, any organism for that
matter, most of the information is encoded into what you call as the DNA, as of today. And this
DNA is then transcribed and this process is called as transcription into RNA, followed by the

actual work horses of your body or a cell, which is the protein. But, if one were to look at RNA.
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so we will discuss DNA to RNA, the process of transcription, RNA to protein, the process of

translation, in subsequent videos.

But for today, we’ll focus our attention on RNA. So, there are enough proofs which suggest that
RNA might have been the earliest genetic material, and this was also supported by the recent
findings in nineteen eighties, where Sydney Altman and team, that RNA can not only
polymerize, it is also has the ability to cleave itself. So, it not only acts as a molecule which can
polymerize itself, it also can act as an enzyme, and this catalytic activity of RNA is not

dependent on proteins.

So it's a very versatile nucleic acid molecule in that sense, that it not only can polymerize itself if
the need be, it can cleave, and if the need be, it can also act as an enzyme. What is even more
interesting and intriguing is to note that as we go into the details of protein synthesis, multiple
steps in protein synthesis are dependent on RNA. For example, the actual machinery which puts
this entire chain of amino acids into a protein which you call as the ribosomes, is chemically
made up of RNA. Two third of ribosomes is made up of RNA. And not just that, even in today’s

world, where DNA, the so-called our genetic material which has the entire coded information.

The DNA needs to replicate, it does depend on RNA, and I'll talk about this, when we talk about
the process of DNA replication. So we still don’t have concrete proof, but all these properties of
RNA make it a very interesting molecule for it to be probably the earliest molecule capable of

acquiring the ability to replicate.
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Then the fourth theory is, ‘how did cells come into existence’? I mean all this while we are only
talking about chemical synthesis of monomers, their polymerization to larger forms, hopefully
acquisition of replicative ability. But then, how do you get to cells? And, this is where we have to
consider that slowly, as the time went past, chances are the sources became skewed, lesser and

lesser.

There was far more entity for these cluster of molecules to kind of guard and maintain their
properties, and in the process what would have happened is that lipid molecules would have
assembled like liposomes. These are amphiphatic, in the sense that they do have a polar head,
and a non-polar tail, and these, it's like you take a soap solution and when you drop it in water,
these lipid molecules will end up forming bubbles. So these initial lipid liposomes would have
somehow enclosed these abiotically synthesized self-replicating biological molecules to form the

first and the most earliest form of life, which is what you call as the protobionts.

And somewhere down the line, the protobionts would have then evolved into prokaryotes. But
mind you, this time scale of change from abiotic synthesis all the way to prokaryotes has not
happened overnight, it has happened over millions of years, and then, the earliest form of
prokaryotes would have evolved into what we know as eukaryotes, we’ll talk about this when we

talk about the cell biology, and would have finally evolved into what we see today as multi-
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cellular highly evolved organisms. So this journey, all the way from protobionts to the present

day organisms, we’ll cover them in the, in the topic of evolution.

But for now, so you find that there have been four hypotheses, abiotic synthesis of small
molecules, polymerization of small molecules, ability of the small molecules to replicate, and
then, the enclosure of these biological soups, or these biological molecules by means of lipid
molecules, and probably the earliest forms of plasma membrane. But then, there has been a very
important and one of the most crucial turn of events in history of earth, and that has been the

oxygen revolution.
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So if you see this curve where I have plotted atmospheric oxygen at the present day, right? You
find that the earlier earth had very low oxygen. Almost for the first two and a half billion years,

you find that there was hardly any oxygen in the atmosphere.

Something must have happened at this turn, which would have led to the sudden burst, and if you
noticed, within a few million years, from hardly any oxygen to reach a point where the
atmosphere becomes highly oxidized. And it's at this stage, we believe in earth’s life that the
plants or the photosynthetic organisms must have evolved. And the reason must have been pretty
evident, the reason being that by this time, by the time of two and a half billion years, resources
must have become lesser, it would have compelled the organisms to survive as I said, one

property of life is to survive.

28



So if the resources are getting lower and lower, all that pool of carbonaceous inner compounds,
energy rich phosphates, if they are getting exhausted, the organism, since it needs to survive, has
to find alternate means of obtaining this energy, and one possible way by which it would have
done that would have been to use the reducing power which it did, as per our understanding in
the initial phases using hydrogen sulphide. But then even hydrogen sulphide would have got
exhausted and then, the organism must have developed a much smarter strategy of actually
utilizing the unlimited pool of energy from solar energy or from the sun and hence the process of

photosynthesis evolved.

And in the process of this, oxygen became a by-product and as a result the atmosphere becomes
highly oxidized. Now, if the atmosphere has become highly oxidized, there are still ways by
which the organism has to derive energy by breaking down it's larger molecules into smaller
entities. Earlier it was fairly easy. But now in this oxidized environment, there had to be a

specialized structure possible to efficiently do breakdown of these polymers.

The release of energy, and that is where it is postulated that the mechanism of what you call
today as respiration must have evolved. So in other words, we started the initial life on earth in a
highly reducing environment, and somewhere around I would say close to about two point six
billion years ago, the transition must have happened where the organisms became smarter,
started utilizing the solar energy, and the chemical energy from other reducing compounds like
hydrogen sulphide, and in the process, they started generating oxygen as a by-product, because

of which now the atmosphere became highly oxidized.

So the new set of chemical reactions had to evolve which under these conditions, oxidizing
conditions could still breakdown polymers into monomers for release of energy, and that is

somewhere here probably, that the evolution of mitochondria would have happened.
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So let’s come back to the slide which I was talking about. So this is where we think the origin of
earth happened. This was the phase, I would say all the way up to here, you find that the earth’s
atmosphere must have been highly reducing, and then, you have evidences of early life,
somewhere here, which says about seven hundred million years after the earth’s origin, the
earliest protobionts must have evolved somewhere here, later transitioned into what you call as
the prokaryotes and then due to lack of sufficient high-energy compounds available and the
resources becoming lesser and lesser, a point in evolution would have happened where the
organisms would have developed a property of synthesizing their own food, using solar energy

and in the process, went on generating oxygen as a by-product.

So it is at this point somewhere in earth’s life that the earth’s atmosphere became highly oxidate.
And as a process evolved, the prokaryotes ended up becoming well formed, which is what we
call today as eukaryotes, we’ll talk about this, and then somewhere, as it's life became more and
more complex, these single-cell eukaryotes went on to become multi-cellular eukaryotes, plants,

animals, and then finally, the humans.
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So, to summarize, what we understand today, is that the origin of life essentially is divided into
three stages; the first stage is the stage of chemical evolution, which is abiotic formation of
organic molecules and it's polymerization; the second is the self-organization, and the ability of
these polymers to somewhere develop the property of replication and formed the early

protobionts.

And then came the actual process from where the life went on evolving again over billions of
years, and these evolutions were in terms of evolutions in metabolic reactions, what I mean by
metabolic reactions are the chemical reactions which happen inside a living organism, is how we
call as metabolism. These metabolic reactions to allow an organism to now synthesize food, and
having synthesized food, also have the ability to break down the food if it needs to have some

energy, and eventually transition from a single-celled organism to a multi-cellular organism.

One point which still puzzles, and is still very intriguing in life, and study of life is, that despite
the varied forms of life that we see today, what we really find interesting is that when we look at
some of the fundamental chemical reactions in biology, what you call as metabolic reactions, or
the way the information is coded in our DNA, genetic information, you find that right from

prokaryotes all the way till humans, a lot of these informations and the processes are conserved.

In other words, the codes by which the messages are stored in DNA, the information is stored in

DNA, you find that that language which is used for coding, or information has remained more or
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less uniform all across life, starting from bacteria all the way from human beings, and yet, they
are highly diverse when you look at our forms and our phenotypes; phenotypes are our physical

appearances, and we’ll try to answer some of these questions in our next class which is on

evolution.
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So with that, we’ll end origin of life, I would urge you to go through some of the very
informative videos, which very explicitly and beautifully through animation also try to explain

you how life must have evolved on earth. Thank you.
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So welcome back to this course on “Biology for Engineers and Non-biologists”. In the last video
we spoke about origin of life and how life evolved from non-living things, essentially through
chemical reactions, and then the ability of these early synthesized molecules to self-replicate and
eventually formation of protobionts and then the early form of life. In today’s video, what we’re
going to talk about is that how from this early form of life, the life evolved to the present day
organisms and there’s a huge array of them; it’s not just one just bacteria, you see that the life

expresses itself in multiple forms.

So what is it that caused this variation, this distribution in different life forms, and that is
evolution. Now, evolution is a very important subject and topic to study, and I would like to start
this particular class by quoting Theodosius Dobzhansky, that “Nothing in biology makes sense
except in the light of evolution”. What you’ll appreciate hopefully by the end of this class is that
though we have these different forms of life, its evolution which has played the key role. And
mind you, this evolution has not happened overnight, this evolution has happened over billions

of years. So coming to evolution, and what is evolution?
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Evolution essentially tries to explain, how life must have diversified into multiple forms as we
see them today. And these present forms are believed to be the descendants of a common
ancestor. Now how does this happen, how did these descendants came from a common ancestor.
We believe, during the course of history of earth’s life, a lot of changes happened in organisms

which went on, being passed on to subsequent generations.

In other words, multiple heritable modifications from one generation to the next, and it is this
evolution which essentially accounts for what you call as the unity and the diversity of life. Let
me give you an example. If one were to look at the skeletal architecture of, let’s say, bats, human
forelimbs; so if you were to look at the wings of bats, compare that with our forehands or with
the flipper of the whales. One thing which unites these three is the basic architecture of the

skeleton, and that is unified, whether you look at the wrist architecture, the finger architecture.

Yet, you find that in bats, you have these forelimbs modified into wings of bats, which allows the
bats to flipper and fly. So, the basic origin was the same, yet the functionalities are different
despite having similar architecture. Similarly, if we were to look at the DNA, as I mentioned last
time also, as far as the language which codes the information in DNA has been fairly conserved.
Yet, the DNA which is found in humans is slightly different from the DNA which you find in
earlier organisms, not in terms of its chemical entity, but in terms of further architectural
development. So, evolution essentially talks about these changes which have been acquired by

various life processes over the course of earth’s history.
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So let’s look at what all is available and how many different forms of life are available on today’s
earth. You find that there are close to about ten to hundred million species, living species living
on earth as of today, of which about two million living species have been already identified and
classified. Now those of you who would have taken a classical biology class in their high school,
they would have been taught that the all the living forms are classified into five major kingdoms,

which is, the bacteria, the protista, the fungi, the plant, and the animal kingdom.

But as of today, we have classified the living organisms, and this is how is normally followed
these days, are into three major domains; the bacteria, the archaea and the eukarya. Now we’ll
come to the differences which we observe in bacteria and archaea vis-a-vis eukarya in our next
class, but eukarya is the most evolved of these living entities, and it itself is divided into four
different groups; the protists, this is where you’ll come across an amoeba, or the hydra, then the
fungi, where you come across your regular mushrooms, the plants and the animals. So, there is
diversity, starting all the way from bacteria to what you see among animals, whether it is the

whales, the bats, or the human beings.

There are certain things which are unifying, yet there’s a huge diversity. So how do you explain

this diversity, and that is essentially explained through evolution.
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Now one of the earliest scientist who brought in the concept of evolution was Lamarck, and
though his theories were disproved later, he still was one of the earliest scientist to bring in that
very concept of evolution. According to him, it is the, a particular organ, or a particular feature in
an organism develops during the lifetime of that organism based on the usage of that organism.
According to him, if we look at the long necks of giraffe, it would have developed because the
giraffe would have stretched its neck to reach to the food at tall trees and it's constant stretching
would have led to the elongation of the neck and he believed that whatever features were

acquired by a giraffe in its lifetime would be passed on to his progeny.

And, he also reasoned that those organs which are not being used by the organisms will
eventually become useless and that is what we call as the vestigial organs, and one of the
examples is the appendix that we see in our body. But, his ideas were later disproved through
multiple experiments and one classic experiment was the experiment which was done on mice,
where for about twenty subsequent generations, the tail of the mice were clipped, in the hope that
if the tail is being clipped every generation, and it's of no use, then, by the twenty-first generation
in mice, the mice which will be born in the twenty-first generation should be without tails, but

that essentially didn’t happen.
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So in a sense, his theory based on use or disuse of a particular part was not the reason for
evolution, though he did bring in the concept of evolution during the course of life, and in the

course of earth’s life.
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Then came the remarkable observations done by Charles Darwin. In terms of biology, even
today, a lot of our discoveries, we owe it to the observations of Charles Darwin. Had it not been
for Charles Darwin’s observations, we would not understand biology the way we understand it
today. And, it all started with this interesting trip which Charles Darwin took on HMS Beagle.
He went on a voyage along the coast of South Africa, South America through the Galapagos
Islands, which are about nine hundred kilometers west of Ecuador, and then all the way to

Australia and back.

He essentially joined this voyage as a geologist who wanted to collect geological specimens and
study them. And in the process of studying these geological specimens, he did observe a lot of
fossils of not just high end animals, but even molluscs, or shelled, shelled organisms. And, the
most interesting observations that he made were in the Galapagos Islands. And these are a group
of islands which are spread across a few kilometers, very close to each other, but about nine
hundred kilometers from Ecuador, and what we observed is that in each island, there were unique

birds, species and tortoises and no two islands had the same kind of species. Yet, a bird or a
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tortoise seen in one island was very similar, though not exactly the same, was very similar to the

birds or the tortoises found in the nearest island.

So that was one observation that he made on the Galapagos Islands, the other observation that he
made during his voyage across these coastlines of Africa, Southern America, and Australia, was
that he observed that the distribution of these species was mirroring how the continental drift
actually happened in the earth’s history. For example, he observed that giant flightless birds like
Rhea which is found in South America, Ostrich which is found in Africa to Emu which is found
in Australia, they all look similar, and they all are flightless, yet they are so much spaced apart in

terms of the geography.

(Refer Slide Time: 12:07)
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* How is one species related to another?

So he felt that this distribution of species has got something to do with the continental drift of the
earth itself. So he asked a few questions. His first question was why there are so many species of
living things, how do these new species come into existence, within a population, how does an
organism evolve, and how does an organism really adapt itself to the changing environment. And
how is one species actually related to another. So for example, if we look at ourselves, we would
find within the population, some people are tall, some people are shorter, does it provide a
survival advantage? Some people have a better muscle activity than the other, does it provide a

survival advantage?
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And how is it that some people are taller, while some people are shorter? And how is it, even if
you look at from the evolution perspective, how is it from one generation of humans, to the next
generation of humans, the features are changing? Is it because it is changing because they are
trying to adapt to their environment? These are the kind of questions that Darwin was asking at

that point of time.

(Refer Slide Time: 14:58)
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So he made a few observations. What he observed is that, in a given population itself, for a given
species, so if we talk about humans for example, among ourselves and in our own population,
there will be individuals with different features. Somebody will be taller, somebody would have
brown hair, somebody would have black hair, and these differences, within the same species is
what you call as variations, and many of these changes are actually heritable, which means, some

of these changes can be passed on from the parents to the offspring.

The other thing that he observed as he found in the Galapagos Island, is that though the species
were different in different islands, based on the environment which was being provided by the
island, the species could adapt to that environment. For example, in those islands where the
vegetations were found at a much lower level, the neck of the tortoises were smaller, while in
those islands where the vegetations were slightly at a higher level at a higher height, you found,

or he found rather that the tortoises had a longer neck.
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So he suggested that the species can adapt to the changing environment. The other observation
that he made is that, as a population grows in size, eventually, the resources become limited.
Now this is a crucial point. If the sources are going to become limited, there is going to be a
time, where there will be a competition among the individuals of a population for the resource,
and this is what led to what we all routinely talk about and classically called as ‘The survival of
the fittest’. So, with his observations, what he observed and rather postulated is that individuals
with traits, or rather variations which allow them to best adapt to the environment are most likely
to survive and reproduce, and not only just survive and reproduce, but pass on these favourable

characters to the next generation.
(Refer Slide Time: 16:30)
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So while he was formulating all these ideas, there was another naturalist, Alfred Russell Wallace,

who wrote to Darwin bit similar ideas and the two of them then decided to present their ideas to
the London Philosophical Society in eighteen fifty-nine, and eventually Darwin published his
most famous work, which is called as ‘The origin of species by means of natural selection’. Now
what does this talk about? Essentially it talks about two things. It says, any species always shows
an evidence of descent from a previous a species with modifications. So, species show evidence

of descent with modification, and they all will have common ancestor.

The second he said, the pressure which brings about these modifications, or the variations, is the

environment in which the organism lives. So, if the environment is changing and that changing
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environment demands the organism to change, some of them, not all of them in a given
population, certain individuals will adapt better because they have acquired these modifications.
This pressure, which is provided by the environment is what is called as the ‘natural selection’.
So, in other words, let me reiterate, what Darwin said was that a species arises from a common
ancestors because certain individuals in that species would have developed modifications which
are favourable, which allow that organism to survive better in the changing environment, and
these favourable traits get passed on to subsequent generations, allowing eventually, over a time

scale of a few million years for evolution of a newer species with better characteristics.

And many a times, these species may kind of get segregated if there are continental drifts and
changes happening on earth. But this was just a theory in 1859 and later on, within a very short
span of about fifty years, and this has been the classic example of natural selection, has been

around the time of industrial revolution, and this has been the generation of the peppered Moth.

(Refer Slide Time: 19:15)
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Now this was an interesting observation, which was made by J.W. Tutt and what was known then
is that way back in 1811, most of the moths which were found in England , mainly in England
were light colored. But a field trial, or a field collection in 1848, around the time when the
industrial revolution was taking place in Manchester, a lot of peppered and black coloured moths
were observed, and by the end of that nineteenth century, in a period of about ninety years, the

light coloured moths was totally outnumbered by these dry, dark coloured moths. Now what
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could be the reason? The reason was, that during industrial revolution, because of a polluted
environment, in order to survive the prey, that is the bird which will be eating on these moths, the
light coloured moths will become extinct because they will become easily visible and will easily

be spotted by the preying bird.

But a dark coloured moth will, being able to in the background of the soot being generated,
thanks to the industrial revolution, would be able to camouflage itself to such an extent, that it
will not be noticed by the predatory bird, and it would have given it a survival advantage. So this
was then presented by Tutt as a case of natural selection. So here is an example where changing
environmental conditions due to, in this case, human activity in industrial revolution, actually led
to the generation of a peppered moth. So what are these different kinds of selections that we are

talking about?

(Refer Slide Time: 22:06)
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Well, as I mentioned earlier, the selection pressure is essentially provided by the environment,
and how does the organism adapt to that environment. So, assume that you do have a population
trait, you have a trait for which there is a normal distribution and you find that if the environment
is conducive and the conditions are fine, there’s no need for the outer extreme of the organisms
to grow. I mean they become redundant. Now such kind of a selection where the central most
acquired characters are retained is a stabilizing selection. But then, you can have a situation

where you still have a population with these kind of display where you have some extreme



variations and suddenly, the environmental conditions force in such a fashion that it is this set of

extreme outliers which have a survival advantage.

As a result, what’ll happen in due course of time is that, this set of population will tend to move
towards the favourable acquired characteristics of this set of organisms and it is this set of
organisms which then eventually will form a new species. Now this is an example of directional
selection. There are also examples of diversifying selection wherein you have originally your
population, and then either because of a continental drift, or some other kind of catastrophe, this
gets split into two populations with different characteristics and that is called as the diversifying

selection.

But, thing which remains common and unifying across all this are two; one, it's the environment,
which provides that pressure, the selection pressure, and two, it is the ability of a certain
individuals in a given population to adapt to that change, and the reason they are able to adapt to
that change is because they manage to acquire new characteristics which are favourable, and
these characteristics is what you classically call as variations. If these changes are heritable, you
will find that over successive generations, the variation, this originally acquired variation which

eventually become a characteristic of that particular group of organisms.

(Refer Slide Time: 26:05)
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But, Darwin did not know certain things. He did not know what is the molecular mechanism

which actually causes this variation. He knew that the changes are happening, but what is
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causing it? What is the molecular mechanism which is causing these variations? And how are
these variations are being passed on? And this is where the role of Mendelism and Mendel’s
genetics becomes very important, which will be covered by my colleague, Professor G.K.
Suraishkumar. And this is where the role of genes, each gene in our DNA codes for a certain
character. It is the genes which carry these variations, but, what is it and how are these variations

introduced into these genes? We’ll talk about that a little later from now.

But, Darwin did not know the mechanism. He also did not understand why certain species for
which he had collected the fossil samples become extinct. What is the cause of extinction? For
example, for dinosaurs, and answer was not available then. So how are these variations caused?
There are multiple ways, and the most classic way is the process of mutation. Now, we all know
that our genetic material is encoded in DNA, so let me just draw a strand of DNA with a certain
sequence. So the complimentary strand, we’ll cover this again when we talk about DNA
replication, but for the simplicity sake, each strand of DNA mirrors it through a complimentary

strand. Right?

This is a DNA. Now, if this molecule of DNA were to undergo replication, and for some strange
reason, there error happens because of which the sequence in the DNA, let’s say, changes, and
the errors are a part of life, I mean they do happen pretty common, and now, you’ll have a new
DNA molecule which has a mutation where this C has now been replaced by a G, or a let’s say
an A. So now, this mutation has happened and if this mutation is going to impart a favourable
character to the gene in which it is present, then this becomes a favourable variation. So
mutation, or changes in DNA sequences which are heritable and which do provide favourable

effect on to survival could be one of the reasons by which the variations are happening.

The other reason for the variations has been the process of sexual reproduction. We all know that
we get a certain set of genes from our father, and a certain set of genes from our mother, and we
are neither a carbon copy of our father nor our mother, we have a mix features because some
genes have come from our father, some genes have come from our mother, and as a sum total
and a combined effect. Now this has been one of the major reasons for variation and is one of the

major reasons for success of survival in higher organisms.
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Now how are these variations through sexual reproduction brought about? What is the process?
We’ll discuss this variation, and even in this variation, how are these variations brought about?
We’ll discuss them when we are talking about the process of ‘Meiosis’, and I’'ll come to that
when I’m talking about meiosis. So, there are ways by which across evolution, over a period of
billions of years, the DNA has evolved, and it keeps evolving, sensing demands of the
environment, and these favourable changes have went on accumulating and over a long period of

time, a point will come when the original species will end up giving rise to a newer species.

And what are the causes of extinction? Well, a lot of these are speculations because we cannot go
back in history and try to redo what has been done, and we can't recreate a lot of environmental
changes which must have happened a few billion years ago. But, we speculate that if a species
fails to adapt itself to a changing environment, it's going to become extinct, or if it specializes to

such a point that it cannot re adapt itself, then also it can undergo a cause of extinction.

(Refer Slide Time: 26:51)
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And then the classic example has been the disappearance of dinosaurs because of catastrophic
events. So, there are ways by which life evolves, and then it not just evolves, it keeps on
accumulating these changes and most of these changes which have managed to survive across
evolution have been those changes, which have given a survival advantage to a given organism,
and as a result the organism tries to retain it and the life tries to retain it for further passing it on

to the progeny.
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So in present day, we tried to understand evolution through fossil records, through geological
excavations; we also tried to understand how the organisms would have evolved by comparing
the anatomical structures, as I mentioned, in case of skeletal formation or comparative
embryology. Now this is an interesting observation. For example, if you were to look at the
embryonic development of fishes or reptiles, birds, all the way up to mammals, we find that the
embryonic stages, all of them, right from fishes till humans express at a certain stage in their

embryonic development, a structure called as the gill pouch, which is around this area.

But, in case of fishes, the gill pouch actually evolves and forms the functional gills through
which the fish respires. Well in humans, though it is present in the embryonic stage, it later ends
up becoming a ‘Eustachian Tube’, tube or a tube which actually connects your middle ear to the
nose. To the throat, sorry. So, basically, what you find is that these gill pouches are present

during the embryonic development all across from fish to the humans.

So you can do comparative embryology and try it group and see how evolution must have taken
place, and the most recent is the advancements in molecular biology techniques wherein we are
looking at the similarities in structure, the sequences of DNA and RNA, and are linking it to the
process of evolution. For example, the DNA which will code for enzymes, for basic metabolic

reactions are highly similar across evolution. Yet, in some organisms, it’s a little more better
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evolved than the lower organisms. So by comparing the actual DNA and RNA sequences, we can

also estimate how closely the species are inter-related, or they have diversified.

So, there are ways to understand this evolutionary process. So I would like to again, end this, or
rather summarize this talk by saying that evolution is a continuous process. For all you may
know, as we are talking and as are our cells dividing, if mutations are taking place with time, and
if these mutations accumulate and become favourable, it becomes a variation. So it is a
continuous process. However, the end results of these evolutions are not going to be seen in our

own lifetimes, but probably in millions of years down the line.

So, I would like to again say, that the crucial part in evolution has been the theory of Darwin,
which is the ‘Origin of Species by means of Natural Selection’, where the natural selection is
essentially provided by the environmental changes; and in order to adapt to the environmental
changes, individuals in a population will develop variations. And these variations may either
happen because of sexual reproduction, because of mutations and if the variations are favourable,
it’ll keep on getting accumulated over successive generations, unlike Lamarck’s theory where he

was only talking about doing the lifetime of a individual organism.

Darwin extended and he explains that these evolutionary changes accumulate over generations
and then diversify into a newer species. So with that, we have talked about evolution, and if you
are interested to read more and get a better perspective on how it actually happened? What was
the voyage of Beagle which was taken by Darwin, I would recommend that you take your time

out and go through some of these videos on You tube. Thank you and see you later.
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https://www.youtube.com/watch?v=GhHQjC40xh8

https://www.youtube.com/watch?v=05CihI86grU

https://www.youtube.com/watch?v=cC8k25h10Q8

Darwin:
https://www.youtube.com/watch?v=XKnaj3YFXU8
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Biology for Engineers and other Non-Biologists
Professor G.K.Suraishkumar
Department of Biotechnology

Indian Institute of Technology, Madras
Lecture Number 04
Cells

Welcome to this set of lectures on “Biomolecules and their relationship to the Cell Structure and
Function”, which are important aspects. We’ll go through a set of lectures which will cover

appropriately sized, so that it’ll be easy for you to assimilate aspects.

(Refer Slide Time: 01:20)

Why are instruments sterilized before an operation
(surgical procedure)?

To avoid infection

What causes infection? How does sterilization help?

Let’s ask the question. Why are instruments sterilized before an operation? What I mean by an
operation is a surgical procedure. Why are instruments sterilized before the medical doctor cuts
open the skin? All of us would know the answer to this question — to avoid infection. Okay?

What causes infection? And how does sterilization help in preventing infection?

These would be the natural questions that come about, right? What causes infection? Let’s

answer that first.
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There are so many different bacteria. They are different in many fundamental
ways from other life forms. It is one of the three major domains of life

Infection is caused by micro-organisms, such as bacteria, fungi and so on, okay? | would should
say some types of micro-organisms among bacteria, fungi; there are a lot of very useful types of
bacteria, fungi, which actually reside inside our body and do a lot of useful things for us, okay?
We should not forget that aspect. So there are harmful bacteria, harmful fungi, viruses and so on.

But in terms of infection, let’s stick to bacteria and fungi.

They can, cause a lot of infection. right? And, to, where is this bacteria and why should it cause
infection when the surgeon is making an incision in the skin? That is because there is these
micro-organisms, bacteria, and other such organisms are in the air around us. Studies have found
that about ten power three to ten power four thousand to ten thousand bacterium per milliliter,
okay, per cc, per cubic centimeter, are present in the air around us. They are present all the time,
and they are interacting with us all the time. Our body has immune system which fights against

this all the time, and as long as this balance is maintained, we don’t get infection.

Whereas when the surgeon is operating, and when the surgeon is making an incision in the skin,
if there are bacteria around, it will start settling in this wound and that will cause infection.
Okay? So conditions need to be created such that there is not much bacteria around, not much
bacteria on the tables, on the material that is in the operation theatre, certainly not in the
instruments and so on. So, such things need to be taken into account, and it is also a nice exercise

to carry out, to realize how much bacteria is present around, | did mention ten power three to ten
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power four organisms per ml. You may want to do this calculation, find out the mass of air in the

room that you are sitting in. Okay? You would be in for a surprise.

The density of air is 1.29 kg/m?, if you would need that to make an estimate, you would be very
surprised as to the a mass of air that is just present in the room that you are sitting. Why don’t
you do that? Now what is bacteria? Bacteria, it could be something like this if you look at it
under the microscope. You know you’ll see these rod shaped structures here. This could be one
of the bacteria that is present in nature. There could be other kinds of bacteria that are present
with different shapes, different, slightly different size, and so on so forth. And, there are so many
different types/ kinds of bacteria. They are different from... in fundamental ways; we’d come to

know what those fundamental ways are to certain extent when we go through the course.

They are different in many fundamental ways from the other life forms. And it is so different,
and so big that it is bacteria, is one of the three major domains of life. Before | go forward, |
should acknowledge that some of the figures in this course have been adapted by Anushree

Santosh and Sujin Raj. Now let’s get back to domains.

(Refer Slide Time: 08:35)
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https://www.youtube.com/watch?v=BnDRJAt-4aM (ignore terms)
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Eukarya

Life is made of cells - either single (archae, bacteria, protists, etc., )
or multiple (some fungi, animals, plants, etc.,)

Two types of cells: prokaryotes and eukaryotes

Life, bacteria is one of the domains. The other major domain is archaea, and eukarya, is the
other, the third major domain. This is what | call as domain. There are three major domains in

life, and each domain has many kingdoms, each kingdom has many phyla, phylum, plural,
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phylum- singular, phyla plural. Each phylum has many classes. Each class has many orders, each

order has many families, each family has many genuses, and each genus has many species.

Okay? Don’t worry about this. I’ll give you a mnemonic, which | picked up from one of the, one
of the videos that I’'m going to suggest to you. | think it is the mnemonic is ‘Do Koalas Prefer
Cheese Or Fruit Generally Speaking’, yeah. ‘Do Kualas Prefer Cheese Or Fruit Generally
Speaking’, let us have it that way. Okay? It is the way to remember this. Anyway, if you look at

these videos, there are two videos that I’d like to recommend.

The first one is a small video you can watch. Please ignore the terms, they’ll talk of DNA, RNA
and so on and so forth. Please do not worry about the terms, you will know what those terms are
only as a part of this course, if you do not already know them. If you know them then it’s fine.
And the second video is slightly longer, about, you could watch about three-fifths of that video,
then it gets into too much detail and this would tell you all about the domains of life and some of

these aspects also.

Then life itself is made up of cells, either single cells, as the case of archaea, bacteria and some
protists, in the eukarya family, or it could be made up of multiple cells, such as some fungi, you
know mushrooms and so on so forth, the fungi, animals of course, plants, humans, and so on,
okay? So life is made up of either single cells, or an organization of single cells. Can anybody

guess the number of cells in the human body?

It’s of the order of about 10**. So you can imagine the number of cells and how they interact with
each other to make life possible. There are two major types of cells; first type is called
prokaryotes, the second type is called eukaryotes. What do these names mean? If you know the

meaning of the names, probably it’s a little easier to get more comfortable.
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It so happens, karyon means nucleus. Karyon is the word for nucleus. Pro is before, this we all
know. Eu means true, okay? So, prokaryote, before nucleus, eukaryote, something that has a true
nucleus. That's what it means. This is a prokaryotic cell, a simple enough cell here, typically

small, we’ll come to sizes in a minute, it has some parts, let’s not get too much into it.

It is of course separated from its environment through a cellular envelope that could have a cell
wall and a cell membrane, it could have some DNA, you know kind of strewn around here in the
cell which is not limited in any way physically in the cell; and this is prokaryote- before nucleus.
There is no well-defined nucleus in a prokaryotic cell. Whereas in the eukaryotic cell, it's
complex, it has a well-defined nucleus that contains many things including DNA, right? This is
the basic difference.

Eukaryotic cell has a true nucleus, a prokaryotic cell does not have a well-defined nucleus. This
is a well-defined nucleus. This has a membrane, and inside the membrane whatever is there is
called the cytoplasm, and in the cytoplasm you have a lot of organelles, small things, that have,
each one has their own function, and of course the nucleus is here, indicated here which contains
DNA and other things.

So, this is good enough to know. The typical sizes, a prokaryotic cell; for example, a bacterial

cell, is about five microns, typical size, okay? Five micron length, two micron diameter, or if it is
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spherical it could probably be about five micron diameter, and so on. Many prokaryotic cells are
of that size typically speaking. There are variations of course, but we are talking of some typical
sizes here. Whereas a eukaryotic cell could be of a typical size, a mammalian cell for example
could be of ten micron diameter, typical size, even a human cell goes anywhere from seven

microns to about twelve to fourteen microns during its lifetime. Right?

So there is variation with time in the cell size also. But we’re talking of typical sizes. If we talk
of fungi which are eukaryotes that could be a few microns in size, fungal cell. If you talk of
mold, you know, you cannot really talk of a single cell in the mold because it branches and so on
so forth, let’s not get into that, we just need to, kind of, have this in the background saying that

the cells are not separated from each other.

If you talk of a neuron, which is a neural cell in humans, that could be two hundred microns,
right? So it widely varies, the cell size widely varies. Typical sizes, about two to five microns
this is about ten microns. These are good enough for our back of the envelope calculations. Why

are we so interested in this cell? Because cell is the fundamental functional unit of life.

(Refer Slide Time: 12:10)

Cell is the
fundamental functional unit
of life

What does it mean, if we understand cell, and all its functions, all its properties, then we would
be able to somewhat predict what happens to life. That is what it means. Same way that a unit

cell in, in let’s say crystal structure, the properties, with those properties you could predict
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properties of the whole thing, and so on so forth. This is some fundamental unit of life itself. It is

a biological cell. That's why we are so interested in the cell.

(Refer Slide Time: 15:05)

These organisms are present everywhere. Thus, to getrid of these
organisms in the place of interest, say operation theatre & instruments,
we need to sterilize them.

How is an operation theatre sterilized?

How are instruments sterilized?

How is a lab sterilized? - elaborate

As | mentioned earlier, these organisms, remember we are talking, our story is about infection,
infection in during surgeries, how to prevent them and so on so forth, let’s stick to that story. The
organisms are present everywhere. The harmful organisms are also present everywhere, and to
get rid of these organisms in the place of interest, which happens to be the operation theatre, the

instruments which are used to cut the skin and so on, we need to sterilize them. Right?

How are instruments sterilized? How is an operation theatre sterilized? Instrument sterilization,
that, it's rather straightforward, so let me talk about that first, and then we’ll get to the operation
theatre sterilization, which is a whole field in itself. Instruments are sterilized by exposing the
metallic instruments to high temperature and keeping it at high temperature over a certain period

of time, the standard way of sterilization; autoclaving as it is called.

So the temperature is raised to about 121 degrees C, steam is used. As we all know,
thermodynamic steam, you know 121 degrees C, you need a higher pressure to maintain the
conditions there. So you have slightly higher than atmospheric pressure conditions in the
autoclave. So you create such conditions and you keep it at that condition, one twenty one
degrees C, at say one point two atmospheres, for about 15 minutes; it kills the cells, as well as

kills the spores, and so on so forth, okay? So that's a very standard method of sterilizing
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instruments, or sterilizing things that we use in the lab to grow organisms and so on. So

instruments are sterilized that way.

But how do you sterilize operation theatres, okay, which are huge spaces? How do you sterilize
labs which are huge spaces? You know in the labs you would want to grow only the cells that we
are interested in. We do not want the others to grow, and compete for the food that is given to the
cells of interest, okay? How is this done? It is, very interesting, the way it is done. It is done by
using chemical vapors, okay? And, the procedure that I’'m going to describe now, is used heavily
in labs, because you can control the conditions there and kind of not let people enter the lab very
strictly and so on so forth, you have a control over that, and therefore you could do that. Okay?

You will have to be careful if you are dealing with people and you want to use this procedure.
It's not very safe. There could be related methods that are safer, but which are a lot more
elaborate to use. The cells are killed by formaldehyde, okay? HCHO, formaldehyde. And the
formaldehyde vapor is generated from, what are called formalin solutions. Formalin solution is
nothing but forty percent formaldehyde in water, okay? This you get, you can buy it off the shelf.
So what people normally do, let me describe the lab procedure here. First all the windows and

doors are sealed except the passage through, or the door through which we need to get out.

And then, we use what are called aluminum boards, in which we have this formalin solution,
forty percent formaldehyde solution. This is in the liquid, okay? This has to come out into the
vapor to kill all the organisms, in the space, in the lab so that the space is made clean or the space

is made clear of these micro-organisms that are present there.

And to make that possible, to generate formaldehyde vapors, what is used is the exothermic
reaction between potassium permanganate, and the formalin solution. Okay? So these aluminum
boards containing formalin solutions are placed in key positions in the lab, then everybody is
sent out, and before you place the formalin solution, make sure that it is made sure that all the
windows and doors are shut and taped so that no vapor escapes out, because this vapor is

poisonous.

And then, the person uses a mask and so on, just for those few seconds, drops a few pellets of
potassium permanganate, that are carefully weighed out for, required for the stoichiometric

release of formaldehyde and so on, drops in the aluminum boards, farthest first, and then keeps
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dropping in the boards that are closer to the door, and then quickly walks out the door, shuts the
lab, and tapes the door shut. Okay? It is left there for a day or two, and may be a day more, just
to make sure that none of the vapors are present, and then somebody gets in and neutralizes the
present formaldehyde and so on so forth. Okay?

So it's an elaborate procedure that is used to sterilize the lab; we do it from time to time, may be
once in a month or so, it is recommended that the lab is sterilized. A similar procedure can be
used for operation theatres, it has been used for operation theatres. But in addition, you could
swab with, let us say, seventy percent ethanol, you could use other cleaning solutions; mop the
floors and so on so forth, that's normally done. That is how the space is gotten rid of these micro-
organisms. The micro-organisms, some of which have the capability to cause infection in

humans. That is how an operation theatre is sterilized, how the instruments are sterilized.

(Refer Slide Time: 20:19)

How is a bioreactor sterilized?
Before that, what is a bioreactor?

Bioreactor is a vessel, any vessel, in which bio-products are made.

For example:

Single use: https://www.youtube.com/watch?v=GZevitDkhOg

Large bioreactor image: http://csmres.co.uk/cs.public.upd/article-images/g-20448.jpeg

How is a bioreactor sterilized? And you would go, ‘where is this bioreactor coming from’?
Okay? So this question, before that. “What is a bioreactor”? Okay? This is something that people
normally used from an engineering perspective. So | thought it will be closer to you. Bioreactor,
by the way, it is it is certainly closer to me, this is the area in which | used to work heavily.

Bioreactor is a vessel, any vessel, in which bioproducts are made, it is as simple as that.

It is something that is used for production that uses organisms for production. These organisms

produce many useful compounds, many useful substances, including a lot of medicines. For
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example, if you see this figure, | think this is a video, YouTube it is a video, it will tell you how a

single use bioreactor looks like, and what it is used for and so on.

Bioreactors could be very large, extremely large because of the use in production of high volume
products, okay? And this link here gives you an image of one such large bioreactor. And many of
these water treatment facilities have bioreactors that are large. Okay? Bioreactors are the basal

ones that are used for water treatment. They are very large too.
(Refer Slide Time: 23:05)

. Bioprocess
Bioreactor

Raw\

material

Product
+ porganism
+ other

material

Downstream
Processing

plorganism
+ nutrients
or enzyme

The bioreactor is a part, an important part of what is called a bioprocess, and the bioprocess is
the one that is used to produce all these products of interest to us. There are very many products,
we’ll see some of those products in this course itself, okay? We have, for a bioprocess, the
bioreactor aspect, and, what is called the downstream processing aspect. In fact, the downstream
processing part could have about 90 percent of the steps of this bioprocess. Bioreactor is a small

part of it, okay? But it's kind of a central part.

Raw material goes into the bioreactor, either in a continuous fashion or in a batch fashion, you
know, you dump everything at one time. And, in the bioreactor, you have the micro-organism of
interest, along with the nutrients for it to grow and make the product. Or, there could be an
enzyme that is present, okay? Just take the name on its face value, and now you might have

heard of enzymes, you will actually look at what enzymes are in detail in this course.
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Or an enzyme here, in the micro-organism plus nutrients or an enzyme, and the raw material is
converted into the product of interest. So what comes out of the bioreactor is a mixture of the
product of interest, the micro-organism that is there which is producing the product and a lot of

other material which is present in the nutrients, the medium as it is called, and so on.

And may be some other products are also produced, which may not be of much interest to us,
we’re interested only in the product of great importance to us, amongst the products that are
present. So, this product needs to be separated out from all this to be able, for it's proper use, and
that is done by what are called the downstream processing steps, a large number of steps,
including distillation extraction and so on and so forth, till we get the final purified product,

okay?

This is what the bioprocess is. The bioprocess produces a lot of useful substances, and, in the
bioreactor, the cells that we talked about, the cells that are used typically the bacteria that we
talked about, the fungal cells that we talked about, maybe mammalian cells that we talked about,
right? They are used to produce products, and in the bioreactor, the cells are subjected to shear,
okay? That is the next part of the story. We will stop here for, for this lecture, this part of the
story, essentially our story went something like this, we wanted to know, what causes infection,
and we said micro-organisms cause infection, and we saw how micro-organisms are organized

for better understanding.

If you look at those two videos, it’ll give you more reasons for, organizing it a certain way, and
so on. Please look at those videos, on ‘Taxonomy’. And then, we looked at the cell as the
fundamental functional unit and there being two types of cells, prokaryotes, before nucleus, and
eukaryotes, with a true nucleus. In other words, prokaryotes do not have a well-defined nucleus,
eukaryotic cells have a well-defined nucleus. And, then we saw that the cell is the fundamental
functional unit of life. Then we saw that these organisms are present everywhere, and started
looking at how to get rid of them in an operation theatre. We looked at some means of getting rid
of them. And then, we looked at what a bioreactor was. Let us stop this lecture here, there is
good enough new information for you. In the next lecture, let us take things forward with shear
of the bioreactor. See you then.
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Biology for Engineers and other Non-Biologists
Professor G.K.Suraishkumar
Department of Biotechnology

Indian Institute of Technology, Madras
Lecture Number 05
Biomolecules: Lipids

Welcome! We are discussing ‘Biomolecules and their relationship to the cell structure and

function’.

(Refer Slide Time: 00:44)

Why are instruments sterilized before an operation
(surgical procedure)?

To avoid infection

What causes infection? How does sterilization help?

We saw in the last lecture, the micro-organisms, and to see that we had a storyline, we were
looking at why instruments are sterilized before a surgical procedure and we asked a few
questions and we came down to bacteria which can cause infection, which is one of the things
that can cause infection.
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(Refer Slide Time: 01:04)

Infection is caused by microorganisms such as bacteria, fungi, etc.,

Whatis bacteria?

There are so many different bacteria. They are different in many fundamental
ways from other life forms. It is one of the three major domains of life

And there are so many different bacteria in the world, in life and so large that and so
fundamentally different from other varieties that we call that a domain. Life, we said had three
domains; bacteria, archaea and eukarya, which are different in some fundamental ways, and
these are called domains.

(Refer Slide Time: 03:03)

Domain  Kingdom Phylum Class Order Family Genus Species

Archaea

/

Life — Bacteria  voeos
https://www.youtube.com/watch?v=BnDRJAt-4aM (ignore terms)
https:/www.youtube.com/watch?v=NRVJyUZoQow

Eukarya

Life is made of cells - either single (archae, bacteria, protists, etc., )
or multiple (some fungi, animals, plants, etc.,)

Two types of cells: prokaryotes and eukaryotes

61



There are many kingdoms in a domain, there are many phyla in a kingdom, there are many
classes in a phylum, there are many orders in a class, and there are many families in an order and
there are many genuses in a family and many species in a genus. This is the taxonomy, as it is
called, or the way organisms are classified so that there is no confusion. Hopefully you have
gone through the videos here. We had mentioned that you could ignore some of these biological
terms. They are just being, you can, kind of get used to it without really knowing what they are.
We will know most of the important things as a part of this course, you don’t have to worry

about that.

So you could ignore the terms such as RNA, DNA and so on so forth at this stage and watch this,
and watch about let’s say two thirds of this video. | talked about mnemonic to remember this. Do
Koalas Prefer, | said Cheese Or Fruit, | think the video says Chocolate or Fruit Generally
Speaking. That’s a mnemonic to remember this. And then we said that life is made up of cells,
either single cell, such as in archaea, bacteria, and some part of eukarya called protists and so on,
or they could be made up of multiple cells such as fungi, animals, plants and so on. | said

humans are made up of about 10* cells.

And basically, there are two types of cells, prokaryotes, before nucleus, and the ones with a true
nucleus, we saw how they looked, and their sizes and so on and we also said that cell is the

fundamental functional unit of life.

(Refer Slide Time: 03:09)

EUKARYOTIC CELL PROKARYOTIC CELL
DNA

(no nucleus)
Membrane

MembranAe\
Cytoplasm

Karyon = nucleus
Pro  =before
Eu = true

Organelles
Nucleus (contains DNA)
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If we understand this, then we have probably understood life, and, we are nowhere close to this.

(Refer Slide Time: 03:21)

Cell is the
fundamental ‘functional unit
of life

And then we talked about organisms and so on so forth and I told you how a lab is sterilized,
how that can also be used to sterilize operation theatres and hospitals, and there are other means,

other more safer means of sterilizing operation theatres and instruments.

(Refer Slide Time: 03:42)

These organisms are present everywhere. Thus, to getrid of these
organisms in the place of interest, say operation theatre & instruments,
we need to sterilize them.

How is an operation theatre sterilized?

How are instruments sterilized?

How is a lab sterilized? - elaborate
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Then we talked of bioreactors; bioreactors are the production vessels. In fact, a bioreactor is a
vessel, any vessel in which bioproducts are made, and there are so many bioproducts of use as

we speak and there are many more potential bioproducts being developed.
(Refer Slide Time: 04:16)

How is a bioreactor sterilized?
Before that, what is a bioreactor?

Bioreactor is a vessel, any vessel, in which bio-products are made.

For example:

Single use: https://www.youtube.com/watch?v=GZevitDkhOg

‘]
Large bioreactor image: http://csmres.co.uk/cs.public.upd/article-images/g-20448.jpeg

| had given you a video for a single use bioreactor and an image link for a large bioreactor,
bioreactors can be very large depending on their application. And then 1 told you a bioprocess
which is what is actually used to produce bioproducts, bioreactor is an important aspect of it.

(Refer Slide Time: 04:25)

) Bioprocess
Bioreactor .
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Product

+ porganism
Raw + other
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Processing
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or enzyme
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And then, we said that cells are subjected to shear in a bioreactor. This is going to be our second
story. Our first story was about infection and so on so forth. We learnt that organisms cause
infection and what organisms there are, how they are classified and so on. So our second story
starts with shear in the bioreactor, okay?

(Refer Slide Time: 06:28)
Cells are subjected to shear in a bioreactor.

What is shear?

Consider a ball of chappati dough between the palms of your hands.

When you move the palms in opposite directions, what happens to the ball?
The ball distorts.

The ball distorts due to shear forces exerted by your palms when they
moved in opposite directions.

In other words, there was a relative velocity between the two palms
with the dough ball caught inbetween, which resulted in shear effects.
In a fluid environment, as in a bioreactor, relative velocities (velocity
gradients) exist in abundance, which can cause shear effects on cells.

This term shear itself could be new, even to engineers who are students. If you have done,
probably a degree in engineering, you would know what shear is or related fields, you would
know what shear is. Let’s start from the very basis, and then I'll tell you what shear is, that way
we are all in the same plane. Let us consider a ball of ‘chapati dough’. Okay? And place the
chapati dough, puri chapati dough, in between the palms of your hands, place your palms in
opposite direction. I think I’ve kind of step, given the various steps here. Slightly rest these

palms and move the palms in opposite directions.

When you do that, what happens to the ball? The ball distorts, the chapati dough, okay, flexible,
distorts. The ball distorts due to the shear forces exerted by our palms when they’re moved in
opposite directions. Okay? The ball distorts when, because of, what are called shear forces that
are applied on the surface. These are exerted by the palms when they are moved in opposite

directions.

Okay? In other words, if you have some background in physics, you would understand this a

little more easily when there is a relative velocity between the two palms with the dough ball
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caught in between, then it results in shear stress, or shear effects, as you can call. Right? So this
is a requirement for shear to arise that there has to be a relative motion, which means one part of
the dough ball in this case, the upper part needs to be experiencing a velocity that is different
from the other end of the dough ball, let us say, and therefore there is a relative velocity between
the two ends, and if that happens, there is a shear force that is experienced by the dough ball,

okay?

In a fluid environment such as a bioreactor; bioreactor is a vessel in which bioproducts are made
by cells. The vessel is typically stirred to keep the cells in suspension, it could be operated in
many ways and so on, let us not get into that. So if it is stirred, there is going to be a lot of
velocities, velocities in, speeds in different directions, different velocities of the fluid particles in
the bioreactor. And such an environment is very rife for a lot of shear forces to act. So, in a fluid
environment as in a bioreactor - relative velocities, or velocity gradients exist in abundance,

which can cause, shear effects on cells.

(Refer Slide Time: 08:50)

Instead of a dough ball, now consider a steel ball of the same size between
your palms.

What happens to the steel ball when you move your palms in opposite directions?

Why?

Because, the microscopic structure of the steel ball is very different from that
of the dough ball.

Therefore, it is important to know the microscopic/sub-microscopic components,
because they are the determinants of the properties of materials.

Now, instead of a dough ball, let us consider a steel ball of the same size between the palms. And
what happens to the steel ball when we move the palms in the opposite directions? Pretty much
nothing, right? It does not distort, in other words. Why? Because the microscopic structure of the
steel ball is very different from that of the dough ball. You all know that. Dough is made up of

something which we will, which you will probably be able to guess as a part of this course and
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steel ball is made up of steel, it is made up of steel molecules or iron plus other combination and

so on and so forth.

And the microscopic structure of steel is very different from that of the dough ball, and with the
shear forces that one is able to exert, just by moving the palms in opposite directions, nothing
happens to the steel ball. Therefore, it is important to know the microscopic or the sub-
microscopic components because they are the determinants of the various properties of materials,
right? This you would all be familiar with, different backgrounds, you would all be familiar with
this concept that it is a microscopic structure, or a sub-microscopic structure and components and

their properties that determine the properties of materials as a whole.

Now let us ask the question. What gets affected by shear in the cells? Let us say we know
nothing about cells, we have been talking of various terms, | am sure, even in the other lectures
by Dr. Madhulika Dixit, she would have mentioned a lot of terms, we will clarify all the required
ones, in this, as a part of this course at different points in time. You do not have to worry about
that.

(Refer Slide Time: 11:30)

What gets affected by shear in cells?
The first guess would be the cell envelope

The cell envelope may contain a cell wall and a cell membrane (e.g. in
bacteria, plant cells, etc.,.) oronly a cell membrane (e.g. in animal cells)

Artypical cell wall is about 20 nm thick, is rigid and therefore, contributes to
maintain the cell structure (structural integrity, rigidity and shape).

http:/finternetmedicine.com/wp-content/uploads/2016/02/66.jpg

So what gets affected by shear in cells? The first guess would be the envelope that covers the

cells, right? It is, it is a very rational guess. So what does the cell envelope contain?
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The cell envelope may contain what is called a cell wall and a cell membrane. Remember these
two are different things. One is called a cell wall, the other one is called a cell membrane, and
both of them envelope the cell, right? The cell wall and the cell membrane both are found in
some bacteria in plant cells and so on, or the cell wall could be completely absent, okay? Only
the cell membrane distinguishes the cell from its surroundings, right? And that is the case with
all our cells, all animal cells do not have a cell wall, they just have a cell membrane and that is

what is exposed to the environment.

Typical cell wall is about twenty nanometers thick, okay? You can imagine the size, meter, then
centimeter is 10 meter, millimeter is 10, micro is 10°°, nano is 10°. This is twenty nanometers
thick, is rigid and therefore contributes to maintain the cell structure such as integrity, rigidity,
shape and so on and so forth, that is typically what a cell wall does. You could look at this
particular link here; by the way | think this is the right time to show you the various links. I did
mention a file, a pdf file that would have these links that can be clicked, I think control and a
click would take you there. Let me show you that file. I think it is the right time to show you that.
Right?

(Refer Slide Time: 12:43)

Sources: required and optional

The videos, etc., have been chosen for their didactic value. |IT Madras and the instructors of this
course may not endorse the other views, or the products that are featured in the videos - G. K.
Suraishkumar

1. Design through biomimicry: https://www.youtube.com/watch?v=Z0Dvr_GzNc4

2. Cockroach based robot: https://www.youtube.com/watch?v=sU-mSOgbfLU

SclsolW ST ol

I, this would be available as a part of your resources, | think it is available right below or right

above | think there, there is a link, a button on the right hand side of the video, when you play

them. And if you click that, it will take you to this file. So these are sources, many of which are
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required, and some of which are optional. I will point out which are optional. If it is, if I do not
say it is optional- it is required, okay, required to appreciate the course better. As | mentioned,
we cannot play these videos here, therefore we have given you the links so that you can go and
take a look at them. The videos have been chosen for their didactic value, for their, for their

value to teach.

IIT Madras and the instructors of this course, both Madhulika and I, may not endorse the other
views that are expressed in the video or the products that are featured in the videos. Some of
these very nice videos have been made by companies to sell their products. But we do not
endorse the products.

(Refer Slide Time: 13:12)

2. Cockroach based robot: https://www.youtube.com/watch?v=sU-mSOgbfLU

3. Biomimicry (sustainable) - Janine Benyus short:

https://www.youtube.com/watch?v=FBUpnG1G4yQ

4. Biomimicry (Janine Benyus TED talk - slightly old, but relevant):

https://www.youtube.com/watch?v=k GFq12wSWU

5. Artificial retina: http://www.youtube.com/watch ?v=wGDKDjHfhXQ

6. Brain-computer interface: https://www.youtube.com/watch?v=7t84IGESTXA

7. The three domains of life: https://www.youtube.com/watch ?v=BnDRJAt-4aM

8. Biological classification: https://www.youtube.com/watch?v=NRVlyUZoQow

9, Single use large bioreactor; https://www.youtube.com/watch?v=GZevitDkhOg

10. Large bioreactor image: Large hioreactor image: http://csmres.co.uk/cs.public.upd/article-

So we have seen all these videos designed through mimicry; | did not mention the second one,
but please go through it, it’s a very nice short video from the science magazine about a
cockroach based robot, this is in the introductory lecture, and these were the various biomimicry
lectures and then the artificial retina lecture, brain-computer interface lecture, and then the three
domains of life, biological classification, single use bioreactor; these three were videos and the
large bioreactor, this is an image, and the cell wall number eleven is what we are talking about
right now. Okay?
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(Refer Slide Time: 13:33)
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https://www.youtube.com/watch?v=k GFq12wSWU

5. Artificial retina: http://www.youtube.com/watch ?v=wGDKD{HfhXQ

6. Brain-computer interface: https://www.youtube.com/watch?v=7t84IGESTXA

7. The three domains of life: https://www.youtube.com/watch?v=BnDRIAt-4aM

8. Biological classification: https://www.youtube.com/watch?v=NRVJyUZoQow

9. Single use large bioreactor: https://www.youtube.com/watch?v=GZevitDkhOg

10. Large bioreactor image: Large bioreactor image: http://csmres.co.uk/cs.public.upd/article-
images/g-20448.ipeg
11. Cell wall: http://internetmedicine.com/wp-content/uploads/2016/02/66.ipg

12. Plasma membrane: https://www.youtube.com/watch?v=LKNSsq5dtw4

13. Properties of water: https://www.youtube.com/watch?v=0eNSnj4Z{78

If you click on this, you will get an image that you could see. Let us get back. As a cell wall is
predominantly made up of two kinds of molecules called ‘peptidoglycan’ and ‘teichoic acids’,

okay?

This is the terms. I’'m just going to float this around. Do not worry about the terms as of now. If
it is important enough, we will go and see what it is; if it is not, just hear the terms so that if you
hear the terms later, you will at least vaguely remember, and you know, | have kind of heard this
somewhere. That is good enough. And if it is important enough, then you would be repeatedly

exposed to it and you can pick it up.
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(Refer Slide Time: 17:16)

Cell (plasma) membrane
How does the cell membrane look like, microscopically?

Cell Membrane
Sanger and Nicholson described the

structure as a ‘fluid mosaic’
(of lipids and proteins)

==
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Therefore, shear can quite easily tear the membrane apart. And, some cells
(e.g. mammalian cells) do not have a cell wall and the plasma membrane is
directly exposed to the environment. Thus, they are more "shear sensitive’ than
cells having a cell wall.

The plasma membrane; earlier we talked of the cell membrane, the, oh sorry, the cell wall, now
let us talk of the cell membrane or the plasma membrane. This is where it is very interesting.
How does the cell membrane look like, in a microscopic sense. It looks something like this, you
know, this is a two-dimensional structure, this is shown as some sort of a, you know rectangular,
a cuboidal kind of a structure. This is a cell, right, you take a small part of the cell, it look like
this, and if you extend it in all directions and assume that it is covering some sort of let us say, a
spherical shape or an oval shape, then you can understand how this fits in into the structure of the
cell, right?

So you have the cell membrane consisting of two layers as you could see; the first layer is this
circle here and some of these, the, lines here, the second layer is circle here and the other lines in
the opposite direction, right? So in other words, it has a double layer here. It so happens that the
nature of this is very different from the nature, the nature of the ball is very different from the
nature of these lines here, we will come to that. In addition there are a few other things, there are
these green things that are shown, and there are these blue things that are shown, we will get to
that. The green things are actually proteins, we will see what proteins are, although we have
heard some terms so many times, we will see what those proteins are. And these are

carbohydrates that stick onto it, we will see what they are. Okay?
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For now, let us focus on this double layer here, which has, if you take one molecule that
comprises a double layer, it has this round head and a certain tail. Okay? So Sanger and
Nicholson described the structure of a cell membrane as some kind of a ‘fluid mosaic’; mosaic is
just these things put in together, so this is a mosaic of, what are called ‘lipids’. In fact, these
molecules you know that we have been describing so much here, these are called lipids and there
are proteins, and there could be other things also. So Sanger and Nicholson described this
structure as a fluid mosaic of lipids which are these and proteins which are seen here. That is
good enough for now, okay, that is what a cell membrane is.

Therefore shear, you know, can easily, can quite easily tear the membrane apart because they are
all floating around, okay, you provide enough surface force, the shear is going to tear apart these
lipids. And some cells such as, as | mentioned, the mammalian cells are cells, do not have a cell
wall and the plasma membrane is directly exposed to the environment. And therefore they are
much more shear sensitive than when compared to the cells that have a cell wall, okay, this is
common sense. When you use these cells in the bioreactor, mammalian cells are used in the
bioreactor for production of high value products such as monoclonal antibodies which are used

for cancer therapy and so on.

And when you, when these cells are used in the bioreactor for production of these, they have,
they are directly exposed to the various stresses because of the velocity gradients in the
bioreactor and those shear stresses can break the cells apart. Okay? So what are these? Let us
look at the nature of this molecule, it is an important class of molecules. Definition is very vague,
okay? And that is the best that we can get, and let us start with the vaguest definition in biology

pretty much.
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(Refer Slide Time: 19:55)

Definition: Lipids are water insoluble molecules which are very highly soluble in
organic solvents such as chloroform.

Example:

@ Fatty acid
—OH (palmitic acid)

‘Lipids’ are water insoluble molecules which are very highly soluble in organic solvents such as
chloroform, okay? | know it is vague, but let us stick to it. That is what a lipid is. And that is one

of the four major classes of basic biomolecules that are present in life. Okay?

So for example, you all, okay let us take this molecule here, okay? This is a three carbon
molecule, okay, if you know a bit of chemistry you would know this is glycerol, the one that is
shown in yellow or some shade of yellow there, is glycerol. It has three OH groups here, three
carbons here, and to one of these OH groups, a long chain carbon molecule with a COOH gets
attached, okay? When this gets attached, the H,O gets out and the C joins with this O, so you
have a CO, on the other side this O, on the other side, and this bond going onto this O to provide
an example of a lipid, okay?

So you have a fatty acid, which is hydrophobic, and you have glycerol, which is hydrophilic and
attached, you could in principle, get a lipid. C16 is the palmitic acid and all these bonds in
between these carbon molecules are all single bonds. Therefore this is saturated fatty acid.
Saturated fatty acid with glycerol is an example of a lipid. Now, instead of one fatty acid
attached to one of this OH, what was initially OH of the glycerol.

(Refer Slide Time: 20:50)
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Ester linkage
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If you have three fatty acids attached to the three oxygens of the glycerol through ester linkages,
as they are called. Then you get fat. Right? All the fat that that causes a lot of social difficulty is
nothing but this, okay, it is a triglyceride, you have three fatty acids attached to a glycerol
molecule and that is your fat. Fat is a lipid. So fat causes whatever difficulties, and all that is a
lipid. It is called a triglyceride, okay because you have you have glycerol, you have a glyceride

bonds being formed here for three fatty acids and you have a triglyceride there.
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(Refer Slide Time: 21:52)

Stearic acid (C18)

Oleic acid (C18) -
double bond
causes bending

(b) Unsaturated fat and fatty acid

C18 stearic acid is nothing but butter, okay, it is saturated; if it is saturated you get butter. And

C18, with a single double bond gives you oil.

Butter, saturated because all the bonds between carbon atoms are single bonds, and here one
bond is a double bond, which actually introduces a kink in the structure and you have a fatty acid
with single bond unsaturation, and then you get oil, okay? You know how useful these products
are, and this is the molecular nature of these products. C18 is butter, C18 with a double bond is
oil, unsaturated oil and so on, okay? All these saturated unsaturated terms that are used by

doctors, actually refer to the nature of the bonds between the carbon atoms.
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(Refer Slide Time: 22:35)

Video: https://www.youtube.com/watch?v=LKN5sq5dtW4

So this is the three dimensional view, let us just focus on some parts of it; there are many parts to
it which let us not worry about. So this is the double layer plasma membrane as | said, it covers
the cell, this is a part of the plasma membrane, assume that it is extending in various directions,

and you see how it can cover the cell.

So this plasma membrane has a double layer of lipids with a lot of proteins sticking around a
fluid mosaic of lipids and proteins, and then there are various other things which we will not
worry about now. Okay? If you are interested, you could see this video, by clicking I think it is
video number twelve, the item number twelve here, plasma membrane, you could see this, and

that will improve your appreciation of the plasma membrane.

76



(Refer Slide Time: 24:47)
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So let us go a little deeper, let us try to understand this a little better. So | am taking a part of the
plasma membrane, a two dimensional view. So this is the bi-layer of lipids, you have the
hydrophilic heads here, hydrophilic just means water loving, and therefore when it is exposed to
water, it will tend to orient itself towards water, and you have these hydrophobic tails; in other
words, this is a part, this could be a part of the glycerol molecule and this could be the various
fatty acids, okay? Typically there are two fatty acids here and this is what has been blown up
here, right, these are the fatty acids, this is probably saturated, this is probably unsaturated, and
you have some other molecules here which are hydrophilic, they like water, and these are

hydrophobic molecules, and this is a structure of one of this pair blown up, okay? Nothing else.

Phospholipids, glycolipids and cholesterol are the major types of lipids that occur in a natural
membrane, okay? In other words, we, we saw the triglyceride, right, the glycerol molecule being
converted into triglycerides. That was an example. In the phospholipids, this is different as we
will see later. There is another set of molecules called glycolipids where this part is different and
cholesterol which is completely different molecule, we will see that in a little while, okay?
Cholesterol, is a very common, commonly known molecule, it was supposed to cause a lot of
difficulty. People have, The American Heart Association has changed its view on cholesterol

now, but it is popular anyway.
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So you, it it will be nice to see what it is all about, okay?

(Refer Slide Time: 25:50)
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So this is a phospholipid, particularly phosphatidyl choline. These are the fatty acid chains, the
hydrophobic tails that are here and this is the glycerol molecule as you can see here, the three

carbon chain here and two of those O molecules are attached to the fatty acid.

The third molecule of O is attached to a phosphate group, ‘POs “group, and then there is a
choline group that is on top of that, okay? This is called phosphatidyl choline. As you can see
this is a hydrophilic end and this is a hydrophobic tail, so this fits into the various needs of a

lipid. And this is an important constituent of natural membranes.
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(Refer Slide Time: 26:15)
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This is cholesterol, right? You see all this here, all this is the hydrophobic part, and this OH is the
hydrophilic part, okay, and the cholesterol is also a lipid that doctors thought caused so many

problems earlier.

How do lipids in the membrane determine shear sensitivity? How sensitive the shear is, There
are various types of lipids. So depending on the types of lipids that are present, the shear
sensitivity should vary, okay, because the properties of the constituents determine the overall
properties of the whole. Right? So let us see how that is and let us see an application of that

towards our needs.
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(Refer Slide Time: 29:03)

Membrane Characteristics
How do lipids in the membrane determine shear sensitivity?

Let us consider two lipid bilayers:
one made of phosphoglycerides containing only stearic acid
other made of phosphoglycerides containing oleic and stearic acids

—— oleic
Both stearic

stearic

Only one layer shown
Tightly packed -

low ‘membrane fluidity’ Loosely packed -
high ‘membrane fluidity'

For that, let us consider two lipid bi-layers; the first bi-layer is made up of phosphoglycerides
containing only stearic acid, okay, C18. C18 saturated; and the other is made up of
phosphoglycerides containing oleic and stearic acids. Oleic, as you know has one unsaturation,
stearic acid, has no unsaturation. Because of that, if both are stearic, okay, this, this is the
hydrophobic tail, hydrophilic head; if both are saturated, such as stearic acid, the structure is
going to be something like this. Whereas, if it is one oleic and one stearic, the stearic is going to
be straight, the oleic is going to have a kink, and therefore it is going to occupy more space
compared to stearic here, okay?

And therefore, if we tightly pack lipids containing both stearic acids, it is going to pack
something like this, okay? Reasonably tightly packed, I am just showing one layer for clarity,
you can imagine the other layer on the other side; whereas if we have both stearic and oleic
present on the phosphoglycerides, then it is going to pack like this. The area that is the space that
is occupied by each of this is going to be higher, therefore the packing itself is going to be much
less dense than the one with both stearic acids, and therefore the ‘membrane fluidity’ is going to
be high due to the loose packing, whereas here the membrane fluidity is going to be low due to

the tight packing.

So it is quite easy to see that the tightly packed thing is going to resist shear much more than the

loosely packed thing. A small amount of, smaller amount of shear force can tear this apart
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compared to this, okay? So that is very simply how the structure of the cell membrane
determines its shear sensitivity, and the structure of the lipids or the constituents the nature of the
constituents determine the structure of the membrane and the structure determines its property.
For example, ‘membrane fluidity’; loosely packed structure will be more shear sensitive.
Suppose we think of making the cells more robust to shear, okay, shear is our story here.

Suppose we think of making the cells more robust to shear, what do we do?

(Refer Slide Time: 30:06)

Suppose we think of making the cells more robust to shear

What do we need to do?
First we need to understand more about membranes

For example, how are membranes made in the cell? What

are the functions of its components? etc.,.
We need to understand, of course more about membranes and how are membranes made in the
cell and so on and so forth, what are the functions of the various components, and then somehow
make the cell to make or to generate the kind of lipids that we need to have a more densely
packed membrane, and therefore more shear sensitive cell lines, or mammalian cells, maybe,
okay, if you are going to use them in the bioreactor, right? So this is one way of thinking about
it. Fine, | think we will stop here for this lecture, we will continue further when we meet next.
Very briefly, in this lecture, our story was about shear. We saw what shear was, let me quickly

go back to what we saw.

We saw what shear was; | told you in some detail what shear was and that it can cause damage to
cells, especially in an environment such as a bioreactor environment which is full of shear, and
the microscopic or the sub-micoscopic components need to be known because they determine the

properties of materials, and then we ask the question what gets affected by shear in cells and we
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came up with our first guess, a cell envelope which consists of a cell wall and a cell membrane.
We very briefly looked at the cell wall and then we looked at the cell membrane in some detail.
We saw that it was a fluid mosaic of lipids and proteins and we saw what are lipids, which | said
was one of the four major classes of biomolecules and they are defined as, lipids are defined as

water insoluble molecules which are very highly soluble in organic solvents such as chloroform.

And then we saw a few examples, our fats are actually lipids, and then butter is a lipid, oil is a
lipid, and then we looked at some of the details of phospholipids, and cholesterol and there is
another type, glycolipids and all these three are commonly found in natural cell membranes.
Then we saw how the membrane characteristics determine membrane shear sensitivity, and we
also looked at a case where we could possibly modify the lipids to modify the shear sensitivity.
Let us meet again later and when we meet again, we will continue with another story. See you
then.
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Biology for Engineers and Other Non-Biologists
Prof. G. K. Suraishkumar
Department of Biotechnology
Indian Institute of Technology Madras
Week - 02
Lecture - 06
Biomolecules: Carbohydrates, Water

Welcome to the next lecture on “Biomolecules and the relationship to the structure and
function of a cell.” As we said, cell is the fundamental functional unit of life. We have seen
two stories so far, the first one was about infection, what causes them and so on. And we
picked up a few things that are fundamental from that story, such as microorganisms are there
everywhere, the various types of microorganisms, the various types of cells, the two major
types of cells and so on. And the second story was about shear, shear, in a bioreactor and the

cells being exposed to shear, and what could we do to make the cells more robust to shear.

We said that we could do that by understanding what causes the shear sensitivity and when
we looked at that we came across a fundamental biomolecule- one of the four major classes
of biomolecules called lipids, defined in a vague fashion, its defined, lipids are biomolecules
that are insoluble in water but soluble in organic solvents, let’s leave it at that that doesn’t
matter and we saw what lipids are fat is a lipid butter is a lipid oil is a lipid and lipids make
up the cell membranes. This is what we have seen so far, this is where we left off last time.
This time, let us start with another story.

[Refer Slide Time: 2:19]

Why does curd form?

The story is rather simple in its inception but it goes on and it takes various branches, various

forms, and we will probably learn some fundamental aspects from the story, various
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fundamental aspects. We will keep going off-track from the story into some side stories and
then come back to the main story, pretty much at the end of this module. Okay. Why does
curd form, is the question that we are going to ask to begin the story. So before that how is
curd made, curd or yoghurt as it is called in some countries, how is it made, it can be made at

home, you take a vessel and you put some milk into it, right.

[Refer Slide Time: 04:22]

How is curd made?

-Take a vessel and pour milk into it
(milk is the medium) ry

- Warm it, say upto 37°C w

- Add some old curd to it

(old curd is the inoculum)
- Close it, set it aside in a warm place

(the mixture is the culture/broth)
- Curd is formed in a few hours

Let us assume, for a while, _that we know nothing about curd formation.
Why does curd form?

Take a vessel here, pour some milk into it, milk is called the medium; this is a term that is
used in biology, biological engineering and so on. It’s called the medium, warm it up to, let’s
say, 37 degree C in this particular case, add some old curd to it, okay. Old curd is the
inoculum, as it is called in other term; don’t worry about it if this term seems alien, you will
get used to it. Close it, set it aside in a warm place, and the mixture that has this inoculum
medium initially, and then something happens with the inoculum, something happens with
the medium and all that is called the culture or the broth, in fact the, the broth changes as time

goes on when it is set aside in a warm place and curd is formed in a few hours, okay.

The curd makers that maintain this curd at 37 degree C by plugging it into an electrical outlet
you can even get curd in about an hour and a half hours, two hours; very nice curd gets
formed in maybe a couple of hours, if a curd maker is used. At home it takes probably
overnight or maybe a few hours if you do it in the morning and so on, okay. Let us use this as
the basis for our story. Let us assume for a while that we know nothing about curd formation
and ask the question, why does curd form. Let us investigate this just by using the tools that
some of us might know, and some of us might be familiar with its basic, the tool is basically

logic with some information, the scientific method, and so let us investigate curd formation
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using this method. Since curd is forming from milk, something in the milk must be turning

into curd, right, that’s very logical.

[Refer Slide Time: 06:49]

Nutrient Cow Buffalo Human
Water, g 88.0 84.0 87.5
Protein, g 3.2 3 1.0
Fat, g 34 6.9 44
Lactose, g 47 5.2 6.9
Minerals, g 0.72 0.79 0.20

http://babcock.cals.wisc.edu/downloads/de/19.en.pdf

Ans: Acid formation, and consequent protein aggregation

Where does the acid come from?

From some among the thousands of reactions that occur
inside the lactic acid bacteria (Lactococcus lactis)

So what does milk consist of, if you look at the data in this particular case, this is the source
of the data, you don’t have to worry about this paper is this just additional information, if
you’re interested you can go and read this paper, it is not included in the list of references, but

you could take it from here and read this paper.

Milk typically contains predominantly, water, protein, fat, lactose, minerals, predominantly
here the cow’s milk contains for every hundred grams, 88 g of water, 3.2 g of protein, 3.4 g
of fat, 4.7 g of lactose and 0.72 g of minerals, okay that’s cow’s milk. Buffalo milk is slightly
different and human milk is slightly different, okay. So this is the composition of milk. Since
we are getting curd from milk, something here must be undergoing some changes to provide

curd.

So what could that be? The answer is acid formation and consequent protein aggregation, is
what causes curd formation, okay, this is the answer. Let me give you the answer right away,
and then dig deeper. Acid formation and as a result, protein aggregation is what causes milk
to turn into curd. Where does the acid come from? Okay, that’s the question that we are going
to ask. Where is the acid coming from? The answer is, from some among the thousands of
reactions that occur inside what is called the lactic acid bacteria, in the terms of genus and

species, it’s called Lactobacillus, Lactococcus lactis.
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This lactic acid bacteria Lactococcus lactis is what was present in the inoculum, the old curd
that we added to the milk and each cell has thousands of reactions that go on at any given
time, and from some of those reactions, acid comes. And that acid gets out into milk and
causes protein aggregation and that when done in a controlled fashion gives you milk.
(Again) same thing happens when you squeeze a lemon into milk, okay you form paneer,
right, you form cheese, cottage cheese. That happens quickly when you do that slowly in a
controlled fashion with a lot of other flavours that get released as a part of this process then it
becomes curd, that’s it.

[Refer Slide Time: 08:19]

Glucose

Glucose-6-phosphate

Glycolysis

Pyruvate ———— | actic acid

Let’s dig a little deeper. So this is one set of one of the thousands of sets of reactions that
occur in the cell, its typically starts with glucose, and this particular set of reaction ends with
pyruvate, glucose gets converted to glucose six phosphate, gets converted to fructose six
phosphate and so on and so forth until it gets with pyruvate. Pyruvate gets converted to lactic
acid which gets out of the cell, this is the cell that is here, you could consider this as each
Lactobacillus cell. This set of reactions, glucose to pyruvate is called glycolysis and each one
is catalysed by an enzyme, we will come to that a little later. So glucose to pyruvate, has,
these set of reactions has a name it’s called glycolysis and as a result of this lactic acid gets
formed as a result of two other reactions from pyruvate, lactic acid gets formed which causes

acidification and formation and curdling of milk.
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[Refer Slide Time: 10.00]

What kind of a molecule is lactic acid?

o

L

OH

C3He0;

2-hydroxy propanoic acid

Lactic acid belongs to a class of biomolecules called
Carbohydrates

General formula: (CH,0), Usuallyn>3

Now, what kind of a molecule is lactic acid which is what is causing the curdling? That’s our
set question. This is how lactic acid looks like, you see here these are the carbon atoms, here
there are two OHs here, this is a COOH group here and this is an OH group here, okay, there
are, this is a COOH and a OH group here. Therefore if you, if you write down the molecular
formula, it is going to be C3HgOs. You need to give importance for COOH, there are all the
naming conventions that you could follow and so at the two position you have hydroxy
group, therefore two hydroxyl, this is a C3, and therefore propanoic acid, okay, basic
chemistry, organic chemistry. And therefore, this is a hydroxypropanoic acid, lactic acid

belongs to a class of biomolecules called carbohydrates.

And what is a carbohydrate? It has the general formula (CH,0),, you could represent it as
(CH20)3, then it becomes C3HgO3 and so on. And usually n is taken to be greater than three
for a carbohydrate. These are all usual things that happen, the normal things that happen. So,
anything with a formula (CH,0), is a carbohydrate and carbohydrates are a large class or an
important class of biomolecules. Earlier we saw lipids as one major class of biomolecules,
now we are seeing carbohydrates as the second major class of biomolecules. And these are all

present in the various, as a part of the reaction intermediates that happen in the cell.

87



[Refer Slide Time: 11:28]

Now, let us look at the next part: curd forms due to protein aggregation

What is aggregation?

Reverse question:

What happens at a molecular level when a substance
dissolves in water?

Now, let us look at the next part. We said acid formation and then protein aggregation, okay.
Now what is aggregation? Okay, what do you mean by aggregation from a microscopic
sense. To understand that let us ask the reverse question. What happens at a molecular level
when a substance dissolves in water, okay? We said curd forms when these molecules
aggregate, right, the protein molecules aggregate and get out of water. To understand that a
little better let us, let us look at what happens at the molecular level when a substance

dissolves in water.

[Refer Slide Time: 11:54]

Water is an excellent solvent

In fact, many properties of
water impact life, and to begin
with, made life possible Adhesion
Cohesion

Solid density lower
than liquid

Surface tension ...

https://www.youtube.com/watch?v=0eNSnj4ZfZ8
https:/lwww.youtube.com/watch?v=DAilCOsjvy0

To understand that, let us look at an example of what happens when common salt dissolves in

water. As we all know common salt is NaCl, okay. And when it is dissolved in water it splits
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up into its ions Na and Cl and as you can see here, Na gets surrounded by a set of water
molecules, Cl gets surrounded by another set of water molecules | mean another set of water
molecules oriented differently. Na is positively charged and therefore a certain orientation
happens to the molecules of water that surround it which is different from the orientation that

happens to the molecules of CI that surrounds it, okay.

So any substance that dissolves in water needs to have a set of water molecules that surround
it, that’s essentially what dissolution is at a molecule scale. Water happens to be an excellent
solvent, you know we are (to) off to one of our side tracks in the story, water is an excellent
solvent. In fact many properties of water impact life and make life possible to begin with

okay, without water probably there won’t have been a life as we know it. Why is that?

Water has very many important properties that make life possible, okay. Water, at a
molecular level, has very many important properties. The first property is cohesion which is
water molecules sticking together. Because of the hydrogen bonds between the various
molecules of water they tend to stick together a lot more than probably many other
substances, many other compounds. So cohesion is a very important concept. So cohesion, is

sticking together of the same kind. Adhesion is water sticking onto other surfaces.

And adhesion to and cohesion together, determine a lot of things that happen with life okay. |
will give you a video which very nicely explains how adhesion and cohesion are entirely
responsible for the way the water gets distributed to various parts of tree, and what happens
in various other things that, of life that are relevant for water and relevant in the context of
water and so on. So let me not get into this for the time being but adhesion is the interaction
of water molecules, the stickiness of water molecules to other surfaces, cohesion is sticking

together of water molecules themselves, okay.

This results in a high surface tension, for example, cohesion and makes even some insects to
be able to walk on water, the water strider and so on. This third one is a very important
aspect, the solid density; the density of ice form of water is lower than the liquid density,
okay. The water has highest density at around 4 degree C that we know. And water becomes
a solid ice at 0 degree C. When it becomes a solid the structure of water actually opens up
because it needs to have a crystal structure with the water molecules being kept at a certain
distance because of thecrystal needs, and the density actually goes down a little bit, and

therefore the solid ice density is lower than the liquid density, is very rare. Not many other
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substances in nature have this property where the solid is, solid form is less dense than the

liquid form, at least at certain temperatures.

What happens because of this in cold countries, ice forms right, ice forms on lakes, rivers and
so on and so forth. And when ice forms because of the lower density of ice, ice floats. It
doesn’t sink. Because it floats, the water below can support life that depends on water. If it
solidifies probably it won’t be able to support life. And so this very property that the density
of the solid is less than the density of liquid is what makes water, what makes life possible in

all those water bodies, lakes, rivers and so on and so forth, in winter.

We talked of surface tension and so on as an outcome of cohesion, and | would like you to
watch these two videos, you can take these as compulsory, which explain nicely how these
properties determine life, how these properties of water determine life and why water is such
an important molecule which makes life possible, okay. I think these are given in, under item
13, these two videos both are under item 13. Please go and take a look at these videos, they

are very nice videos.

Okay let’s continue. Now we said that if a substance dissolves in water, it means that it is
surrounded by a layer of water molecules, okay. So if a protein is dissolved in water as in the
case of a protein in milk, then there is a layer of water molecules that surround the protein

and keep the protein in solution, right.

[Refer Slide Time: 17:41]

A water-soluble protein

Lysozyme molecule in
an aqueous environment

This is an example of a protein called lysozyme which is an important protein in the human

body. This lysozyme is in an aqueous environment, water environment, agueous is water,
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aqueous environment and it therefore it is a let us say, dissolved in water and which means
that is surrounded by water molecules. So we looked at what happens when a substance
dissolved in, is gets dissolved in water, but our original story was why curd forms and we
said acid formation, we saw acid formation earlier, and which causes protein aggregation, so
let us look at protein aggregation. Now that, now that we understand why something is in

solution, aggregation happens when molecules fall out of solution, okay.

They are, they get attracted to each other because of the lack of water molecules that
surround them and then they come together and fall out of solution. That’s typically what
happens when a substance falls out of solution. The reverse happens when the substance goes
into solution, and when there is not enough water surrounding it, and they attract each other,

then it falls out of solution.

[Refer Slide Time: 19:26]

Now, let us look at aggregation — aggregation happens when molecules
fall out of solution, and are attracted to each other.

Which protein aggregates?

Casein, mainly

From a molecular view-point, why does a protein aggregate?

From a molecular view-point, what is a protein?

Which protein aggregates? In the case of curd formation, the answer, many of you may know
it, it’s called casein, this is the protein that mainly aggregates when curd gets formed. From a
molecular point of view, why does a protein aggregate, that’s the next question that you’re

going to ask.

And before that, we realise we don’t really know what a protein is, and therefore we are
going to ask the question, from a molecular point of view, what is a protein, okay. And I
think we will stop here, this lecture we looked at carbohydrates and then we looked at what

happens when something dissolves in water and some properties of water. | think that is good
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enough information for now, fundamental information for now. You munch on it, and then

(we) when we meet next, we will take things forward, see you then.

92



Biology for Engineers and Other Non-Biologists
Prof. G. K. Suraishkumar
Department of Biotechnology
Indian Institute of Technology Madras
Week - 02
Lecture - 07
Biomolecules: Amino Acids, Proteins

Welcome to the next lecture in this module which is on biomolecules and their relationship to
cell structure and function. We are progressing in terms of stories here in this module. We are
into our third story and some (side) side stories and as a result of these stories we are picking

up some basic information.

Our first story was about infection and so on, the second story was about sheer in bioreactors
which led us to lipids and what lipids are and things like that, one major class of
biomolecules. The third story is why curd gets formed which led us to carbohydrates because
curd gets formed by acid formation that leads to protein aggregation, what carbohydrates
were - the second major class of biomolecules and we stopped at the point where we reached
the third major class of biomolecules which happens to be proteins, proteins or amino acids
as you call it. You will know the difference very soon.

(Refer Slide Time: 1:40)

Now, let us look at aggregation — aggregation happens when molecules
fall out of solution, and are attracted to each other.

Which protein aggregates?

Casein, mainly

From a molecular view-point, why does a protein aggregate?

From a molecular view-point, what is a protein?

This is going to be a third major class of biomolecules, totally there are four. So in the last

class, last lecture we left at a point, from a molecular viewpoint, what is a protein.

93



(Refer Slide Time: 02:10)

Proteins are polymers of amino acids

What is an amino acid?

o carbon

Carboxyl
group

Proteins are polymers of something called amino acids, okay? That’s what proteins are. They
are polymers of amino acids. And what is an amino acid, okay? It’s very simple; this amino
acid is very simple. You have the central carbon atom here an alpha carbon atom. This is

called an amino acid, right?

So you have an amino group here and a carboxylic acid group here. So an amino acid, the
amino group is an NH, shown in blue here, the carboxyl group is a COOH which is shown in
red here, okay? So, these two are attached with the opposite ends of the carbon molecule, the
alpha carbon molecule, here. In addition you have a hydrogen atom here at the third and
something called an R group as the fourth bond of the carbon, you know that carbon valency

is four.

So you have amino group, carboxy group, carboxylic acid group, so amino acid comes from
that and you have H and various R groups. So differences in the R groups are what gives rise
to the differences in the various types of amino acids, right? And you have polymer of these

amino acids, then you get a protein.
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(Refer Slide Time: 03:18)

Making a polypeptide chain
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That is what is described here. A polypeptide is a small, small protein you can say, okay let
us say that for approximately now. A polypeptide is nothing but a shorter form of protein. A
polypeptide formation is given here to illustrate how a protein gets made. As you can
recognise here, this is one amino acid, and the R group happens to be CH,SH, right? When
this meets, let us say, let us just focus on this amino acid here, which is already combined to
another amino acid through what is called a peptide bond; let us look at the interaction

between this amino acid and this amino acid.

This has a COOH group here this carbon atom; the NH, group here which is actually bonded
on through the peptide bond to the other amino acid. The H group here and the R group in
this case happens to be the CH2 OH across a (benzene), across an aromatic ring here. So
when these two interact this OH of the COOH here, and this H of the NH2 here, condense
out, the water comes out and it results in the formation of the CN bond here, the bond

between this and this, this is called the peptide bond, okay?

This carbon carboxylic acid NH; this forms the backbone, and these various R groups form
what are called the side chains of this protein molecule here as a part of these various amino
acids. And also it’s quite easy to see that there has to be one free end here of amino group,
okay? If you assume that the growth happens this way of various amino acids attaching to
form larger and larger polypeptide chains and the proteins and so on, so you have any protein
will have one free amino end, okay, which is called the N terminus, and one free carboxyl
end, carboxylic acid end which is called the C terminus. So a protein has a C terminus and an
N terminus, it has a backbone consisting of the various peptide bonds and carbon atoms,
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carboxylic acid molecules and so on. And the side chains that are part of each amino acid R
group that constitute the protein. This is how a protein gets made from the various amino

acids.

(Refer Slide Time: 06:01)
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It so happens that there are twenty R groups, that exist in nature and therefore there are 20
different types of amino acids that exist in nature, right? There could be other types of amino
acids, but they are not naturally occurring amino acids. And therefore there are 20 different
types of amino acids in the proteins which are essentially polymers of amino acids. This has
been grouped under these various heads depending on the nature of this R group here, okay?
If the R group happens to be a nonpolar group, then it is grouped under this head. For
example, this H group, CH3 group, CH3 and so on. | think there has been a slight shift here.

That doesn’t matter. Don’t worry about the names now.

In other words, all these are nonpolar groups, the R groups and therefore they are grouped
under this. Let’s count the number of amino acids — nine of the 20 are amino acids with

nonpolar R groups.
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There could be polar R groups, such as CH,OH for serine, CH CH3OH which is threonine
and so on. These are all amino acids with the polar side group and this has also been
categorised as the side groups that are acidic and basic, if they are acidic and basic they need
to be electrically rather the electrically charged groups are the ones that are on aspartic acid
and glutamic acid and the basically basic groups are the ones that are on lysine, arginine and
histidine.

You don’t have to worry about the details here, I just mentioned the various things, as and
when necessary, we can look at individual amino acids depending on our need, and a look at
their properties. But these are the properties of the side groups that determine the properties
of the proteins themselves. So we saw amino acids with nonpolar groups, we saw amino
acids with polar groups, and electrically charged groups which could either be acidic or
basic, that’s good enough. Don’t worry about anything else for now, you don’t have to

remember any names, don’t worry about it.
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Example of a polymer of amino acids
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So this is the example, an example of a polymer of amino acids in a water environment, space
filling model of lysozyme, water environment, this is surrounded with water, it has to be in
water. This lysozyme, it’s actually a protein that is found in saliva, tears and so on; and it also

breaks down the cell wall of bacteria.

(Refer Slide Time: 09:21)
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The nature of the amino acids, actually determines the nature of the proteins. Let us take an
example here in the case of haemoglobin. The haemoglobin consists of various different
amino acids here a long chain of amino acids all connected together by peptide bonds, okay?
Some of these are given here, valine, histidine, leucine, threonine, proline, glutamine,

glutamic acid glutamic acid. And because of this it forms various units and four units need to
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come together to form haemoglobin molecule and if its folds correctly, we’ll come to all
these things later, the folding and so on. If it folds correctly, then it will do its job properly,
right? It’s folding correctly is what is going to result in a functional red blood cell which can
carry haemoglobin, okay? If there is a slight change in the amino acid sequence here, for

example this glutamic acid, (glu) at the sixth position, has been replaced with something else.

Then we get a disease, we get what is called sickle cell anaemia, right? That’s the only reason
why we get sickle cell anaemia; this glutamic acid at the sixth position has been replaced by
another amino acid. What happens to that? What happens as a result of that? The, we get a
disease that’s the result. Why does that happen? That is because; there is a lot of interaction
that happens between the various parts of the protein, the various amino acids in the protein,

okay?

We all saw that the amino acid, the side groups of the amino acids could be so different. They
could interact with each other depending on their chemical nature and you have a long chain
of amino acids, so one amino acid here on one side chain could find another side chain
attractive here, and therefore it will start interacting here as a result it will bend the entire
protein here, right? This part of the protein would be bent because this side group wants to

interact with this side group, okay?

And that is what results in protein folding by itself, okay? Its (it) happens spontaneously,
because of the need for the chemical interaction between the side groups. And this folding,
the way it folds because of the various side chains and so on so forth, is what gives protein its
functionality. If that doesn’t fold properly, then the protein will not be functional. And that is
what happens here, in the case of normal haemoglobin it folds properly to carry haemoglobin

and you have a functional red blood cell.

Just one change here, glutamic acid going to some other amino acid, changes the structure,
changes the folding of the haemoglobin protein and thereby changes the structure of the
haemoglobin protein, as a result - a sickle cell structure of the red blood cell results which is

unable to carry oxygen through haemoglobin. And that results in sickle cell anaemia.

So the structure function relationship is so pronounced in the case of proteins, a proper
structure is what results in proper function and this is a very nice example of that. I think we
will stop here for this particular lecture, we saw, we started out by asking what proteins were,

then we said that proteins are polymers of amino acids, then we saw what amino acids were,
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it has a central carbon atom, an amino group on one side, a carboxylic acid group on the other
side, so amino acid, and then you have a H group here, and various different types of R

groups, one for each amino acid on the other side.

Then when you put all these together you have the protein and when you put all these
together, there is a need for interaction of one R group with the other and probably other
kinds of interactions with the water around it and so on so forth. Therefore the protein
molecule folds and the folding of the protein molecule is what results in its function. And a
very striking example is the case of haemoglobin in the normal case it results in the normal
ability to carry oxygen to various parts of the body, a normal red blood cell.

In the case of one change at the sixth position, the amino acid being different, we get sickle
cell anaemia, that is because of sickle cell haemoglobin being formed, which has different
folding and therefore different structure, it does not have the functionality that is associated
with the normal haemoglobin. And it also results in a sickle cell shape of the red blood cells
and the disease. We will stop here; we will continue our stories further when we meet next.

See you then.
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Biology for Engineers and Other Non-Biologists
Prof. G. K. Suraishkumar
Department of Biotechnology
Indian Institute of Technology, Madras
Week- 02
Lecture - 08
Biomolecules: Enzymes

Welcome. We are discussing biomolecules and their relationship to cell structure and
function. We have our own stories through which we pick up these things; we have had a few
stories so far. The main messages from the story so far has been that there are

microorganisms they can be categorised into various different domains.

The major biomolecules, I keep mentioning this although I haven’t told you everything so far,
the major biomolecules are four, we first saw lipids which are water insoluble substances that
are soluble in organic solvents, reasonably vague definition but that’s what it is, we saw some
examples of it. And then we also said that lipids form an important component of the
membrane, of the cell membrane, cell membrane is an important cell envelope; some cells
have only a cell membrane to distinguish themselves from the environment, some cells have
a cell membrane and on top of that a cell wall too, and maybe there are other layers, that

we’re not talking about now, let’s not get into that.

The nature of the lipid itself makes it possible for lipids to act as lipid bilayers and therefore
to act as effective envelopes between the cell and their surroundings. | probably briefly
mentioned that in the passing earlier, let me talk a little bit about that and then go further.
The, if you look at the way the lipids have organised themselves in the membrane there are,

let’s go here it might be a better picture; there are lipid bilayers.
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This is water extracellular. This is water intracellular, right? And this membrane in three-
dimensions, separates the intracellular the extracellular. If you look at the orientation of the
lipids here, the hydrophilic heads are oriented towards water naturally because the
hydrophilic means water loving and they would like to be oriented towards water. And
hydrophobic, like likes like, therefore they orient towards each other and by their very nature
there is a hydrophilic layer here, there is a hydrophobic core here, and a hydrophilic layer

here, separating the intracellular from the extracellular parts.

And this bilayer can self-assemble, nobody needs to put in any energy to assemble these
layers by the very nature of their molecules, here is water, here is water and therefore the
water loving parts will orient towards water and the water hating parts, the hydrophobic parts,
this is hydrophobic here, hydrophobic part will come together here. If we think about it, this
forms an effective barrier to the cell from its surroundings. Substances cannot very easily
pass through the membrane; molecules cannot very easily pass through the membrane

because of the nature of the membrane.

Here you have water loving-water loving so that’s okay. But when water loving molecule
comes here it needs to pass through a water hating core and the rates of pass through the
membrane would be slowed down significantly. In a typical cell, there are actually proteins,
you know the, cell membrane is fluid mosaic of these lipids and proteins, some of those
proteins actually function to transfer substances from the outside to the inside, glucose goes

from outside the cell to the inside of the cell, through some such proteins and many other
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things have transporters that make it possible for such substances to move from the outside of

the cell to the inside of the cell at reasonable rates.

So by the very nature of these molecules they act as effective barriers to outside components
and they protect the cell. So this is one of the important structure function relationships
compared to lipid. We have already seen that proteins, amino acids, polymers of amino acids
are proteins and they are a large class of important biomolecules in the cell and there is a

structure function relationship, one of which we have seen.

By the very nature of amino acids and the polymerisation of amino acids into proteins,
different parts of the proteinaceous chain would attract depending on the side groups that are
there and their interactions with water, all these combined, there could be interactions
between molecules that are on different parts of the chain. Because of that the protein
molecule folds, and because of the proper folding the protein molecule is able to act as an
enzyme or even carry out its other functions, non-enzymatic functions and so on. So by the

very nature of the polymers of amino acids they get their function.

(Refer Slide Time: 06:21)
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And if the appropriate folding of the haemoglobin chain leads to the haemoglobin protein
when it folds properly, then it is able to carry oxygen and the red blood cells looks nice and
clean like this disc shaped structure, whereas if in the sixth position the glutamic acid gets

changed to valine for some reason, then the structure entirely goes out of proper orientation
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and it is no longer able to carry oxygen properly, not just that it makes the shape of the red

blood cells sickle shaped, and we get (sickle cell) sickle cell anaemia because of this.

So there is a good structure function relationship between these molecules. We have so far
seen lipids, carbohydrates, carbohydrates as you know are intermediates in metabolism, they
are a large energy stores and so on so forth. We will look at that in in some detail later in the
lectures. And then of course proteins which (are) which form very many different functions

in the cell because of the nature of the structure.

Having said these I think in the last class we stopped here the structure function relationship.
Let’s take things further from here in this lecture. Let us, okay, we will take a side story now,
okay? We are still in the major story of curd making, we are asking different questions and
trying to answer them. As a part of answering them, we are uncovering very fundamental

aspects of biology, biological molecules and so on.
(Refer Slide Time: 09:23)
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Now our side story here is glycolysis again, you know, we know that glucose going to
pyruvate through glucose 6-phosphate, fructose 6-phosphate and so on so forth, is called
glycolysis, these set of reactions and the curd formation happened because of the acid, the
lactic acid that is produced from pyruvate through a couple of steps, gets released into the
medium and the pH (we) we will get to that (and) and this causes curd formation, right?

If we look at this glycolysis, focus on glycolysis, all these are carbohydrates, fine. However,
the conversion from one carbohydrate to another, glucose to glucose 6-phosphate, glucose 6-
phosphate to fructose 6-phosphate and so on so forth. Each step is, of this so called metabolic
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pathway, glycolysis, is catalysed by enzymes, okay? Each of these steps is made possible at
the temperature of the cell because of a catalyst called enzymes, and all such enzymes that

we’re concerned with, are proteins.

There are other molecules in the cell that have enzymatic activities such as RNA, we will
keep that aside for the time being, we’ll just focus on the majority of enzymes in the cell in

terms of glycolysis, in terms of metabolic pathways and they are all proteins.

(Refer Slide Time: 09:55)

The role of enzymes in the human body

hitps:/lwww.youtube.com/watch?v=myORDWVzNhc

Proteins play huge roles in every cell and they make the various functions of the human body
possible, okay? | would like you to watch this particular video if you look at the number here,

it is number 14, role of enzymes in the human body.
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8. Biological classification: https://www.youtube.com/watch?v=NRVIyUZoQow

9. Single use large bioreactor: https://www.youtube com/watch?v=GZevitDkhOg

10. Large bioreactor image: Large bioreactor image: http://csmres.co.uk/cs.public.updfarticle-
images/g-20448.jpeg

11. Cell wall: http://internetmedicine.com/wp-content/uploads/2016/02/66.jpg

12. Plasma membrane: https://www youtube.com/watchPv=LKNSsq5dtw4

13. Properties of water: https://www.youtube.com/watch?v=0eNSnj4ZfZ8

https://www.youtube.com/watchv=DAilCOsjvy0

14. Role of enzymes in the human body:
1

https://www.youtube.com/watch?v=myORDWVzNhc

15. The six types of enzymes (optional): https://www.youtube.com/watch?v=AD3-

v1oKjsk

16. Industrial enzymes: https://www.youtube.com/watch?v=gPgmvfWL2M

It’s a nice short, let’s say 3 to 4 minute video, | think. If you watch that you will get an idea
as to the variety of functions that enzymes perform in the human cell and different human
cells put together as the human body, and the, why humans do what they do, the biochemical
basis is all given, is all made possible because of the enzymes, biochemical basis is the
enzymes. So please take a look at this video.

(Refer Slide Time: 13:36)

Enzyme action and classification

Enzymes can be highly specific in their action. For example, they can differentiate
between optical isomers and act only on one kind. For example, an enzyme in the
cell, hexokinase, can act only on (+) glucose and not on (-) glucose.

They act as catalysts: they speed up reactions several fold by decreasing the
activation energy required for the conversion of reactants to products.

All enzymes of relevance to us are proteins and some require a co-factor such as
metal ions or co-enzymes for their action.

Video (optional; details) — 6 types of enzymes (https:/www.youtube.com/watch?v=AD3-v10KjSk)

J

Let us talk a little bit about these enzymes which are specialised proteins or a class of
proteins. Enzymes can be highly specific in their action, and that’s what gives it its power.

For example, they can differentiate between optical isomers and act on only one kind of
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optical isomer, okay? The enzyme hexokinase, that’s the name of the enzyme, it can act only
on (plus) glucose and not on (minus) glucose, you know, D-glucose, L-glucose, dextro

(rotary) rotary, leavo rotary, dextro rotary, leavo rotary and so on .

The hexokinase can distinguish between these two, it will act only on (plus) glucose it will
not act on (minus) glucose. It can be that specific. And by the way, in nature in the cell, there
are D-carbohydrates and L-amino acids naturally occurring. So L-carbohydrates and D-amino
acids are not natural, usually, okay? There are always exceptions, usually you can consider

this. So they are very specific in their action.

They act as catalysts, you all know what a catalyst does, it speeds up the rate of the reaction
several fold at that temperature pressure condition and thereby makes the reaction possible.
Here, say, they speed of reactions several fold by decreasing the activation energy required
for the conversion of reactants to products, you all might remember the reaction coordinate
here, the energy coordinate here, the reactants are here, the products are here at a lower

energy level, there is an activation energy that needs to be crossed for this to happen.

The enzymes just bring down the activation energy as any catalyst does. All enzymes of
relevance to us are proteins and some enzymes require something called a cofactor, such as
metal ions or what are called coenzymes for their action. You have an apo-enzyme which is
the proteinaceous part and to which you add a cofactor, metal ions or coenzymes as they are
called to give the whole enzyme. Just have this in mind as information, so the enzymes may
not be active in the absence of these cofactors which could just be a metal ion - Manganese

ion.

This video, this is optional clearly, this gives you the six types of enzymes. The six types that
the enzymes are classified into in a standardised fashion. If you want you can take a look at it,
it’s a lot of detail, if you’re really interested you can go and take a look at this. When you
have an enzyme- a catalyst, it speeds up the reactions, makes reactions possible, make cell
reactions possible at the temperature pressure of the cell, which is very moderate, right? How

do we quantify the activity of the enzyme, okay?
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Quantification of activity

The activity of pure enzymes can be quantifies by the Turnover no.,
which is defined as the net substrate molecules reacted per catalyst
site per time. However, this is rarely used, even in research.

Most enzymes used in the industry are not pure. Therefore, their
activity is expressed in terms of units of activity. It is defined as:

the amount of enzyme which gives a certain amount of catalytic activity
under a prescribed set of standard conditions for that particular
enzyme.

For example, one unit activity of glucoamylase is the amount of enzyme
which produces 1 umol of glucose per minute in a 4% Lintner starch
solution at pH 4.5 and 60 °C.

Its quantification is a very important aspect if you want to do something further with it, okay?
Knowing information is fine, then we will have to find means of quantifying the information
which leads to better analysis and better manipulation application and so on so forth. That’s
why quantification becomes very important. As engineers, some of you would know this

already | just thought I will verbalise this clearly.

The activity of pure enzymes can be quantified by something called a turnover number.
Turnover number is defined as the net substrate molecules reacted per catalyst site per time,
okay? The way the enzyme action comes in we said was because of the three-dimensional
folding. The three-dimensional folding creates pockets that are very specific to the substrate

molecule or the reacting molecule, reactant.

The reactant comes and sits there and then it gets converted to a product by various different
means and it is the appropriate fit of the substrate molecule to the fold in the enzyme, a part
of the enzyme that makes this possible, okay? So it is defined as the net substrate, the number
of net substrate molecules reacted per catalyst site per time, okay? But it’s rather difficult to
find out the number of molecules reacted per catalyst site per time through regular
investigations and therefore it is rarely used even in most research, okay? None of us use
turnover number when we talk of activity of enzymes especially when we are trying to use

enzymes.

Most enzymes used in the industry are not pure, that doesn’t matter. Their activity is

expressed in terms of units of activity, right? And this is one of the reasons why we don’t
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look at turnover number because you need highly pure enzymes to even measure turnover
number which itself is not very straightforward. And on top of that you have the regular

enzymes not being very pure, okay?

So we settle for something called units of activity. Units, a Unit of activity is defined as the
amount of enzyme which gives a certain amount of catalytic activity under a prescribed set of
conditions for that particular enzyme, okay? It is highly variable and applicable only for that
particular enzyme, okay? And people have, kind of, agreed on this. This is how it is right
now. For example, one unit activity of glucoamylase is the amount of enzyme which
produces 1 micro mol of enzyme, 1 micro mol of glucose per minute in a 4% Lintner starch
solution at pH 4.5 and 60 degree C, okay? (It) it can be as specific as that; amount of enzyme
which produces 1 pumol of glucose per minute in a 4% Lintner starch solution at pH 4.5 and

60 degree C. So, this is what we use to quantify the activity of enzymes.

(Refer Slide Time: 20:51)
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The speeds at which enzymes act are important to know, the kinetics is important to know of
especially for design. Suppose we are designing an enzyme reactor to carry out an enzymatic
reaction, we need to know how long to wait for the reaction to take place if it is a batch kind
of system, or even if it’s a continuous kind of a system for design of flow rates and so on and
so forth, we need to know the kinetics. So let us look at a simple kinetics, simple enzyme
kinetics, there are very many different kinds of kinetics, which are, which govern enzyme

action; we will just look at one, for example, okay?
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This model is as follows; the enzyme reacts with the substrate to reversibly form what is
called the enzyme substrate complex, okay? There is a reversible reaction here, forward, there
is a forward reaction here, there is a backward reaction here, there is an equilibrium at certain
time and enzyme plus substrate gives you the enzyme substrate complex. And this
irreversibly goes to give the enzyme molecule back and the product from the substrate, okay?
This model is called the Michaelis-Menten model and it is the simplest model in terms of

enzyme Kinetics.

If we work out the rates by using this model and material balance considerations, okay, it’s a
reasonable derivation, about two pages long and if we (plot) if we look at how the variation is
with the substrate concentration, variation of the rate of the reaction with substrate
concentration, it will be something like this. It’s a rectangular hyperbola, okay? It is
reasonably linear here, then it goes like this and asymptotically reaches what is called a Vm,

Vmax.

Mathematically, this kind of behaviour can be represented as V = VmS/ (Km + S). This kind
of a formulation would yield this behaviour. So VmS/ (Km + S) is a good rate expression that
one can choose as a first approximation for enzyme kinetics, okay? This is of course a first

approximation, this is called the Michaelis-Menton model.

Now, when the substrate concentration becomes equal to Km, let us see what happens to this
expression, right? If it becomes equal to Km, V = VmS/ (Km + S), so Km is S, so let’s
substitute S for Km, so you get V = VmS/ (S + S), you get V = Vm/2. What does this mean
graphically? At S equals Km, the V that you find, would be Vm/2.

So Km is called the substrate concentration which gives half maximal rate of the reaction,
right, and Km is the Michaelis-Menton constant. So this is a nice expression to know, the first
approximation to know for enzyme Kkinetics, and it is useful in many different ways, | just

mentioned one.

110



(Refer Slide Time: 23:06)

Model parameter

The model parameters, v,, and K., of the Michaelis-Menten mode, can be determined
from S versus t, data as follows:

U S
Knt+S$

The Michaelis-Menten equation Vis

If we invert the equation, we get 1: fnts = fal, 1
v

el
U S U S n

Therefore, if we plot 1/v vs. 1/S (Lineweaver-Burke plot) we can get
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To find out, Vm and Km, as you can realise Vm and Km will be dependent on the enzyme of
the substrate and for each combination there will be a Vm and a Km, so how do you find that
out, how do you find out these model parameters here, Vm and Km. To find that out, what we
do is something like this, one of the things that we can do is something like this because we’ll

have to find that out from data.

These model parameters can be determined from the substrate versus time, the variation of
substrate concentration versus time data. We do an experiment where we carry out an
enzymatic reaction and then we monitor the substrate concentration with time and that’s the
data that we have, we have the substrate concentrations at various times. From that data, how
do we get the model parameters, is what we are going to look at now, at least a basis of that.

The basis is as follows; the Michaelis-Menton is V = VmS/ (Km + S). If we invert this, you
know, invert the left hand side and therefore we invert the right hand side, we get 1/V = (Km
+ S)/VmS, just inversion, so if we separate out the terms, this term would become Km/ VmS
and this term, 1/Vm.

So this is of the form y = mx + c or if we plot 1/ V versus 1/ S we expect to get a straight line
with Km/Vm as a slope and 1/ Vm as the intercept. Such a plot is called the Lineweaver-
Burke plot, plot of 1/ V versus 1/ S, you calculate velocity from the substrate concentrations
and then plot 1/ V versus 1/S, you get Km/ Vm as a slope, and 1/Vm as the intercept. And |
think this audience would know the slope and intercept, right? There is the equation of a
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straight line y = mx + ¢, and m is the slope, c is the intercept. That’s why we tried to plot it

this way, so that from a straight line, we can get these parameters.

(Refer Slide Time: 24:00)

From S vs t data, calculate v using two successive data points of S and t for plotting.

Wy v
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Other types of plots
can also be used

So from S versus t data calculate V using two successive datapoints S, of S and assign it to
the midpoint of the time interval there and then 1/ V versus 1/ S, straight line, Km/ Vm as a
slope and 1/ Vm as the intercept. Other types of plots can be used, there are some difficulties
with this in the sense that the data here is not very reliable and it will determine the slope and
so on. Let’s not get into that, this is an introductory course. So this is one way of quantifying

enzyme Kinetics.

We talked of enzymes in the cell and how to quantify the enzyme activity and how to get how
to represent the kinetics mathematically and how to get those parameters, the model
parameters. Now let us look at the industrial uses of enzymes, they are very widely used, if
you look at this video, it’1l tell you the various ways or some of the ways in which enzymes
are used and their usage is billions of dollars per year kind of level. For example, if you, okay
let me just point this out to you. The industrial enzyme is video number 16, you might want
to click on that and take a look at that.
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(Refer Slide Time: 25:03)
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10. Large bioreactor image: Large bioreactor image: http://csmres.co.uk/cs.public.upd/article-
images/g-20448.jpeg
11. Cell wall: http://internetmedicine.com/wp-content/uploads/2016/02/66.ipg
12. Plasma membrane: https://www.youtube.com/watch?v=LKNSsq5dtw4
13. Properties of water: https://www.youtube.com/watch?v=0eNSnj4Z{Z8
https://www.youtube.com/watch?v=DAilCOsjvy0

14. Role of enzymes in the human body:

https://www.youtube.com/watch?v=myORDWVzNhc

15. The six types of enzymes (optional): https://www.youtube.com/watch?v=AD3-

v1oKisk

16. Industrial enzymes: https://www.youtube.com/watch?v=gPgmvfWLx2M
1

That’s this video, okay? Please do that.
(Refer Slide Time: 26:12)

Industrial Enzymes

Video: https:/www.youtube.com/watch?v=gPgmviw Lx2M
Enzymes (usually proteins), produced by micro-organisms in
bioreactors are extensively used in the industry; e.g.

Industry Enzymes used
Detergent proteases, amylases

Baking amylases

Brewing amylases, glucanases, proteases
Dairy rennin, lipases, lactases

Starch amylases, glucose isomerase
Textile amylase

Leather trypsin, proteases, cocktails
Pharmaceuticals toypsin

Video: producing a detergent with enzymes (http://www.novozymes.tv/video/625292/producing-a-modern-detergent)

Enzymes, as we said usually proteins, are actually produced by microorganisms in
bioreactors and that is pretty much a source of enzymes nowadays, okay? The other sources
such as you know earlier there used to be other sources such as animals and so on. They are
not very extensively used nowadays, most enzymes are produced by microorganisms in
bioreactors.

For example, the detergent industry uses proteases and amylases for better cleaning power.

Baking industry uses amylases; brewing industry uses amylases, glucanases and proteases;
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dairy industry, rennin, lipases, lactases; starch industry uses amylases, glucose isomerase;
textile industry uses amylase; leather industry, trypsin, protease and cocktails of enzymes
and so on; pharmaceuticals, trypsin and so on, okay? So, heavily used as | said billions of
dollars’ worth per year is what is involved, the amount of money involved in enzyme use;

enzyme manufacture, enzyme use.

So this video gives you some idea as to how enzymes are used in detergents, please take a
look at this video, it’s by novozymes but look at the the details in that video. Also have in

mind our disclaimer for all these recommendations.

(Refer Slide Time: 27:04)

How are proteins (and enzymes) made in the cell?

https://www.youtube.com/watch?v=NyObWLYcPas

When we meet up next, this is the story that we are going to ask in the larger story of curd
making, how are proteins and enzymes made in the cell, okay? We saw that enzymes are
being used, heavily used in the cell, for catalysing various different reactions and so on,
enzymes produced by microorganisms are used in everyday products and so | mean, that’s a
very large industry, the next story we’re going to see how the proteins and the enzymes are

actually made in the cell, okay? Let’s meet up later. See you then.
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Biology for Engineers and Other Non-Biologists
Prof. G. K. Suraishkumar
Department of Biotechnology
Indian Institute of Technology, Madras
Week- 02
Lecture - 09
Biomolecules: Nucleotides

Welcome to the next story in the larger story of biomolecules. | think this would be the last
lecture, last story in the biomolecules where we tie up all the loose ends and so on so forth.
We will begin the story by asking this question, how are proteins and of course enzymes, we

are looking at enzymes that are proteins, made in the cell, okay?

(Refer Slide Time: 0:53)

How are proteins (and enzymes) made in the cell?

https:/www.youtube.com/watch?v=NyObWLYcPas
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(Refer Slide Time: 1:03)

17. Making a modern detergent: http://www.novozymes.tv/video/625292/producing-a-

modern-detergent
18. How are proteins made: https://www.youtube.com/watch?v=NyObWLYcPas

19. DNA, chromatin: https://www.youtube.com/watch?v=ghSIBhFwQ4s

20. Cell and energy: https://www.youtube.com/watch?v=_Fe5aR1aZal

1_Siihe o lool nbocobo

To answer this, | would point you out to required video here, | think the video in the list is
number 18, it’s a very interesting video and important video in terms of the principles for the
course, so | would require you to see that video. Please see that video, it’s only about 3and a
half minutes long, okay? And it’s made nicely. It was made as a part of the human genome
project, but it very nicely explains how proteins are made, okay? Very briefly speaking, this
video will say that the information in something called the DNA, deoxyribonucleic acid, gets
converted or transcribed to the information in the messenger RNA and that gets translated to
the information in the proteins.

That is the base (information) base message in this particular video. Please take a look at it, it
will provide you with a nice context, it will probably clear up quite a few of those nagging
questions that you may have had at several points in time and so on, okay, it’s very

interesting aspect of life in general.

So we said that the information in what is called the DNA, deoxyribonucleic acid, gets
converted to information in the mRNA, okay? What exactly is DNA, okay? All of you, I'm
sure, would have heard of DNA, it’s a very popular term nowadays and that’s how
information is stored in the cell, the information that needs to passed on from one generation
to another generation, okay? In fact DNA is the code through which this information is
passed down generations. So what is DNA and how does the structure of the DNA make it
possible for information to be passed on, okay?
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DNA is a polymer of the monomer called a nucleotide; deoxyribonucleic acid; but let’s call it
nucleotide here. If you look at a nucleotide, it consists of three major parts. You have what is
called a pentose sugar here, a pentose carbohydrate here. This is an oxygen, one carbon atom,
two carbon atoms, three, four and the fifth carbon atoms here, okay? So this is called the
three prime position, this is called the five prime position of the carbon atom and to this five
carbon sugar, to the first position, you have what is called as a base, a nitrogenous base that is
attached to it. The combination of the base and the pentose sugar is actually called a

nucleoside.

To a nucleoside if you add a phosphate group, it becomes a nucleotide, okay? And this is the
base unit for DNA. Repeating; you have a pentose sugar, you have a nitrogenous base that is
attached to this, and you have a phosphate group attached to this. You get the monomer of
DNA which is a nucleotide. So you can see here this is the pentose sugar, the nitrogenous

base and the phosphate group, okay? So this, let us start here.

The pentose sugar, right, and the nitrogenous base and the phosphate group to, this is a three
prime end which is free here, the five prime end of the sugar is attached with the phosphate
group. The three prime and of another sugar, ribose sugar of a nucleotide, gets attached with
this phosphate group and that’s how the chain gets built up, the polymer gets built up, okay?
So you have one three prime end that is free, the five prime end attaches to the three prime
end of the next nucleotide, similarly the five prime end attaches to the next, to the three prime
end of the next nucleotide and so on and so forth to form the polymer of DNA.
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The bases, we said that it contains a sugar, the base and the phosphate group, the bases are of
five kinds. They are, they could be cytosine, thymine and uracil or adenine and guanine.
Some of these terms would be familiar to you. These are what they are actually. You could
have pyrimidines which are these one-ring nitrogenous substances and purines which are

slightly bigger nitrogenous substances.

So this base here could be one of these kinds, either a cytosine or a thymine or uracil or an
adenine or a guanine, okay? It’s so happens that in DNA you have a only CTAG, Gattaca
remember the movie? CTAG and in, in what is called RNA, you have the uracil instead of
thymine. The pentose sugars are of two kinds, DNA has what is called a deoxyribose and
RNA has what is called a ribose, okay? The only difference between these two sugars is the

two prime position.
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In the case of deoxyribose you have an H in the two prime position, in the case of ribose you
have an OH in the two prime position. That’s the only difference between or that’s one of the
major differences between DNA and RNA in terms of the sugar here, right? Okay let’s go
back a little bit. So you have a nucleotide which could be a DNA or a RNA, you have a
pentose sugar. If you have a deoxyribose sugar you have DNA, if you have a ribose sugar
you have RNA.

In the case of a base, if you have adenine, thymine, guanine, cytosine, those are the bases
found in DNA, you have adenine, uracil, guanine, cytosine, then you have the bases found in
the RNA, the phosphate group of course is the same. So that is what a nucleotide is all about

and that is what passes on the information from one generation to another.
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One of the ways by which information transfer from one generation to the other is made
possible, is through this. This is adenine, this is thymine, right, you have the adenine and
thymine represented here in part, you have the sugar attached, then you have the nitrogenous

base alone shown and then of course you have the phosphate group which is not shown.

Adenine, thymine; if you go back, adenine is here which is a purine, thymine is here which is
a pyrimidine, okay? Adenine and thymine, by their very chemical nature can form hydrogen
bonds between these two, okay? There are two hydrogen bonds that are formed between
adenine and thymine and this is what is called base pairing, okay, nitrogenous base, base
pairing, this is a base pairing, a hydrogen bond formation between adenine and thymine.

There are two hydrogen bonds that are formed between adenine and thymine.
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And guanine, cytosine, okay, guanine is a purine, cytosine is a pyrimidine; you have the
hydrogen bonds that are formed between cytosine and guanine, okay? So this hydrogen bond
formation or base pairing as it is called, is what gives DNA its structure and it makes it
possible to do what it does. How is that happening? Let us look at one strand of the DNA
here like this, let us look at the other strand of DNA here that is like this.

(Refer Slide Time: 9:40)
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We know that adenine pairs up with thymine and guanine with cytosine. So the adenine on
one will pair up with the thymine of the other and pull it together and so on and so forth, the
guanine of one pair with a cytosine, adenine - thymine, guanine - cytosine pairing and this

pairing gives the dual strands of the DNA a helical structure, okay? So this is what
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automatically results because of the various constraints in size and so on and so forth, the
base pairing or hydrogen bonding between the bases, gives it its double helical structure and
the double helical structure makes other things such as replication of DNA as well as
transcription, translation and things like that possible, that we will see in later lectures, okay?
So this is how the double strand is getting formed here and this double strand becomes

essential for its various functions.

The DNA in a single cell, if you stretch out the DNA, can be about 2 metres long, right? The
2 metres long DNA is somehow packed into the nucleus which is sub (microscopic) sub
micron sized, okay, the cell itself we saw was the (bacteria) the in a eukaryotic cell that is a
typical size is 10 micron, right? The nucleus is much smaller than that and in the nucleus this
DNA gets packaged, right? Whatever is 2 metres long when stretched out, gets packaged

there. How does that happen?

(Refer Slide Time: 12:55)

DNA from 1 cell - if stretched out can be 2 m long. So DNAin the cell is
highly coiled with some proteins — chromatin.

Chromatin condenses further to form chromosomes during cell division

DNA and chromatin: https://www.youtube.com/watch?v=gbSIBhFwQ4s

That is because the DNA is in a coiled form, okay? You can imagine this, you can take a
piece string, okay, cotton string and try twisting it, then twists and twists and twists and twists
and it becomes smaller and smaller and smaller, okay? That’s pretty much what happens with
DNA too and the coiling and super coiling and super super coiling around proteins which are
called histone proteins, essentially results in it being packaged into a size that can fit into the

nucleus.

And, so DNA exists in what is called a chromatin form which is nothing but this coiled form,

okay? Chromatin condenses even further to form visible chromosomes, the coloured
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substances, during cell division, in other words they take up dyes during this stage and that’s
why they are called chromosomes, coloured bodies. During cell division chromatin
condenses further to yield visible chromosomes under of course the microscope, not, not to
the naked eye, okay?

(Refer Slide Time: 13:05)

17. Making a modern detergent: http://www.novozymes.tv/video/625292/producing-a-

modern-detergent

18. How are proteins made: https://www.youtube.com/watch ?v=NyObWLYcPas

19. DNA, chromatin: https://www.youtube.com/watch?v=gbSIBhFwQds

20. Cell and energy: https://www.youtube.com/watch?v=_Fe5aR1aZal

21. Substrate level phosphorylation (SLP):

¢cwmeo@ty - oo
Please take a look at this video, DNA and chromatin, which gives you the details of this
packaging, it is an animation which is a nice animation which shows you how the 2 meter
long DNA gets packaged into a nucleus by coiling and super coiling around histones, another
proteins, okay? This is, the video is number 19 here, please take a look at that video.
Now, let us look at a slightly different aspect. We said, cell is the fundamental functional unit
of life and it’s a very busy place, a lot of reactions happening all the time, thousands of

reactions happening all the time.

There is transport of substances into the cell, out of the cell and so on and so forth. We
already saw lactic acid going out of the cell and so many things happen there and any process
requires energy. So how does the cell get the needed energy to do all these things and
maintain life? This happens because a large amount of energy in glucose, okay, if we split

glucose, or if we oxidise glucose, a large amount of energy gets released at one time.

The cell may not be able to use all that energy at that time. Therefore it requires energy in
units that it can use directly, right? So that is what happens here, the large amount of energy
in glucose gets packaged into appropriate energy in what is called an Adenosine Triphosphate
or ATP. ATP you would have heard, right? This, this stands for adenosine triphosphate, this
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happens to be the energy currency of the cell. And this process happens through what is
called a substrate level phosphorylation of ADP or an electron transport phosphorylation of
ADP, we will look at a little bit in detail about these things. And this is how the cell gets its

energy to do its various functions.

Please take a look at this video to get some idea, it’s a slightly longish and an old video, but |
think it’s a nice video which gets to all the which touches upon all the necessary aspects for

an introductory kind of an exposure, please take a look at that, it’s about 9 minutes long.

(Refer Slide Time: 15:22)

Cell, the fundamental functional unit of life, is a busy place
- reactions, transport, and many other processes happen

How does the cell get the needed energy?

Appropriate energy
Large energy S in ATP
in Glucose (the energy currency
of the cell)

Substrate level phosphorylation of ADP
Electron transport phosphorylation of ADP

https://www.youtube.com/watch?v=_FeSaR1aZal ADP and ATP are nUCleotideS

And we said ADP getting converted to ATP and so on so forth, adenosine diphosphate
getting converted to ATP. It so happens that ADP and ATP are nucleotides. They have the
structure, sugar, a pentose sugar, a base and a phosphate group or phosphate groups attached
to it.
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So, a ribose sugar, in this case ATP, okay? So this is somewhat closer to RNA, the ribose OH
in the 2 prime position. The adenine, okay, ATP, (aden) adenosine triphosphate, so the
adenine, nitrogenous base it is attached to the first carbon atom here and the attachment is not
shown, the bond is not shown here. This one needs to be removed and this one needs to go

and attach to nitrogen here.

And to the 5 prime carbon, oxygen and so on, you have phosphate groups that gets attached.
If you have 2 phosphate groups then this is called adenosine diphosphate, adenosine
diphosphate, okay, ADP and if you have 3 phosphate groups attached you have adenosine
triphosphate. So ATP and ADP - the energetically important molecules in the cell, are also

nucleotides.

ATP gets converted to ADP, by the release of energy and this energy is rightly sized, right, to
carry out, to fulfil the needs of various different cellular processes, reactions maybe and so on
so forth. So it’s about 7.3 kilocalories per mole and that’s about the right size for various
things. ADP gets converted to ATP and that’s what we are going to, that’s how ATP gets
formed and that would require input of energy, okay? So ADP getting converted to ATP to
kind of store up the energy currency and which is ATP - 3 phosphate molecules. A breakage
of this would yield energy that can the fuel or that can provide the energy for the various

cellular operations.
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Addition of a phosphate group:
phosphorylation

ADP < > ATP
de-phosphorylation

Substrate level phosphorylation of ADP: phosphate is transferred from
a metabolite to ADP, mediated by an enzyme.

https://www.youtube.com/watch?v={RdJB7IDSIY
https://www.youtube.com/watch?v=LTIg9I3N-JM

Electron transport phosphorylation of ADP: the energy of a hydrogen ion
gradient across an integral membrane is used to add the phosphate
group to ADP.

Mps:/lwww.voutupe.com/watch?v=DAi|COsiva
https://www.youtut-e.com/watch?v=3y1dO4nNaKY

So let us look at this process in some detail, ADP getting converted to ATP. ADP getting
converted to ATP we know is by addition of a phosphate group, it is called phosphorylation.
Phosphorylation of ADP yields ATP, and dephosphorylation of ATP yields ADP and it is this
dance that provides the energy for various things and also makes the energy currency in the

cell.

This phosphorylation of ADP to ATP is carried out by 2 major means; one is called substrate
level phosphorylation of ADP. The phosphate group is transferred from a metabolite to ADP
and is, the process is mediated by an enzyme, that’s what is called substrate level
phosphorylation. For example, glucose 6 phosphate can transfer its phosphate group to ADP
to form ATP. Let me not give you that example. Let’s say a phosphate molecule, can get, can
get dephosphorylated and in that process, provide the phosphate group to ADP enzymatically
to create ATP, right? And that is called substrate level phosphorylation of ADP. We are not
getting into details of this, is a lot that can, that one can know about this process, we are not
getting into this.

However, it might be helpful to see these videos, if you’re interested in knowing some
details. So | would say that this is kind of optional videos. The electron transport
phosphorylation of ADP, right, the energy of the hydrogen ion gradient across an integral
membrane is used to add phosphate to the phosphate group to ADP to form ATP. This by
itself is a very very interesting process, this was what Mitchell proposed, | think in 1966
which won him the Nobel Prize, which provided the coupling between the hydrogen ion
gradient which provided a way by which ATP can be made, which was kind of missing at
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that time; he proposed this as a hypothesis and it explained a lot of things, okay, and won the

Nobel Prize also. So it’s that important.

And you could look at these 2 videos to get some more insights about electron transport
phosphorylation, okay? These are details, I don’t want to get into details in this introductory

course, however if you’re interested you can get into these by yourself.

(Refer Slide Time: 20:32)
4 Fundamental Biomolecules
Nucleic Acids (e.g., DNA, RNA, ATP, etc.,)

Proteins (polymers of amino acids)

Carbohydrates (e.g. sugars, lactic acid, etc.,)

Lipids (e.g. membrane components, oil, etc.,)

So to sum up, there are 4 fundamental biomolecules last, from last to the earliest, nucleic
acids, DNA, RNA, ATP and so on, proteins, polymers of amino acids, carbohydrates, sugars,
lactic acid and so on that we have seen and lipids which are membrane components, oil,

butter and so on, right?

127



So these are the 4 fundamental biomolecules, all life is made out of these biomolecules and
the structure function relationship is important in these biomolecules, many of these
biomolecules, and that is what determines life itself. That’s why we were so interested in

knowing about these 4 fundamental biomolecules.

(Refer Slide Time: 23:16)

Now, let us return to our protein aggregation issue
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Protein solubility is pH dependent (net charge on the protein is pH dependent). Its
interaction with the hydration layer water changes with charge. At its isoelectric pH,
a protein is least soluble

Protein conformation may also change with pH, and it can no longer be in solution

Now we are going to wrap up everything together and by, by coming back to our original
story which is curd formation, why does curd form. We said acid formation, followed by
protein aggregation, protein that we are looking at was casein. Then, let us look at the protein
aggregation to a certain extent, we took off on side routes and those stand out to be very
enriching in terms of knowing about fundamental biology, biological molecules and so on. So
let’s come back to our initial story and finish up there. We have water here, you know H,0O
and there is hydrogen bonding between water molecules that we know now. A small part of it

is ionised at any time into hydronium ions, HzO", and hydroxide OH °, okay?

And a very small part, 107, is what it is and that’s why pH is 7, negative log of the hydrogen
ion concentration, right? So, that gives you an idea as to the concentration of the species that
is dissociated. And this happens naturally, and this is what gives water its pH. So this is what
happens. When acid is introduced into the medium by the cell, the medium pH goes down
further, the hydronium ion, hydroxide ion concentrations vary; H plus which forms
hydronium ions and therefore this starts going up, the pH starts going down. The protein
solubility is pH dependent because the net charge on the protein is pH dependent, right? You
know that the charges on the protein, this is a zwitter ionic molecule, therefore it is pH

dependent and so on.
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And at various different pHs, the net charge in the protein could be very different because of
the nature of the amino acids that make up the protein. Therefore the way it interacts with the
hydration layer; we said that if a protein is dissolved in water, there is a hydration layer
around it; the interaction with that hydration layer changes with charge, changes with pH,
okay? At the isoelectric pH, isoelectric pH is a pH at which there is no net charge, the
interactions would be very different and at that time, the interaction between the proteins
could be higher, so they fall out of solutions; there is no longer much of the hydration layer

around it.

Therefore they fall out of solution, they aggregate because of the interactions between them.
And that is essentially what happens, protein conformation may also change with pH, and it
can no longer be in solution. Therefore the casein molecules, the casein protein molecules
there have different interactions with their hydration layer. At one point in in pH, they came
out of solution, they interacted with each other and formed, they curdled and that’s how curd

gets formed, right?

So this is this is one of our base stories with which we started out, so let’s finish up there. The
take-home message is something that we saw earlier; the 4 major kinds of biomolecules, their
the very nature of the biomolecules gives it a certain amount of function, the way they’re put
together, the structure, gives it its major function and so on, okay? And of course we started
out with the fact that there are a large number of microorganisms and there are ways to
organise them to make better sense of them, right? So that is the story on biomolecules, that
is the module on biomolecules, and when we meet up next we will take up another aspect.

See you then.
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Biology for Engineers and Other Non-Biologists
Prof. Madhulika Dixit
Department of Biotechnology
Indian Institute of Technology, Madras
Week- 02
Lecture - 10
Cell structure and function: Prokaryotes

So welcome back to these series of lectures on biology for engineers and non-biologists. In
the last 2 videos we did talk about the origin of life and then the evolution different forms of
life. Now since its inception, it is very clear that life has been an enigma and it continues to
be an enigma for a lot of biologists as well as other researchers. Now what we do not
understand is how is it that different cells behave differently or different forms of life behave

differently.

And the reason is very simple because if you look around yourself in this world of life
biology, you find huge amount of complexity. You have a simple, single celled organism like
amoeba or you have a much more complex organism like human beings. So there is a huge
complexity and how do you try to understand this complexity, and most of the researchers use
a very reductionist approach, wherein you try to study life in bits and pieces and try to

identify the unifying features which can connect to this thread of life.

So with that background in the next 2 videos what we are going to talk about, are the very
fundamental unit of life which is the cell. Now how do you define cell; as I just mentioned it
is the most fundamental unit of life and it is this cell if you understand how this fundamental
unit of life works you can kind of extrapolate a lot to the various organisms and their

mechanisms of working.
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Cell Structure and Function

)}

“There is nothing smaller that is alive, nothing bigger is more alive.’

—J. Theriot.

(Refer Slide Time: 2:54)

Objectives

* Develop an understanding of what are cells?
* Their structure and function

So in this video we are going to talk about cell structure and function and I would like to start
this particular video in this series by quoting J. Theriot that “Nothing which is smaller is
more alive and nothing bigger is more alive.” So in other words it is the most fundamental
unit and it is the unit of life. So what are the objectives of this video? The objectives of this
video are to develop an understanding of what are cells and what is their structure and how

this structure interconnects with the function of the cell.
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Now, way back in mid-1800s, 3 German scientists came up with a theory which is called as
the cell theory and this holds true even today and as I said it starts by stating that cells are the
fundamental unit of life, if you understand cells and how cells function you can kind of
understand how life can function. Also the second point of this theory is each organism, each
living organism is made up of at least one cell or more than one cell. So this is what leads to

what you understand as unicellular organism or a multicellular organism.

And then the third and the most important feature which we have been speaking about since
the first-class is that each living cell will give rise to new cells via the process of cell division
that is one set of cells will always arise from pre-existing cells through the process of cell
division or what you call as reproduction. So what are the properties of cells and how are they
similar to the things that you see around yourself and life, as I told you, life is complex but so

are cells.

But what I want you to bear in mind is that just like life a cell is a machinery or a dynamic
system where each and every component of that system is in its equilibrium with the other
also it is the cell where the various components of the cell talk to each other, communicate
with each other and then the effect that you see is a sum total of all these reactions, all these

interactions which are happening within a cell.
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So yes, cells are complex entities and the beauty is each cell which is the most fundamental
unit whether you take a single celled organism or a multicellular organism has its entire
information packaged which is what you call as the genetic material packaged in the form of
DNA in some organisms it can be RNA too, and it is this genetic material which has been
discussed in evolution, is the molecule which provides the window for possible variations and

adaptations.

So each cell has its genetic code, its information stored in the DNA. Now, how that DNA is
stored is what determines different types of cells and I will come to that a little later. The
other thing about cells like any other organism whether human beings or dogs or plants is that
they reproduce through the process of cell division and they give rise to new daughter cells.
Cells like any living organism would like to acquire energy for its sustenance and not just

acquire energy, if the need be, utilise that energy for life processes.

For example if there is an amoeba sitting somewhere on the soil and it finds a food particle,
somewhere in the neighbourhood, it will try to approach that food particle. It will try to move
towards that food particle but the process of this amoeba trying to move towards food particle
involves a whole myriad of processes; in other words not only does the amoeba to move
forward, it has to change its shape, it has to go and then engulf this food; now all this is a

energy intensive process.

So the amoeba will have to have machinery in place where as and when the organism needs

it, the energy is supplied. So it not only should acquire energy from outside sources such as
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the food which it is trying to eat, it should also conserve energy and then utilise that energy

for movement and other body functions.

Now, all this is only possible in a living cell because, as I said, cells are made up of a whole
series of reactions which are taking place, which is what we call as metabolism. So the
metabolism happens, there is a process in place to acquire energy either from outside or

synthesise the food on their own and then utilise that particular food for generation of energy.

Mechanical activity is another part of life as we mentioned which may either be involved in
the process of locomotion or in this case of amoeba such as shape change. Now if an
organism is living, it’s never living in isolation, it has to communicate with its environment.
It needs to sometimes relay the information from outside to inside or vice versa. In such a
situation a cell or an organism needs to have a system in a place which is capable of doing
communication so this fundamental unit of life is also capable of communicating with the

outside world and responding to it.

And the best part among all these is that all these processes, whether it is of locomotion,
whether it is of generating energy, it is a process of communicating, you find that the cells are
highly regulated. These are one of the best features wherein a cell keeps in control its entire
processes which has very few margins of error. A classic example is the process of DNA
replication; we will be astonished to know that every time a cell’s DNA duplicates, the
process will see to it that it duplicates its copy exactly. So much so that the error rate at the

time of DNA replication will be probably 1 in say 10 million bases.

So for every 10 million reads, probably a 1 error may happen which obviously contributes to
the variation in the daughter cell, but this is the fidelity of the process and this is simply
possible because the cell has complete machinery to take care of even the repair of any parts
of the body or the parts of the cell structure as well as the processes. But whether we take a
single celled organism or we go across all the way to higher end organism, what is interesting
is to note and this is what we all cling on to is that certain processes of life are fundamentally

conserved.

When I meant fundamentally conserved, for example how the DNA will store information, in
what language all this information is coded, has remained conserved across these billion
years of evolution, whether you talk about bacteria or you talk about human beings, you find

that that genetic code by which the information is stored is highly conserved.
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Similarly, a lot of other metabolic reactions which govern life are also conserved across
evolution. So what are these cells and why it has been such an enigma to understand life, and
let me bring your attention to one major limitation that we have as humans is a resolution of a

human eye. It’s not possible for us to see things which are below a few millimetres in size.

(Refer Slide Time: 11:10)
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Now this has been one of the major limitations in our understanding of how life works
because a lot of these organisms are much smaller; they are about the size range of anywhere
between 2 to 10 microns or they can be as big as 100 microns but yet this size is way below
the resolution of human eye and this surely required some sort of invention and that came in
mainly through the invention of microscopes. Had it not been for the optics and development
of different kinds of microscopes, it would not have been possible for researchers to

understand how life really works and how the cells really work.

So, coming back to the size of the cells what we find as of today is that most of these cells
with few exceptions, have a size in the range of 0.2 to 10 microns. You have exceptions, for
example neurons that we would see are much bigger in size than 10 microns. But they are
exceptions. Most of the c