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Introduction

BI112 Course Description: This course is an introduction to the
science of biology for students intending to take Anatomy and
Physiology (BI231-233). The physical and chemical concepts as they
apply to the study of life are introduced. BI112 lecture includes the
principles of the scientific method, basic cell structure and function,
respiration, cell division, Mendelian and non-Mendelian genetics
and molecular genetics. Laboratory will require group collaboration
in hands-on demonstration of the physical, chemical and genetic
concepts.

Course and Student Learning Outcomes

1. Answer biological questions by applying the
scientific method; collecting, analyzing, and
interpreting reliable data; and forming a conclusion

2.  Communicate information using appropriate
biological terminology in multiple formats

3.  Use evidence to develop informed opinions on
issues affecting human health such as stem cells,
cloning, and genetic engineering, while considering
cultural and ethical implications

4.  Discuss and apply biological theories and key
concepts about cellular form and function including
cell structure and metabolic processes

5.  Discuss and apply biological theories and key
concepts about cell division including mitosis and
meiosis
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PART I

THE PROCESS OF SCIENCE

THE PROCESS OF SCIENCE

Learning Objectives
O

Course Objective for this section: Understand the
process of scientific inquiry in order to apply the scientific
method to biological questions by designing experiments
and using the resulting data to form a conclusion
* Design a controlled experiment to answer a biological
question.

* Predict the outcome of an experiment.

* Collect, manipulate, and analyze quantitative and
qualitative data

* Answer a biological question using data.

Like geology, physics, and chemistry, biologyis a science that
gathers knowledge about the natural world. Specifically, biology
is the study of life. The discoveries of biology are made by a
community of researchers who work individually and together using
agreed-on methods. In this sense, biology, like all sciences is a social
enterprise like politics or the arts. The methods of science include
careful observation, record keeping, logical and mathematical
reasoning, experimentation, and submitting conclusions to the
scrutiny of others. Science also requires considerable imagination
and creativity; a well-designed experiment is commonly described
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as elegant, or beautiful. Like politics, science has considerable
practical implications and some science is dedicated to practical
applications, such as the prevention of disease (see Figure 1.1). Other
science proceeds largely motivated by curiosity. Whatever its goal,
there is no doubt that science, including biology, has transformed

human existence and will continue to do so.

r - - : : -‘. 1
. .ﬁh. .:._.#.u'.p:&.‘!" =
2016 http: //cnx.org /contents /s8Hh00Oc@9.10:RD6ERYiU@5 /The-
Process-of-Science.
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1. Hypothesis Testing

Biology is a science, but what exactly is science? What does the
study of biology share with other scientific
disciplines? Science (from the Latin scientia, meaning “knowledge”)
can be defined as knowledge about the natural world.

Biologists study the living world by posing questions about it
and seeking science-based responses. This approach is common
to other sciences as well and is often referred to as the scientific
method. The scientific process was used even in ancient times, but
it was first documented by England’s Sir Francis Bacon (1561-1626)
(Figure 1), who set up inductive methods for scientific inquiry. The
scientific method is not exclusively used by biologists but can be
applied to almost anything as a logical problem solving method.

Figure 1Sir
Francis
Bacon
(1561-1626) is
credited with
being the
first to
define the
scientific
method.
(credit: Paul
van Somer)
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Question

The scientific process typically starts with an observation (often a
problem to be solved) that leads to a question. Science is very good
at answering questions having to do with observations about the
natural world, but is very bad at answering questions having to do
with purely moral questions, aesthetic questions, personal opinions,
or what can be generally categorized as spiritual questions. Science
has cannot investigate these areas because they are outside the
realm of material phenomena, the phenomena of matter and energy,
and cannot be observed and measured.

Questions that can be Questions that cannot be
answered using science answered using science

* What is the optimum temperature for

. i 2
the growth of E. coli bacteria? How tallis Santa Claus?

* Do birds prefer bird feeders of a

specific color? * Do angels exist?

* Which is better: classical

* What is the cause of this disease? .
music or rock and roll?

. o . . * What are the ethical
thl-ilsowévi Sf:g;zgglve is this drug in treating implications of human
’ cloning?

Let’s think about a simple problem that starts with an observation
and apply the scientific method to solve the problem. Imagine that
one morning when you wake up and flip a the switch to turn on your
bedside lamp, the light won't turn on. That is an observation that
also describes a problem: the lights won't turn on. Of course, you
would next ask the question: “Why won't the light turn on?”

Hypothesis

A hypothesisis a suggested explanation that can be tested. A
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hypothesis is NOT the question you are trying to answer - it is
what you think the answer to the question will be and why. Several
hypotheses may be proposed as answers to one question. For
example, one hypothesis about the question “Why won't the light
turn on?” is “The light won't turn on because the bulb is burned out”
There are also other possible answers to the question, and therefore
other hypotheses may be proposed. A second hypothesis is “The
light won’t turn on because the lamp is unplugged” or “The light
won't turn on because the power is out” A hypothesis should be
based on credible background information. A hypothesis is NOT just
a guess (not even an educated one), although it can be based on your
prior experience (such as in the example where the light won't turn
on). In general, hypotheses in biology should be based on a credible,
referenced source of information.

A hypothesis must be testable to ensure that it is valid. For
example, a hypothesis that depends on what a dog thinks is not
testable, because we can't tell what a dog thinks. It should also
be falsifiable, meaning that it can be disproven by experimental
results. An example of an unfalsifiable hypothesis is “Red is a better
color than blue” There is no experiment that might show this
statement to be false. To test a hypothesis, a researcher will conduct
one or more experiments designed to eliminate one or more of
the hypotheses. This is important: a hypothesis can be disproven,
or eliminated, but it can never be proven. If an experiment fails to
disprove a hypothesis, then that explanation (the hypothesis) is
supported as the answer to the question. However, that doesn't
mean that later on, we won't find a better explanation or design a
better experiment that will disprove the first hypothesis and lead to
a better one.

Variables

Avariable is any part of the experiment that can vary or change
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during the experiment. Typically, an experiment only tests one
variable and all the other conditions in the experiment are held
constant.

* The variable that is being changed or tested is known as
the independent variable.

* The dependent variable is the thing (or things) that you are
measuring as the outcome of your experiment.

* A constant is a condition that is the same between all of the
tested groups.

* A confounding variable is a condition that is not held constant
that could affect the experimental results.

Let’s start with the first hypothesis given above for the light bulb
experiment: the bulb is burned out. When testing this hypothesis,
the independent variable (the thing that you are testing) would be
changing the light bulb and the dependent variable is whether or
not the light turns on.

* HINT: You should be able to put your identified independent
and dependent variables into the phrase “dependent depends
on independent”. If you say “whether or not the light turns on
depends on changing the light bulb” this makes sense and
describes this experiment. In contrast, if you say “changing the
light bulb depends on whether or not the light turns on” it
doesn't make sense.

It would be important to hold all the other aspects of the
environment constant, for example not messing with the lamp cord
or trying to turn the lamp on using a different light switch. If the
entire house had lost power during the experiment because a car hit
the power pole, that would be a confounding variable.

You may have learned that a hypothesis can be phrased as an
“If..then...” statement. Simple hypotheses can be phrased that way
(but they must always also include a “because”), but more
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complicated hypotheses may require several sentences. It is also
very easy to get confused by trying to put your hypothesis into
this format. Don't worry about phrasing hypotheses as “if...then”
statements - that is almost never done in experiments outside a
classroom.

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=24

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbooks.pub/mhccbiologyll2 /?p=24

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=24

Results

The results of your experiment are the data that you collect as the
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outcome. In the light experiment, your results are either that the
light turns on or the light doesn't turn on. Based on your results, you
can make a conclusion. Your conclusion uses the results to answer

your original question.

Make an observation

Y

Ask a question

Y

Form a hypothesis that -
answers the question

Try again...

Y

Make a prediction based
on the hypothesis

Y

Do an experiment
to test the prediction

Y

Analyze the results

A

Hypothesis is Hypothesis is
CORRECT INCORRECT

Report results
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We can put the experiment with the light that won't go in into the
figure above:

Observation: the light won't turn on.

Question: why won't the light turn on?

Hypothesis: the lightbulb is burned out.

Prediction: if I change the lightbulb (independent variable),
then the light will turn on (dependent variable).

W N =

5. Experiment: change the lightbulb while leaving all other
variables the same.
Analyze the results: the light didn’t turn on.
Conclusion: The lightbulb isn't burned out. The results do not
support the hypothesis, time to develop a new one!
8. Hypothesis 2: the lamp is unplugged.
9. Prediction 2: if I plug in the lamp, then the light will turn on.
10. Experiment: plug in the lamp
11. Analyze the results: the light turned on!
12. Conclusion: The light wouldn't turn on because the lamp was
unplugged. The results support the hypothesis, it’s time to
move on to the next experiment!

In practice, the scientific method is not as rigid and structured
as it might at first appear. Sometimes an experiment leads to
conclusions that favor a change in approach; often, an experiment
brings entirely new scientific questions to the puzzle. Many times,
science does not operate in a linear fashion; instead, scientists
continually draw inferences and make generalizations, finding
patterns as their research proceeds. Scientific reasoning is more
complex than the scientific method alone suggests.
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Figure 3 The
actual
process of
using the
scientific
method. “The
general
process of
scientific
investigation
s” by Laura
Guerin, CK-1
2
Foundation 1
s licensed
under CC
BY-NC 3.0

OBSERVATION

05

Potential hypothe:

PREDICTIONS

Control Groups

Another important aspect of designing an experiment is the
presence of one or more control groups. A control group allows
you to make a comparison that is important for interpreting your
results. Control groups are samples that help you to determine that
differences between your experimental groups are due to your
treatment rather than a different variable - they eliminate alternate
explanations for your results (including experimental error and
experimenter bias). They increase reliability, often through the
comparison of control measurements and measurements of the
experimental groups. Often, the control group is a sample that is
not treated with the independent variable, but is otherwise treated
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the same way as your experimental sample. This type of control
group is treated the same way as the experimental group except it
does not get treated with the independent variable. Therefore, if the
results of the experimental group differ from the control group, the
difference must be due to the change of the independent, rather
than some outside factor. It is common in complex experiments
(such as those published in scientific journals) to have more control
groups than experimental groups.

Example 1

Question:Which fertilizer will produce the greatest
number of tomatoes when applied to the plants?

Hypothesis: If I apply different brands of fertilizer to
tomato plants, the most tomatoes will be produced from
plants watered with Brand A because Brand A advertises
that it produces twice as many tomatoes as other leading
brands.

Experiment: Purchase 10 tomato plants of the same type
from the same nursery. Pick plants that are similar in size
and age. Divide the plants into two groups of 5. Apply Brand
A to the first group and Brand B to the second group
according to the instructions on the packages. After 10
weeks, count the number of tomatoes on each plant.

Independent Variable: Brand of fertilizer.

Dependent Variable: Number of tomatoes.

*  The number of tomatoes produced depends on the
brand of fertilizer applied to the plants.

Constants: amount of water, type of soil, size of pot,
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Mumber of tomatoes produced from plants watered
with different fertilizers

Brand & Brand B
‘What plants were watered with
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because plants grown without fertilizer produced the
most tomatoes!

More examples OfCOHtI‘Ol gI‘OUpSZ

* Youread an article in the NY Times that says some spinach is
contaminated with Salmonella. You want to test the spinach
you have at home in your fridge, so you wet a sterile swab and
wipe it on the spinach, then wipe the swab on a nutrient plate
(petri plate).

o You observe growth. Does this mean that your spinach is
really contaminated? Consider an alternate explanation for
growth: the swab, the water, or the plate is contaminated
with bacteria. You could use a control group to determine
which explanation is true. If you wet one of the swabs and
wiped on a nutrient plate, do bacteria grow?

o You don't observe growth. Does this mean that your spinach
is really safe? Consider an alternate explanation for no
growth: Salmonella isn't able to grow on the type of
nutrient you used in your plates. You could use a control
group to determine which explanation is true. If you wipe
a known sample of Salmonella bacteria on the plate, do
bacteria grow?

* In adrug trial, one group of subjects are given a new drug,
while a second group is given a placebo drug (a sugar pill;
something which appears like the drug, but doesn't contain the
active ingredient). Reduction in disease symptoms is measured.

> You see a reduction in disease symptoms: you might expect
a reduction in disease symptoms purely because the
person knows they are taking a drug so they believe
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should be getting better. If the group treated with the real
drug does not show more a reduction in disease symptoms
than the placebo group, the drug doesn't really work. The
placebo group sets a baseline against which the
experimental group (treated with the drug) can be
compared.

o You don't see a reduction in disease symptoms: your drug
doesn't work. You don'’t need an additional control group
for comparison.

» The preference of birds for various types of food is
determined. You place different types of food in several
different feeders and measure how many birds visit each
feeder.

o You would want a “placebo feeder”. This would be the same
type of feeder, but with no food in it. Birds might visit a
feeder just because they are interested in it; an empty
feeder would give a baseline level for bird visits.

» Testing the effect of pH on the function of an enzyme. You
add solutions of various pH to an enzyme and observe how
well the enzyme functions.

o You would want a control group where you knew the
enzyme would function. This would be a tube where you
did not change the pH. You need this control group so you
know your enzyme is working: if you didn’t see a reaction
in any of the tubes with the pH adjusted, you wouldn’t
know if it was because the enzyme wasn't working at all or
because the enzyme just didn’t work at any of your tested
pH values.

o You would also want a control group where you knew the
enzyme would not function (no enzyme added). You need
the negative control group so you can ensure that there is
no reaction taking place in the absence of enzyme: if the
reaction proceeds without the enzyme, your results are
meaningless.
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2. Types of Data

There are different types of data that can be collected in an
experiment. Typically, we try to design experiments that collect
objective, quantitative data.

Objective data is fact-based, measurable, and observable. This
means that if two people made the same measurement with the
same tool, they would get the same answer. The measurement is
determined by the object that is being measured. The length of a
worm measured with a ruler is an objective measurement. The
observation that a chemical reaction in a test tube changed color is
an objective measurement. Both of these are observable facts.

Subjective data is based on opinions, points of view, or emotional
judgment. Subjective data might give two different answers when
collected by two different people. The measurement is determined
by the subject who is doing the measuring. Surveying people about
which of two chemicals smells worse is a subjective measurement.
Grading the quality of a presentation is a subjective measurement.
Rating your relative happiness on a scale of 1-5 is a subjective
measurement. All of these depend on the person who is making
the observation - someone else might make these measurements
differently.

Quantitative measurements gather numerical data. For example,
measuring a worm as being 5cm in length is a quantitative
measurement.

Qualitative measurements describe a quality, rather than a
numerical value. Saying that one worm is longer than another worm
is a qualitative measurement.

Objective Subjective
Quantitative The chemical reaction has The chemical reaction has
produced 5cm of bubbles. produced a lot of bubbles.
Qualitative I give the amount of bubbles I think the bubbles are

a score of 7on a scale of 1-10.  pretty.
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Example Experiment

An experiment might be conducted to test
the hypothesis that phosphate limits the growth of algae in
freshwater ponds. A series of artificial ponds are filled with
water and half of them are treated by adding phosphate
each week, while the other half are treated by adding a salt
that is known not to be used by algae. The independent
variable here is the phosphate (or lack of phosphate).
The experimental or treatment cases are the ponds with
added phosphate and the control ponds are those with the
salt that is known to not be used by algae. Just adding
something is also a control against the possibility that
adding extra matter to the pond has an effect. If the treated
ponds show lesser growth of algae, then we have found
support for our hypothesis. If they do not, then we reject
our hypothesis. Be aware that rejecting one hypothesis
does not determine whether or not the other hypotheses
can be accepted; it simply eliminates one hypothesis that is
not valid. Using the scientific method, the hypotheses that
are inconsistent with experimental data are rejected.

*  This experiment is collecting objective, quantitative
data because algae growth is a measurable,
observable fact.

How many times should you perform your test? How many samples
should be in each test? The answer is “as many as is feasible”. For
the purposes of educational laboratory experiences, that answer is
typically around three times. However, if you were testing a new
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drug, you would need many more than three samples in order to
show that the drug was safe and effective!

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=25

@ An interactive or media element has been excluded
from this version of the text. You can view it online

here:

https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=25
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3. Reporting Scientific Work

Whether scientific research is basic science or applied science,
scientists must share their findings for other researchers to expand
and build upon their discoveries. Communication and collaboration
within and between sub disciplines of science are key to the
advancement of knowledge in science. For this reason, an important
aspect of a scientists work is disseminating results and
communicating with peers. Scientists can share results by
presenting them at a scientific meeting or conference, but this
approach can reach only the limited few who are present. Instead,
most scientists present their results in peer-reviewed articles that
are published in scientific journals.

In addition, important scientific work must be shared with people
who do not read peer-reviewed articles in scientific journals. This
means that scientific results must be rewritten using language that
the general population understands.

Types of Sources

Whether conducting research in the social sciences, humanities
(especially history), arts, or natural sciences, the ability to
distinguish between primary and secondary source material is
essential. Basically, this distinction illustrates the degree to which
the author of a piece is removed from the actual event being
described. This means whether the author is reporting information
first hand (or is first to record these immediately following an event),
or conveying the experiences and opinions of others—that is, second
hand. In biology, the distinction would be between the person (or
people) who conducted the research and someone who didn't
actually do the research, but is merely reporting on it.
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Primary sources

These are contemporary accounts of an event, written by someone
who experienced or witnessed the event in question. In general,
these original documents (i.e., they are not about another document
or account) are often diaries, letters, memoirs, journals, speeches,
manuscripts, interviews, photographs, audio or video recordings, or
original literary or theatrical works.

In science, a “primary source” or the “primary literature” refers
to the original publication of a scientist’'s new data, results, and
conclusions. These articles are written for other experts in a
specific scientific field.

You've probably done a writing assignment or other project
during which you have participated in a peer review process.
During this process, your project was critiqued and evaluated by
people of similar competence to yourself (your peers). This gave you
feedback on which to improve your work. Scientific articles typically
go through a much more stringent peer review process before they
are published in an academic journal. In scientific peer review, the
article is reviewed (usually anonymously) by other experts in the
specific field about which the paper is written. These peers are
qualified individuals, often other experts in the same research area,
who judge whether or not the scientist's work is suitable for
publication. This allows other scientists to critique experimental
design, data, and conclusions before that information is published in
an academic journal. Often, the scientists who did the experiment
and who are trying to publish it are required to do additional work
or edit their paper before it is published. The goal of the scientific
peer review process is to ensure that published primary articles
contain the best possible science.

There are many journals and the popular press that do not use a
peer-review system. A large number of online open-access journals,
journals with articles available without cost, are now available many
of which use rigorous peer-review systems, but some of which do
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not. Results of any studies published in these forums without peer
review are not reliable and should not form the basis for other
scientific work. It is important to evaluate whether or not you are
looking at a peer reviewed source before you decide if the
information is credible.

Secondary sources

The function of a secondary source is to interpret the primary
source. A secondary source can be described as at least one step
removed from the event or phenomenon under review. Secondary
source materials interpret, assign value to, conjecture upon, and
draw conclusions about the events reported in primary sources.
These are usually in the form of published works such as magazine
articles or books, but may include radio or television
documentaries, or conference proceedings. For example, a NY
Times article reporting about a new drug treatment for breast
cancer is a secondary source. The academic journal article
presenting the data from the drug trial is the primary source.
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Popular vs. Scholarly Sources
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POPULAR

Broad range of topics, presented in
shorter articles

Articles offer overview of subject
matter; interpretation, rather than
original research; sometimes
contain feature articles and reports
on current social issues and public
opinion

Intended to attract a general
readership without any particular
expertise or advanced education

Written by staff (not always
attributed) or freelance writers
using general, popular language

Edited and approved for
publication in-house (not
peer-reviewed)

Articles rarely contain references
or footnotes and follow no specific
format

Designed to attract eye of
potential newsstand customers:
usually filled with photographs or
illustrations, printed on glossier

paper

Each issue begins with page
number ‘T

Presented to entertain, promote
point of view, and/or sell products

SCHOLARLY

Specific, narrowly focused
topics in lengthy, in-depth articles

Articles often contain
previously unpublished research
and detail new developments in
field

Intended for specialist readership
of researchers, academics,
students and professionals

Written by identified specialists
and researchers in subject area,
usually employing technical,
subject-specific language and
jargon

Critically evaluated by peers
(fellow scholars) in field for
content, scholarly soundness, and
academic value

Well-researched, documented
articles nearly always follow
standard format:

abstract, introduction, literature
review, methodology, results,
conclusion, bibliography/
references

Sober design: mostly text with
some tables or graphs
accompanying articles; usually
little or no

photography; negligible, if any,
advertising; rarely printed on
high-gloss paper

Page numbers of issues within a
volume (year) are usually
consecutive (i.e., first page of
succeeding issue is number
following last page number of
previous issue)

Intended to present
researchers’ opinions and findings
based on original research
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Examples: Science, Nature, Journal
of Microbial and Biochemical
Technology

Examples: Newsweek, Rolling
Stone, Vogue

In science, it is often extremely difficult to read and understand
primary articles unless you are an expert in that specific scientific
field. Secondary sources are typically easier to read and can give
you the important information from a primary source, but only if
the secondary source has interpreted the information correctly! It
is always better to go to the primary source if possible because
otherwise you are relying on someone else’s interpretation of the
information. However, it is always better to use a source that you
can read and understand rather than a source that you can’t. For
this reason, it is very important to be able to identify credible
secondary sources.

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=28
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PART I1

PROPERTIES OF LIVING
THINGS
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Learning Objectives

By the end of this chapter, you will be able to:

o Describe characteristics that can be used to
determine if something is living.

Figure 1 This
NASA image
isa
composite of
several
satellite-base
d views of
Earth. To
make the
whole-Earth
image, NASA
scientists
combine
observations
of different
parts of the
planet.
(credit:
modification
of work by
NASA)

Viewed from space, Earth (Figure 1) offers few clues about the
diversity of life forms that reside there. The first forms of life on
Earth are thought to have been microorganisms that existed for
billions of years before plants and animals appeared. The mammals,
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birds, and flowers so familiar to us are all relatively recent,
originating 130 to 200 million years ago. Humans have inhabited this
planet for only the last 2.5 million years, and only in the last 200,000
years have humans started looking like we do today.

Biology is the science that studies life. What exactly is life? This
may sound like a silly question with an obvious answer, but it is not
easy to define life. For example, a branch of biology called virology
studies viruses, which exhibit some of the characteristics of living
entities but lack others. It turns out that although viruses can attack
living organisms, cause diseases, and even reproduce, they do not
meet the criteria that biologists use to define life.

From its earliest beginnings, biology has wrestled with four
questions: What are the shared properties that make something
“alive™ How do those various living things function? When faced
with the remarkable diversity of life, how do we organize the
different kinds of organisms so that we can better understand
them? And, finally-what biologists ultimately seek to
understand—how did this diversity arise and how is it continuing?
As new organisms are discovered every day, biologists continue to
seek answers to these and other questions.

All groups of living organisms share several key characteristics or
functions:

* Order / Organization

* Sensitivity / response to stimuli
* Reproduction

* Evolution / Adaptation

* Growth and development

* Energy processing

* Homeostasis

When viewed together, these eight characteristics serve to define

life. Let’'s examine what each of these characteristics means in a
scientific sense.
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Order / Organization

Organisms, in the most basic form, consist of highly organized
structures that are made up of one or more cells. Even very simple,
single-celled organisms are remarkably complex. Inside each cell,
atoms make up molecules. These in turn make up cell components
or organelles. Multicellular organisms, which may consist of millions
of individual cells, have an advantage over single-celled organisms
in that their cells can be specialized to perform specific functions.

Figure 1A
toad
represents a
highly
organized
structure
consisting of
cells, tissues,
organs, and
organ
systems.
(credit:
“Ivengo(RUS)
" /Wikimedia
Commons)

Sensitivity / Response to Stimuli

Organisms respond to diverse stimuli. For example, plants can bend
toward a source of light or respond to touch (Figure 2). Even tiny
bacteria can move toward or away from chemicals (a process called
chemotaxis) or light (phototaxis). Movement toward a stimulus is
considered a positive response, while movement away from a
stimulus is considered a negative response.
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Reproduction

Single-celled organisms reproduce by duplicating their DNA
(deoxyribonucleic acid, the genetic material) and then dividing it
equally as the cell prepares to divide to form two new cells.

Many multicellular organisms produce specialized reproductive
cells that will form new individuals. When reproduction occurs,
DNA is passed along to an organism’s offspring. Genes, made up of
DNA, are the basic units by which traits are passed from parent to
offspring. DNA, and the information that it encodes in genes, is the
reason that offspring will belong to the same species as parents and

Figure 3: The
leaves of this
sensitive
plant
(Mimosa
pudica) will
instantly
droop and
fold when
touched.
After a few
minutes, the
plant returns
to its normal
state. (credit:
Alex Lomas)

will have similar characteristics.

Evolution / Adaptation

All living organisms exhibit a “fit” to their environment. Biologists
refer to this fit as adaptation and it is a consequence of evolution
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by natural selection, which operates in every lineage of reproducing
organisms. Examples of adaptations are diverse and unique, from
heat-resistant Archaea that live in boiling hot springs to the tongue
length of a nectar-feeding moth that matches the size of the flower
from which it feeds. All adaptations enhance the reproductive
potential of the individual exhibiting them, including their ability
to survive to reproduce. Adaptations are not constant. As an
environment changes, natural selection causes the characteristics
of the individuals in a population to track those changes.

Growth and Development

Organisms grow and develop according to specific instructions
coded for by their genes. These genes provide instructions that will
direct cellular growth and development, ensuring that a species’
young (Figure 4) will grow up to exhibit many of the same
characteristics as its parents.

Figure 4
Although no
two look
alike, these
kittens have
inherited
genes from
both parents
and share
many of the
same
characteristi
cs. (credit:
Pieter &
Renée
Lanser)

Even the smallest organisms are complex and require multiple
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regulatory mechanisms to coordinate internal functions, such as
the transport of nutrients, response to stimuli, and coping with
environmental stresses. For example, organ systems such as the
digestive or circulatory systems perform specific functions like
carrying oxygen throughout the body, removing wastes, delivering
nutrients to every cell, and cooling the body.

Energy Processing

All organisms (such as the California condor shown in Figure 5) use
a source of energy for their metabolic activities. Some organisms
capture energy from the Sun and convert it into chemical energy in
food; others use chemical energy from molecules they take in.
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Figure 5 A lot
of energy is
required for
a California
condor to fly.
Chemical
energy
derived from
| food is used
to power
flight.
California
condors are
an
endangered
species;
scientists
have strived
to place a
wing tag on
each bird to
help them
identify and
locate each
individual
bird. (credit:
Pacific
Southwest
Region U.S.
Fish and
Wildlife)

Homeostasis

To function properly, cells require appropriate conditions such as
proper temperature, pH, and concentrations of diverse chemicals.
These conditions may, however, change from one moment to the
next. Organisms are able to maintain internal conditions within a
narrow range almost constantly, despite environmental changes,
through a process called homeostasis or “steady state”—the ability of
an organism to maintain constant internal conditions. For example,
many organisms regulate their body temperature in a process
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known as thermoregulation. Organisms that live in cold climates,
such as the polar bear (Figure 6), have body structures that help
them withstand low temperatures and conserve body heat. In hot
climates, organisms have methods (such as perspiration in humans
or panting in dogs) that help them to shed excess body heat.

Figure 6
Polar bears
and other
mammals
living in
ice-covered
regions
maintain
their body
temperature
by
generating
heat and
reducing
heat loss
through
thick fur and
a dense layer
of fat under
their skin.
(credit:
“longhornda
ve” /Flickr)

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbhooks.pub /mhccbiology112 /?p=30
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@ An interactive or media element has been excluded
from this version of the text. You can view it online

here:
https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=30

a An interactive or media element has been excluded
from this version of the text. You can view it online

here:
https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=30
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4. Spotlight on Homeostasis

Maintaining homeostasis requires that the body continuously
monitor its internal conditions. From body temperature to blood
pressure to levels of certain nutrients, each physiological condition
has a particular set point. A set pointis the physiological value
around which the normal range fluctuates. A normal range is the
the normal, healthful, and stable fluctuation around the set point.
For example, the set point for normal human body temperature is
approximately 37°C (98.6°F) and the normal range is roughly 97°F to
99°F.

Control centers in the brain and other parts of the body monitor
and react to deviations from the normal range using negative
feedback. Negative feedbackis a mechanism that reverses a
deviation from the set point. In other words, when there is a change
from the set point out of the normal range, negative feedback brings
the body parameter back to the set point. Therefore, negative
feedback maintains body parameters within their normal range. The
maintenance of homeostasis by negative feedback goes on
throughout the body at all times, and an understanding of negative
feedback is therefore fundamental to an understanding of human

physiology.
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¢ Vasodilation (widening
of blood vessels)

e Sweating

e Hairs lie flat

Too HOT

Set Point - 98°C

172 N}

“Normal”
Vasoconstriction
(narrowing of blood
vessels)
Too COLD e Shivering
e Hairs stand up

Figure 7 Body temperature requlation is an example of homeostasis.

Negative Feedback Loop

In order to set the system in motion, something must drive a
physiological parameter beyond its normal range (for example,
blood glucose becomes too high because you ate three chocolate
donuts). This stimulus is detected by the body. In the control of
blood glucose, specific cells in the pancreas detect excess glucose
(the stimulus) in the bloodstream. These pancreatic cells respond
to the increased level of blood glucose by releasing the hormone
insulin into the bloodstream. The insulin signals skeletal muscle
fibers, fat cells, and liver cells to take up the excess glucose,
removing it from the bloodstream. As glucose concentration in the
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bloodstream drops, the decrease in concentration—the actual
negative feedback—is detected by other cells in the pancreases and
insulin release stops. This prevents blood sugar levels from
continuing to drop below the normal range.

Humans have a similar temperature regulation feedback system
that works by promoting either heat loss or heat gain. When the
brain’s temperature regulation center receives data from the
sensors indicating that the body’s temperature exceeds its normal
range, it stimulates a cluster of brain cells referred to as the “heat-
loss center” This stimulation has three major effects:

* Blood vessels in the skin begin to dilate allowing more blood
from the body core to flow to the surface of the skin allowing
the heat to radiate into the environment.

* Asblood flow to the skin increases, sweat glands are activated
to increase their output. As the sweat evaporates from the skin
surface into the surrounding air, it takes heat with it.

» The depth of respiration increases, and a person may breathe
through an open mouth instead of through the nasal
passageways. This further increases heat loss from the lungs.

In contrast, activation of the brain’s heat-gain center by exposure
to cold reduces blood flow to the skin, and blood returning from
the limbs is diverted into a network of deep veins. This arrangement
traps heat closer to the body core and restricts heat loss. If heat
loss is severe, the brain triggers an increase in random signals to
skeletal muscles, causing them to contract and producing shivering.
The muscle contractions of shivering release heat while using up
ATP. The brain triggers the thyroid gland in the endocrine system
to release thyroid hormone, which increases metabolic activity and
heat production in cells throughout the body. The brain also signals
the adrenal glands to release epinephrine (adrenaline), a hormone
that causes the breakdown of glycogen into glucose, which can be
used as an energy source. The breakdown of glycogen into glucose
also results in increased metabolism and heat production.
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Positive Feedback

Positive feedback intensifies a change in the body’s physiological
condition rather than reversing it. A deviation from the normal
range results in more change, and the system moves farther away
from the normal range. Positive feedback in the body is normal
only when there is a definite end point. Childbirth and the body’s
response to blood loss are two examples of positive feedback loops
that are normal but are activated only when needed.

Childbirth at full term is an example of a situation in which the
maintenance of the existing body state is not desired. Enormous
changes in the mother’s body are required to expel the baby at the
end of pregnancy. And the events of childbirth, once begun, must
progress rapidly to a conclusion or the life of the mother and the
baby are at risk. The extreme muscular work of labor and delivery
are the result of a positive feedback system

Positive Feedback Loop

Normal childbirth is driven by a positive feedback loop. A positive
feedback loop results in a change in the body’s status, rather than a
return to homeostasis.

A Figure 9

Nerve impulses from Brain stimulates Positive
cervix transmitted pituitary gland to Feedback
to brain secrete oxytocin Loop Normal
childbirth is
driven by a
positive
feedback
loop. A
positive
feedback loop
Head of baby Oxytocin carried  rosiiits in a
pushes against S in bloodstream change in
cervix / to uterus g

the body’s
\/ status,
rather than a
Oxytocin stimulates return to

uterine contractions homeostasis.
and pushes baby

towards cervix
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The first contractions of labor push the baby toward the cervix
(the lowest part of the uterus). The cervix contains stretch-sensitive
nerve cells that monitor the degree of stretching. These nerve cells
send messages to the brain, which in turn causes the pituitary
gland at the base of the brain to release the hormone oxytocin
into the bloodstream. Oxytocin causes stronger contractions of the
smooth muscles in of the uterus, pushing the baby further down the
birth canal. This causes even greater stretching of the cervix. The
cycle of stretching, oxytocin release, and increasingly more forceful
contractions stops only when the baby is born. At this point, the
stretching of the cervix halts, stopping the release of oxytocin.

A second example of positive feedback centers on reversing
extreme damage to the body. Following a penetrating wound, the
most immediate threat is excessive blood loss. Less blood
circulating means reduced blood pressure and reduced perfusion
(penetration of blood) to the brain and other vital organs. If
perfusion is severely reduced, vital organs will shut down and the
person will die. The body responds to this potential catastrophe
by releasing substances in the injured blood vessel wall that begin
the process of blood clotting. As each step of clotting occurs, it
stimulates the release of more clotting substances. This accelerates
the processes of clotting and sealing off the damaged area. Clotting
is contained in a local area based on the tightly controlled
availability of clotting proteins. This is an adaptive, life-saving
cascade of events.
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5. Levels of Organization of

Living Things

Living things are highly organized and structured, following a
hierarchy that can be examined on a scale from small to large.
The atom is the smallest and most fundamental unit of matter. It
consists of a nucleus surrounded by electrons. Atoms form
molecules. A molecule is a chemical structure consisting of at least
two atoms held together by one or more chemical bonds. Many
molecules that are biologically important are
macromolecules, large molecules that are typically formed by
polymerization (a polymer is a large molecule that is made by
combining smaller units called monomers, which are simpler than
macromolecules). An example of a macromolecule is
deoxyribonucleic acid (DNA) (Figure 1), which contains the
instructions for the structure and functioning of all living
organisms. See the section of your textbook about the chemistry of
biological molecules for more information.
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Figure 1 All
molecules,
including
this DNA
molecule, are
composed of
atoms.
(credit:
“brian0918”/
Wikimedia
Commons)

Some cells contain aggregates of macromolecules surrounded by
membranes; these are called organelles. Organelles are small
structures that exist within cells. Examples of organelles include
mitochondria and chloroplasts, which carry out indispensable
functions: mitochondria produce energy to power the cell, while
chloroplasts enable green plants to utilize the energy in sunlight
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to make sugars. All living things are made of cells; the cell itself is
the smallest fundamental unit of structure and function in living
organisms. This requirement is one of the reasons why viruses are
not considered living: they are not made of cells. To make new
viruses, they have to invade and hijack the reproductive mechanism
of a living cell; only then can they obtain the materials they need
to reproduce. Some organisms consist of a single cell and others
are multicellular. Cells are classified as prokaryotic or eukaryotic.
Prokaryotes are single-celled or colonial organisms that do not have
membrane-bound nuclei; in contrast, the cells of eukaryotes do
have membrane-bound organelles and a membrane-bound nucleus.

In larger organisms, cells combine to make tissues, which are
groups of similar cells carrying out similar or related functions.
Organs are collections of tissues grouped together performing a
common function. Organs are present not only in animals but also
in plants. An organ system is a higher level of organization that
consists of functionally related organs. Mammals have many organ
systems. For instance, the circulatory system transports blood
through the body and to and from the lungs; it includes organs
such as the heart and blood vessels. Organisms are individual living
entities. For example, each tree in a forest is an organism. Single-
celled prokaryotes and single-celled eukaryotes are also considered
organisms and are typically referred to as microorganisms.

All the individuals of a species living within a specific area are
collectively called a population. For example, a forest may include
many pine trees. All of these pine trees represent the population of
pine trees in this forest. Different populations may live in the same
specific area. For example, the forest with the pine trees includes
populations of flowering plants and also insects and microbial
populations. A community is the sum of populations inhabiting a
particular area. For instance, all of the trees, flowers, insects, and
other populations in a forest form the forest's community. The
forest itself is an ecosystem. An ecosystem consists of all the living
things in a particular area together with the abiotic, non-living parts
of that environment such as nitrogen in the soil or rain water. At the
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highest level of organization, the biosphere is the collection of all
ecosystems, and it represents the zones of life on earth. It includes
land, water, and even the atmosphere to a certain extent.
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Organelles: The nucleus,
dyed blue in these onion
cells, is an example of an
organelle.

Figure 1The
biological
levels of
organization
of living
things are
shown. From

a single

Cells: Human blood cells.

organelle to
the entire
biosphere,
living
organisms
are parts of a
highly

structured

Tissues: Human skin
tissue.

hierarchy.
(credit
“organelles”
modification
of work by
Umberto
Salvagnin;
credit “cells”

>

Organs and Organ
Systems: Organs, such as
the stomach and intestine,
make up the human
digestive system.

modification
of work by
Bruce
Wetzel,
Harry
Schaefer/
National
Cancer

>

Institute;

Organisms, Populations,
and Communities: In a
forest, each pine tree is an
organism. Together, all the
pine trees make up a
population. All the plant and
animal species in the forest
comprise a community.

credit
“tissues”:
modification
of work by
Kilbad; Fama
Clamosa;
Mikael

~

Hdggstrom;

Ecosystems: This coastal
ecosystem in the
southeastern United States
includes living organisms
and the environment in
which they live.

credit
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excluded from this version of the text. You can
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PART III

CHEMISTRY FOR BIOLOGY

Learn iilg Outcomes

Course Outcomes for this section:

e Describe the structure of biologically-important
molecules (carbohydrates, lipids, proteins, nucleic
acids, water) and how their structure leads to their
function.

Living things are highly organized and structured, following a
hierarchy that can be examined on a scale from small to large.
The examination of the smallest parts involves a knowledge of
chemistry. We discussed the levels of organization of living things in
the last chapter. In this chapter, we will learn some basic chemistry
that is important in order to understand how molecules in cells
function.
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6. Atoms

An atom is the smallest component of an element that retains all of
the chemical properties of that element. For example, one hydrogen
atom has all of the properties of the element hydrogen, such as it
exists as a gas at room temperature, and it bonds with oxygen to
create a water molecule. Hydrogen atoms cannot be broken down
into anything smaller while still retaining the properties of
hydrogen. If a hydrogen atom were broken down into subatomic
particles, it would no longer have the properties of hydrogen.

All atoms contain protons, electrons, and neutrons (Figure 1). The
only exception is hydrogen (H), which is made of one proton and
one electron. A proton is a positively charged particle that resides
in the nucleus (the core of the atom) of an atom. An electron is
a negatively charged particle that travels in the space around the
nucleus. In other words, it resides outside of the nucleus. Neutrons,
like protons, reside in the nucleus of an atom. The positive (protons)
and negative (electrons) charges balance each other in a neutral
atom, which has a net zero charge.

Figure
- 1Atoms are
Neutrons

made up of
protons and
neutrons
located
Electrons — Nucleus within the
nucleus, and
electrons
surrounding
the nucleus.

_@ Protons
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@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=51

At the most basic level, all organisms are made of a combination
of atoms. They contain atoms that combine together to form
molecules. In multicellular organisms, such as animals, molecules
can interact to form cells that combine to form tissues, which make
up organs. These combinations continue until entire multicellular
organisms are formed.

@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=51

Each element has its own unique properties. An element is a
substance whose atoms all have the same number of protons.
Different elements have different melting and boiling points, and
are in different states (liquid, solid, or gas) at room temperature.
They also combine in different ways. Some form specific types of
bonds, whereas others do not. How they combine is based on the
number of electrons present. Because of these characteristics, the
elements are arranged into the periodic table of elements, a chart of
the elements that includes the atomic number and relative atomic
mass of each element. The periodic table also provides key
information about the properties of elements (Figure 2) —often
indicated by color-coding. The arrangement of the table also shows
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how the electrons in each element are organized and provides
important details about how atoms will react with each other to
form molecules.

Isotopes are different forms of the same element that have the
same number of protons, but a different number of neutrons. Some
elements, such as carbon, potassium, and uranium, have naturally
occurring isotopes. Carbon-12, the most common isotope of carbon,
contains six protons and six neutrons. Carbon-14 contains six
protons and eight neutrons. These two alternate forms of carbon
are isotopes. Some isotopes are unstable and will lose protons,
other subatomic particles, or energy to form more stable elements.
These are called radioactive isotopes or radioisotopes.

Periodic Table of the Elements 18 F igu're
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@ An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.pressbooks.pub/mhccbiologyl12 /?p=51

Evolution in Action

Carbon Dating: Carbon-14 (*C) is a naturally occurring
radioisotope that is created in the atmosphere by cosmic
rays. This is a continuous process, so more Hcis always
being created. As a living organism develops, the relative
level of C in its body is equal to the concentration of ¥Cin
the atmosphere. When an organism dies, it is no longer
ingesting 1C, so the ratio will decline. C decays to N by a
process called beta decayj; it gives off energy in this slow
process.

After approximately 5,730 years, only one-half of the
starting concentration of ¥¢ will have been converted to
1N, The time it takes for half of the original concentration
of an isotope to decay to its more stable form is called its
half-life. Because the half-life of C is long, it is used to age
formerly living objects, such as fossils. Using the ratio of the
¢ concentration found in an object to the amount of Hc
detected in the atmosphere, the amount of the isotope that
has not yet decayed can be determined. Based on this
amount, the age of the fossil can be calculated to about
50,000 years (Figure 3). Isotopes with longer half-lives,
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such as potassium-40, are used to calculate the ages of
older fossils. Through the use of carbon dating, scientists
can reconstruct the ecology and biogeography of
organisms living within the past 50,000 years.

e

Figure
3The age of
remains
that
contain
carbon and
are less
than about
50,000
years old,
such as this
pygmy
mammoth,
can be
determined
using
carbon
dating.
(credit: Bill
Faulkner/
NPS)

@ An interactive or media element has been
excluded from this version of the text. You can

view it online here:

https: //openoregon.presshooks.pub/

2p=
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7. Chemical Bonds

Atoms can form several types of chemical bonds. These bonds are
interactions between two atoms that hold the atoms together. It
is important to understand the various types of bonds because
they help determine how different molecules function within an
organism. There are four types of bonds or interactions: covalent,
ionic, hydrogen bonds, and van der Waals interactions.

Covalent Bonds

Another type of strong chemical bond between two or more atoms
is a covalent bond. These bonds form when an electron is shared
between two elements. Covalent bonds are the strongest and most
common form of chemical bond in living organisms.

The hydrogen and oxygen atoms that combine to form water
molecules are bound together by strong covalent bonds. The
electron from the hydrogen atom shares its time between the
hydrogen atom and the oxygen atom. In order for the oxygen atom
to be stable, two electrons from two hydrogen atoms are needed,
hence the subscript “2” in H20. H20 means that there are 2
hydrogen atoms bonded to 1 oxygen atom (the 1is implied below the
O in the chemical formula). This sharing makes both the hydrogen
and oxygen atoms more chemically stable.

There are two types of covalent bonds: polar and nonpolar (Figure
3). Nonpolar covalent bonds form between two atoms that share
the electrons equally so there is no overall charge on the molecule.
For example, an oxygen atom can bond with another oxygen atom.
This association is nonpolar because the electrons will be equally
shared between each oxygen atom. Another example of a nonpolar
covalent bond is found in the methane (CH4) molecule. The carbon
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atom shares electrons with four hydrogen atoms. The carbon and
hydrogen atoms all share the electrons equally, creating four
nonpolar covalent bonds (Figure 3).

In a polar covalent bond, the electrons shared by the atoms spend
more time closer to one atom than to the other. Because of the
unequal distribution of electrons between the atoms, a slightly
positive (8+) or slightly negative (3-) charge develops. The covalent
bonds between hydrogen and oxygen atoms in water are polar
covalent bonds. The shared electrons spend more time near the
oxygen than they spend near the hydrogen. This means that the
oxygen has a small negative charge while the hydrogens have a small
positive charge.

Polar covalent bond P bond 4] covalent double bond Figulre 3 The

o+ 5+ water
& O™ O o/— °/ molecule
(left) depicts
°/ () % (") a polar bond
. 4 with a
° slightly
positive
— single bond charge on
= Double bond the hydrogen
atoms and a
slightly
negative
charge on
the oxygen.
Examples of
nonpolar
bonds
include
methane
(middle) and
oxygen
(right).

Ionic Bonds

Atoms normally have an equal number of protons (positive charge)
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and electrons (negative charge). This means that atoms are normally
uncharged because the number of positively charged particles
equals the number of negatively charged particles. When an atom
does not contain equal numbers of protons and electrons, it will
have a net charge. An atom with a net charge is called an ion.
Positive ions are formed by losing electrons. Negative ions are
formed by gaining electrons. Atoms can lose and donate electrons
in order to become more stable.
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When an element donates an electron from its outer shell, as in the
sodium atom example above, a positive ion is formed (Figure 2). The
element accepting the electron is now negatively charged. Because
positive and negative charges attract, these ions stay together and
form an ionic bond, or a bond between ions. The elements bond
together with the electron from one element staying predominantly
with the other element. When Na and Cl combine to produce NaCl,
an electron from a sodium atom goes to stay with the other seven
electrons in the chlorine atom, forming a positively charged sodium
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ion and a negatively charged chlorine ion. The sodium and chloride
ions attract each other.

Figure 2 The
formation of
the ionic
compound
NaCl.

https: //www.youtube.com/watch?v=0TgpN620ou24

Hydrogen Bonds

Ionic and covalent bonds are strong bonds that require considerable
energy to break. However, not all bonds between elements are ionic
or covalent bonds. Weaker bonds can also form. These are
attractions that occur between positive and negative charges that
do not require much energy to break. Two weak bonds that occur
frequently are hydrogen bonds and van der Waals interactions.
These bonds give rise to the unique properties of water and the
unique structures of DNA and proteins.

When polar covalent bonds containing a hydrogen atom form,
the hydrogen atom in that bond has a slightly positive charge. This
is because the shared electron is pulled more strongly toward the
other element and away from the hydrogen nucleus. Because the
hydrogen atom is slightly positive (3+), it will be attracted to
neighboring negative partial charges (3-). When this happens, a
weak interaction occurs between the 8+ charge of the hydrogen
atom of one molecule and the &- charge of the other molecule. This
interaction is called a hydrogen bond. This type of bond is common;
for example, the liquid nature of water is caused by the hydrogen
bonds between water molecules (Figure 4). Hydrogen bonds give
water the unique properties that sustain life. If it were not for
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hydrogen bonding, water would be a gas rather than a liquid at room
temperature.

Figure
° Covalent bond e 4 Hydrogen
/ / bonds form

between
slightly
positive (J+)
and slightly
negative (6-)
charges of
polar
covalent
molecules,
such as
water.

Hydrogen bonds can form between different molecules and they
do not always have to include a water molecule. Hydrogen atoms
in polar bonds within any molecule can form bonds with other
adjacent molecules. For example, hydrogen bonds hold together
two long strands of DNA to give the DNA molecule its characteristic
double-stranded structure. Hydrogen bonds are also responsible for
some of the three-dimensional structure of proteins.
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A YouTube element has been excluded from this version of the
text. You can view it online here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=52

van der Waals Interactions

Like hydrogen bonds, van der Waals interactions are weak
attractions or interactions between molecules. They occur between
polar, covalently bound, atoms in different molecules. Some of these
weak attractions are caused by temporary partial charges formed
when electrons move around a nucleus. These weak interactions
between molecules are important in biological systems.
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from this version of the text. You can view it online
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here:

https: /openoregon.pressbooks.pub/mhccbiologyl12 /?p=52

References

Unless otherwise noted, images on this page are licensed under CC-
BY 4.0 by OpenStax.

OpenStax, Concepts of Biology. OpenStax CNX. March 22, 2017
https: //cnx.org/contents/s8Hh00Oc@9.21:IBRqQRY3C@8/The-
Building-Blocks-of-Molecul

Chemical Bonds | 63


https://openoregon.pressbooks.pub/mhccbiology112/?p=52#pb-interactive-content
https://openoregon.pressbooks.pub/mhccbiology112/?p=52#pb-interactive-content

8. Water

Figure

1 Water:
without it,
life wouldn’t
exist. Photo
credit
ronymichaud
. CCO

license;
https: //pixab
ay.com/en/
users/
ronymichaud
-647623/

Do you ever wonder why scientists spend time looking for water on
other planets? It is because water is essential to life; even minute
traces of it on another planet can indicate that life could or did
exist on that planet. Water is one of the more abundant molecules
in living cells and the one most critical to life as we know it.
Approximately 60-70 percent of your body is made up of water.
Without it, life simply would not exist.

Water Is Polar

The hydrogen and oxygen atoms within water molecules form polar
covalent bonds. The shared electrons spend more time associated
with the oxygen atom than they do with hydrogen atoms. There is
no overall charge to a water molecule, but there is a slight positive
charge on each hydrogen atom and a slight negative charge on
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the oxygen atom. Because of these charges, the slightly positive

hydrogen atoms repel each other and form the unique shape. Each

water molecule attracts other water molecules because of the

positive and negative charges in the different parts of the molecule.

/ Weakly negative \

st

ot

\ Weakly positive /

(a) Planetary model of a water molecule

5

3t 8t

(b) Three-dimensional model
of a water molecule

e

(c) Structural formula for

water molecule

Figure 2The
electrons in
the covalent
bond
connecting
the two
hydrogens to
the atom of
oxygen in a
water
molecule
spend more
time on the
oxygen atom.
This gives
the oxygen
atom a
slightly
negative
charge (since
electrons are
negatively
charged).
Credit Anato
my &
Physiology,
Connexions
Web site.
http: /cnx.or

9/ content/

col11496 /
16/, Jun 19,
2013.

Water also attracts other polar molecules (such as sugars), forming

hydrogen bonds. When a substance readily forms hydrogen bonds

with water, it can dissolve in water and is referred to as hydrophilic

(“water-loving”). Hydrogen bonds are not readily formed with

nonpolar substances like oils and fats (Figure 3). These nonpolar
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compounds are hydrophobic (“water-fearing”) and will not dissolve

in water.

Figure 3As
this
macroscopic
image of oil
and water
show, oil is a
nonpolar
compound
and, hence,
will not
dissolve in
water. Oil
and water do
not mix.
(credit:
Gautam
Dogra)

Water Stabilizes Temperature

The hydrogen bonds in water allow it to absorb and release heat
energy more slowly than many other substances. Temperature is a
measure of the motion (kinetic energy) of molecules. As the motion
increases, energy is higher and thus temperature is higher. Water
absorbs a great deal of energy before its temperature rises.
Increased energy disrupts the hydrogen bonds between water
molecules. Because these bonds can be created and disrupted
rapidly, water absorbs an increase in energy and temperature
changes only minimally. This means that water moderates
temperature changes within organisms and in their environments.
As energy input continues, the balance between hydrogen-bond
formation and destruction swings toward the destruction side.
More bonds are broken than are formed. This process results in the
release of individual water molecules at the surface of the liquid
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(such as a body of water, the leaves of a plant, or the skin of an
organism) in a process called evaporation. Evaporation of sweat,
which is 90 percent water, allows for cooling of an organism,
because breaking hydrogen bonds requires an input of energy and
takes heat away from the body.

Conversely, as molecular motion decreases and temperatures
drop, less energy is present to break the hydrogen bonds between
water molecules. These bonds remain intact and begin to form a
rigid, lattice-like structure (e.g., ice) (Figure 4a). When frozen, ice is
less dense than liquid water (the molecules are farther apart). This
means that ice floats on the surface of a body of water (Figure4b).
In lakes, ponds, and oceans, ice will form on the surface of the
water, creating an insulating barrier to protect the animal and plant
life beneath from freezing in the water. If this did not happen,
plants and animals living in water would freeze in a block of ice and
could not move freely, making life in cold temperatures difficult or
impossible.

Figure 4(a)
The lattice
structure of
ice makes it
less dense
than the

freely
flowing
molecules of
liquid water.
Ice’s lower
density
enables it to
(b) float on
water. (credit
a:
modification
of work by
Jane
Whitney;
credit b:
modification
of work by
Carlos Ponte)
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Water Is an Excellent Solvent

Because water is polar, with slight positive and negative charges,
ionic compounds and polar molecules can readily dissolve in it.
Water is, therefore, what is referred to as a solvent—a substance
capable of dissolving another substance. The charged particles will
form hydrogen bonds with a surrounding layer of water molecules.
This is referred to as a sphere of hydration and serves to keep
the particles separated or dispersed in the water. In the case of
table salt (NaCl) mixed in water (Figure , the sodium and chloride
ions separate, or dissociate, in the water, and spheres of hydration
are formed around the ions. A positively charged sodium ion is
surrounded by the partially negative charges of oxygen atoms in
water molecules. A negatively charged chloride ion is surrounded by
the partially positive charges of hydrogen atoms in water molecules.
These spheres of hydration are also referred to as hydration shells.
The polarity of the water molecule makes it an effective solvent and
is important in its many roles in living systems.

i il Figure

- 5When table

() salt (NaCl) is

mixed in

water,
spheres of
hydration
form around
the ions.
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Water Is Cohesive

Have you ever filled up a glass of water to the very top and then
slowly added a few more drops? Before it overflows, the water
actually forms a dome-like shape above the rim of the glass. This
water can stay above the glass because of the property of cohesion.
In cohesion, water molecules are attracted to each other (because
of hydrogen bonding), keeping the molecules together at the liquid-
air (gas) interface, although there is no more room in the glass.
Cohesion gives rise to surface tension, the capacity of a substance
to withstand rupture when placed under tension or stress. When
you drop a small scrap of paper onto a droplet of water, the paper
floats on top of the water droplet, although the object is denser
(heavier) than the water. This occurs because of the surface tension
that is created by the water molecules. Cohesion and surface
tension keep the water molecules intact and the item floating on
the top. It is even possible to “float” a steel needle on top of a glass
of water if you place it gently, without breaking the surface tension
(Figure 6).
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Figure 6The
weight of a
needle on top
of water
pulls the
surface
tension
downward,
at the same
time, the
surface
tension of
the water is
pulling it up,
suspending
the needle on
the surface
of the water
and keeping
it from
sinking.
Notice the
indentation
in the water
around the
needle.
(credit: Cory
Zanker)

These cohesive forces are also related to the water’s property of
adhesion, or the attraction between water molecules and other
molecules. This is observed when water “climbs” up a straw placed
in a glass of water. You will notice that the water appears to be
higher on the sides of the straw than in the middle. This is because
the water molecules are attracted to the straw and therefore adhere
to it.

Cohesive and adhesive forces are important for sustaining life. For
example, because of these forces, water can flow up from the roots
to the tops of plants to feed the plant.
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9. Buffers, pH, Acids, and

Bases

The pH of a solution is a measure of its acidity or alkalinity. You
may have used litmus paper or purple cabbage juice, which can both
be used as a pH indicator - they change different colors in the
presence of an acid or a base. You might have used a pH indicator
to make sure the water in an outdoor swimming pool is properly
treated. In both cases, this pH test measures the amount of
hydrogen ions (H') that exists in a given solution. High
concentrations of hydrogen ions yield a low pH, whereas low levels
of hydrogen ions result in a high pH. The overall concentration of
hydrogen ions is inversely related to its pH and can be measured on
the pH scale (Figure 1). Therefore, the more hydrogen ions present,
the lower the pH; conversely, the fewer hydrogen ions, the higher
the pH.

The pH scale ranges from 0 to 14. A change of one unit on the
pH scale represents a change in the concentration of hydrogen
ions by a factor of 10, a change in two units represents a change
in the concentration of hydrogen ions by a factor of 100. Thus,
small changes in pH represent large changes in the concentrations
of hydrogen ions. Pure water is neutral. It is neither acidic nor
basic, and has a pH of 7.0. Anything below 7.0 (ranging from 0.0 to
6.9) is acidic, and anything above 7.0 (from 7.1 to 14.0) is alkaline
(basic). The blood in your veins is slightly alkaline (pH = 7.4). The
environment in your stomach is highly acidic (pH =1 to 2). Orange
juice is mildly acidic (pH = approximately 3.5), whereas baking soda
is basic (pH = 9.0).
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Figure 1 The

pH scale
Bleach measures the
amount of
Soapy water hydrogen
ions (H+)ina
Ammonia solution substance.
(credit:
Milk of magnesia modification
of work by
Baking soda Edward
Stevens)

Seawater

Distilled water

Urine

Black coffee
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3 Orange juice

Lemon juice

Gastric acid

Acids are substances that provide hydrogen ions (H") and lower
pH, whereas bases provide hydroxide ions (OH") and raise pH. The
stronger the acid, the more readily it donates H'. For example,
hydrochloric acid and lemon juice are very acidic and readily give
up H'when added to water. Conversely, bases are those substances
that readily donate OH™. The OH" ions combine with H'to produce
water, which raises a substance’s pH. Sodium hydroxide and many
household cleaners are very alkaline and give up OH rapidly when
placed in water, thereby raising the pH.

Most cells in our bodies operate within a very narrow window of
the pH scale, typically ranging only from 7.2 to 7.6. If the pH of the
body is outside of this range, the respiratory system malfunctions,
as do other organs in the body. Cells no longer function properly,
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and proteins will break down. Deviation outside of the pH range can
induce coma or even cause death.

a An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=48

So how is it that we can ingest or inhale acidic or basic substances
and not die? Buffers are the key. Buffers readily absorb excess H or
OH", keeping the pH of the body carefully maintained in the
aforementioned narrow range (they help maintain homeostasis).
Carbon dioxide is part of a prominent buffer system in the human
body; it keeps the pH within the proper range. This buffer system
involves carbonic acid (H2CO3) and bicarbonate (HCO3") anion. If
too much H'enters the body, bicarbonate will combine with the
H'to create carbonic acid and limit the decrease in pH. Likewise,
if too much OH’is introduced into the system, carbonic acid will
rapidly dissociate into bicarbonate and H'ions. The H'ions can
combine with the OH7ions, limiting the increase in pH. While
carbonic acid is an important product in this reaction, its presence
is fleeting because the carbonic acid is released from the body
as carbon dioxide gas each time we breathe. Without this buffer
system, the pH in our bodies would fluctuate too much and we
would fail to survive.

@ An interactive or media element has been excluded

from this version of the text. You can view it online
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10. Absolutely Necessary
Chemistry Summary

Martter

* Matter is anything that occupies space and has mass.

* Matter is made up of atoms of different elements.

* All of the 92 elements that occur naturally have unique
qualities that allow them to combine in various ways to create
compounds or molecules.

* Atoms consist of protons, neutrons, and electrons.

* Atoms are the smallest units of an element that retain all of the
properties of that element.

Chemical Bonds

* Electrons can be donated or shared between atoms to create
bonds.

o Jonic bonds form between a positively and a negatively
charged atom. They are fairly strong bonds.

o Covalent bonds form when atoms share one or more
electrons. They are very strong bonds.

o Hydrogen bonds form between partially charged atoms.
They are weak bonds.

o van der Waals interactions form between polar, covalently
bound atoms. They are weak attractions that are often
temporary.
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Water

* is POLAR, allowing for the formation of hydrogen bonds,

* is an excellent SOLVENT: because water is polar, it allows ions
and other polar molecules to dissolve.

» STABILIZES TEMPERATURE: the hydrogen bonds between
water molecules give water the ability to hold heat better than
many other substances. As the temperature rises, the
hydrogen bonds between water continually break and reform,
allowing for the overall temperature to remain stable, although
increased energy is added to the system.

* is COHESIVE: hydrogen bonds allow for the property of
surface tension.

pH, Acids, Bases, and Buffers

» The pH of a solution is a measure of the concentration of
hydrogen ions in the solution. The pH scale ranges from 0 to
14.

o A solution with an equal number of hydrogen ions and
hydroxide ions is neutral and has a pH of 7.

o A solution with a high number of hydrogen ions is acidic
and has a low pH value (below 7).

o A solution with a high number of hydroxide ions is basic
and has a high pH value (above 7).

» Buffers are solutions that moderate pH changes when an acid
or base is added to the buffer system. Buffers are important in
biological systems because of their ability to maintain constant
pH conditions.
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PART IV

BIOLOGICAL MOLECULES

L(’Cl?'ﬂiﬂg Outcomes

*  Describe the structure of biologically-important
molecules (carbohydrates, lipids, proteins, nucleic
acids, water) and how their structure leads to their
function.

Food provides an organism with nutrients—the matter it needs to
survive. Many of these critical nutrients come in the form of
biological macromolecules, or large molecules necessary for life.
These macromolecules are built from different combinations of
smaller organic molecules. What specific types of biological
macromolecules do living things require? How are these molecules
formed? What functions do they serve? In this chapter, we will
explore these questions.

There are four major classes of biological macromolecules
(carbohydrates, lipids, proteins, and nucleic acids), and each is an
important component of the cell and performs a wide array of
functions. Combined, these molecules make up the majority of a
cell's mass. Biological macromolecules are organic, meaning that
they contain carbon atoms. In addition, they may contain atoms
of hydrogen, oxygen, nitrogen, phosphorus, sulfur, and additional
minor elements.

These molecules are made up of subunits called monomers. Each
type of biological molecule is made up of different monomers. The
monomers are connected together into a chain by strong covalent
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bonds. It is important that covalent bonds connect the monomers.
If they were connected by hydrogen bonds the monomers would
easily separate from each other and the biological molecule
would come apart. If ionic bonds connected the monomers, the
biological molecule would be likely to fall apart if it came into
contact with water.

Figure 1 The
structure of
a
macromolec
ule can be
compared to
a necklace:
both are
larger
structures
that are built
out of small
pieces
connected
together into
a chain. The
“string” in a
macromolec
ule would be
strong
covalent
bonds
connecting
the
individual
subunits
together.
(“Beads on a
string” by Da
niel is
licensed
under CC
BY-NC-ND
2.0)

80 | Biological Molecules



a An interactive or media element has been excluded
from this version of the text. You can view it online
here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=42

References

Unless otherwise noted, images on this page are licensed under CC-
BY 4.0 by OpenStax.

OpenStax, Biology. OpenStax CNX. May 27, 2016 http: //cnx.org/
contents/s8Hh000c@9.10:QhGOhr4x@6 /Biological-Molecules

Biological Molecules | 81


https://openoregon.pressbooks.pub/mhccbiology112/?p=42#pb-interactive-content
http://cnx.org/contents/s8Hh0oOc@9.10:QhGQhr4x@6/Biological-Molecules
http://cnx.org/contents/s8Hh0oOc@9.10:QhGQhr4x@6/Biological-Molecules




II. Carbohydrates

Carbohydrates are macromolecules with which most consumers
are somewhat familiar. To lose weight, some individuals adhere to
“low-carb” diets. Athletes, in contrast, often “carb-load” before
important competitions to ensure that they have sufficient energy
to compete at a high level. Carbohydrates are, in fact, an essential
part of our diet; grains, fruits, and vegetables are all natural sources
of carbohydrates. Carbohydrates provide energy to the body,
particularly through glucose, a simple sugar. Carbohydrates also
have other important functions in humans, animals, and plants.

Figure

1 Bread,
pasta, and
sugar all
contain high
levels of
carbohydrate
s. (“Wheat
products” by
Us
Department
of
Agriculture
is in the
Public
Domain)

Carbohydrates can be represented by the stoichiometric formula
(CH20)n, where n is the number of carbons in the molecule. In
other words, the ratio of carbon to hydrogen to oxygen is 1:2:1
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in carbohydrate molecules. This formula also explains the origin
of the term “carbohydrate™ the components are carbon (“carbo”)
and the components of water (hence, “hydrate”). Carbohydrates are
classified into three subtypes: monosaccharides, disaccharides, and
polysaccharides.

Monosaccharides

Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple
sugars, the most common of which is glucose. In monosaccharides,
the number of carbons usually ranges from three to seven. Most
monosaccharide names end with the suffix -ose.

The chemical formula for glucose is CgH1206. In humans, glucose
is an important source of energy. During cellular respiration, energy
is released from glucose, and that energy is used to help make
adenosine triphosphate (ATP). Plants synthesize glucose using
carbon dioxide and water, and glucose in turn is used for energy
requirements for the plant. Excess glucose is often stored as starch
that is catabolized (the breakdown of larger molecules by cells) by
humans and other animals that feed on plants.

Galactose (part of lactose, or milk sugar) and fructose (found in
sucrose, in fruit) are other common monosaccharides. Although
glucose, galactose, and fructose all have the same chemical formula
(C6H1206), they differ structurally and chemically (and are known as
isomers) because of the different arrangement of functional groups
around the asymmetric carbon; all of these monosaccharides have
more than one asymmetric carbon. Within one monosaccharide,
all of the atoms are connected to each other with strong covalent
bonds.
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Glucose

Galactose

Fructose

H\C/O

H—C——OH
HO——C —H

H——C——OH

H—C—OH

H\C/O

H— C—OH
HO—C—H
HO—C—H

H—C —OH

H—C—OH

Figure
2Glucose,
galactose,
and fructose
are all
hexoses.
They are
structural
isomers,
meaning
they have the
same
chemical

H—C —— OH
| | | formula
H—c—oHn | (CeH1206)

| but a

i different
arrangement
of atoms. The
lines
between
atoms
represent
covalent
bonds.

H—C —OH H—C — OH

Disaccharides

Disaccharides (di- = “two”) form when two monosaccharides
undergo a dehydration reaction (also known as a condensation
reaction or dehydration synthesis). During this process, the
hydroxyl (OH) group of one monosaccharide combines with the
hydrogen of another monosaccharide, releasing a molecule of water
and forming a covalent bond which joins the two monosaccharides
together.

Common disaccharides include lactose, maltose, and sucrose
(Figure 3). Lactose is a disaccharide consisting of the monomers
glucose and galactose. It is formed by a dehydration reaction
between the glucose and the galactose molecules, which removes a
water molecule and forms a covalent bond. connected by a covalent
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bond. It is found naturally in milk. Maltose, or malt sugar, is a
disaccharide composed of two glucose molecules connected by a
covalent bond. The most common disaccharide is sucrose, or table
sugar, which is composed of the monomers glucose and fructose,
also connected by a covalent bond.

CH,0OH CH,OH Figure
3Common
disaccharide
s include
maltose
(grain sugar),
lactose (milk
sugar), and
sucrose
(table sugar).

Maltose

CH,OH
Q
OH
CH,OH
OH
QO
OH o]
OH
OH
Lactose OH
CH,OH
CH,OH
O oH
H HO
CH,OH
H OH OH H

Sucrose
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Polysaccharides

A long chain of monosaccharides linked by glycosidic bonds is
known as a polysaccharide (poly- = “many”). The chain may be
branched or unbranched, and it may contain different types of
monosaccharides. All of the monosaccharides are connected
together by covalent bonds. The molecular weight may be 100,000
daltons or more depending on the number of monomers joined.
Starch, glycogen, cellulose, and chitin are primary examples of
polysaccharides.

Starch is the stored form of sugars in plants and is made up of
a mixture of amylose and amylopectin (both polymers of glucose).
Basically, starch is a long chain of glucose monomers. Plants are able
to synthesize glucose, and the excess glucose, beyond the plant’s
immediate energy needs, is stored as starch in different plant parts,
including roots and seeds. The starch in the seeds provides food for
the embryo as it germinates and can also act as a source of food
for humans and animals. The starch that is consumed by humans
is broken down by enzymes, such as salivary amylases, into smaller
molecules, such as maltose and glucose. The cells can then absorb
the glucose.

Glycogen is the storage form of glucose in humans and other
vertebrates and is made up of monomers of glucose. Glycogen is
the animal equivalent of starch and is a highly branched molecule
usually stored in liver and muscle cells. Whenever blood glucose
levels decrease, glycogen is broken down to release glucose in a
process known as glycogenolysis.
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CH,0H b } CH,0H

Amylopectm
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O
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o
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c:Hon 5

OH
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Figure
4Amylose
and
amylopectin
are two
different
forms of
starch.
Amylose is
composed of
unbranched
chains of
glucose
monomers.
Amylopectin
is composed
of branched
chains of
glucose
monomers.
Because of
the way the
subunits are
joined, the
glucose
chains have
a helical
structure.
Glycogen
(not shown)
is similar in
structure to
amylopectin
but more
highly
branched.

Cellulose is the most abundant natural biopolymer. The cell wall of

plants is mostly made of cellulose; this provides structural support

to the cell. Wood and paper are mostly cellulosic in nature. Cellulose

is made up of glucose monomers (Figure 5).
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Caftulose fibers Figure 5In

cellulose,
glucose
monomers
are linked in
unbranched
chains.
Collulose struchane Because Of
the way the
glucose
subunits are
joined, every
glucose
monomer is
flipped
relative to
the next one
resulting in a
linear,
fibrous
structure.

H OH CH,OH H OH

Carbohydrates serve various functions in different animals.
Arthropods (insects, crustaceans, and others) have an outer
skeleton, called the exoskeleton, which protects their internal body
parts (as seen in the bee in Figure 6). This exoskeleton is made
of the biological macromolecule chitin, which is a polysaccharide-
containing nitrogen. It is made of repeating units of N-acetyl-p-d-
glucosamine, a modified sugar. Chitin is also a major component of
fungal cell walls; fungi are neither animals nor plants and form a
kingdom of their own in the domain Eukarya.
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Figure
6Insects have
a hard outer
exoskeleton
made of
chitin, a type
of
polysacchari
de. (credit:
Louise
Docker)

How does carbohydrate structure relate to
function?

Energy can be stored within the bonds of a molecule. Bonds
connecting two carbon atoms or connecting a carbon atom to a
hydrogen atom are high energy bonds. Breaking these bonds
releases energy. This is why our cells can get energy from a
molecule of glucose (C¢H120¢).

Polysaccharides form long, fibrous chains which are able to build
strong structures such as cell walls.
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A YouTube element has been excluded from this version of the
text. You can view it online here:
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12. Lipids

Lipids are a diverse group of compounds that are united by a
common feature. Lipids are hydrophobic (“water-fearing”), or
insoluble in water. Lipids perform many different functions in a cell.
Cells store energy for long-term use in the form of lipids called fats.
Lipids also provide insulation from the environment for plants and
animals. For example, they help keep aquatic birds and mammals
dry because of their water-repelling nature. Lipids are also the
building blocks of many hormones and are an important constituent
of the plasma membrane. Lipids include fats, oils, waxes,
phospholipids, and steroids.

Fats and Oils

A fat molecule consists of two main components—glycerol and fatty
acids. Glycerol is an organic compound (an alcohol) that contains
three carbons, five hydrogens, and three hydroxyl (OH) groups
(Figure 1). Fatty acids have a long chain of hydrocarbons to which a
carboxyl group is attached, hence the name “fatty acid” The number
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of carbons in the fatty acid may range from 4 to 36; most common

are those containing 12-18 carbons. In a fat molecule, the fatty acids

are attached to each of the three carbons of the glycerol molecule

with a covalent bond. This molecule is called a triglyceride.

Glycerol
H
|
H—C—OH
|
H—C—0OH
i
H—C—0OH
i
H
+
Fatty Acid
O HHHHHHHHHMHMHHUH H H
T T T T O T T
HO -¢-C-C-C-C—-C-C—-C—-C—C—C—-C—C—-C—C—C—H
R
H HH HHHMHHHHHHHH H
Triacylglycerol
H o H T H H H T H T H T H
L Osc b don b ot Ao dn oy
H—C—0~ \C/I\C/I\Cfl\c/l\c/l\c/
| | [ i | i
H H H i H i H H H r H
H H H H H H H H H H H H H H
Os O L [ o
I I | i | i | i
H i H H H H H H H H H H H H H
H i H i H i H 5 H L H K H
I L
i I i [ i i [ [
H H i H 5. H £ H - H 5. H i H

Waxes

Figure

1 Triacylglyc
erol is
formed by
the joining of
three fatty
acids to a
glycerol
backbone in
a
dehydration
reaction
(remember
this removes
a water
molecule and
forms a
covalent
bond). Three
molecules of
water are
released in
the process.

Wax covers the feathers of some aquatic birds and the leaf surfaces

of some plants. Because of the hydrophobic nature of waxes, they

prevent water from sticking on the surface (Figure 2). Waxes are
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made up of long fatty acid chains covalently bonded to long-chain

alcohols.

Figure

2 Waxy
coverings on
some leaves
are made of
lipids.
(credit: Roger
Griffith)

Phospholipids

Phospholipids are major constituents of the plasma membrane, the
outermost layer of animal cells. Like fats, they are composed of
fatty acid chains covalently bonded to a glycerol or sphingosine
backbone. Instead of three fatty acids attached as in triglycerides,
however, there are two fatty acids forming diacylglycerol, and the
third carbon of the glycerol backbone is occupied by a modified
phosphate  group  (Figure 3). Phosphatidylcholine and
phosphatidylserine are two important phospholipids that are found
in plasma membranes.
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Figure 3 A
phospholipid
is a molecule
Phosphate with two
fatty acids
and a
modified
—— Glycerol phosphate
— group
attached to a
glycerol
backbone.
Saturated The
iy el phosphate
may be
modified by

Hydrophilic head

Uinsaturated v
tatiy acid the addition

>
i
i
/I
{
e - of charged or
" polar
< P chemical

' groups. Two
> 7 chemical
\ ; groups that
may modify
the
phosphate,
choline and
serine, are
shown here.
Both choline
and serine
attach to the
phosphate
group at the
position
labeled R via
the hydroxyl
group
indicated in
green.

Hydrophabic tails

A phospholipid is an amphipathicmolecule, meaning it has a
hydrophobic and a hydrophilic part. The fatty acid chains are
hydrophobic and cannot interact with water, whereas the
phosphate-containing group is hydrophilic and interacts with water
(Figure 4). The head is the hydrophilic part, and the tail contains the
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hydrophobic fatty acids. In a membrane, a bilayer of phospholipids

forms the matrix of the structure, the fatty acid tails of

phospholipids face inside, away from water, whereas the phosphate

group faces the outside, aqueous side. This forms a hydrophobic

layer on the inside of the bilayer, where the tails are located.

Phiospholipid

bilayer

Hydrophobic tail

Hydrophilic head group

Figure 4 The
phospholipid
bilayer is the
major
component
of all cellular
membranes.
The
hydrophilic
head groups
of the
phospholipid
s face the
aqueous
solution. The
hydrophobic
tails are
sequestered
in the middle
of the bilayer.

Phospholipids are responsible for the dynamic nature of the plasma

membrane. If a drop of phospholipids is placed in water, it

spontaneously forms a structure known as a micelle, where the
hydrophilic phosphate heads face the outside and the fatty acids
face the interior of this structure (Figure 5).
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Figure 5 A
micelle may
be the very
early
precursor of
acell. Itisa
single layer
of
phospholipid
s that form
spontaneousl
y. Credit
AmitWo,
Wikimedia; h
ttps: /comm
ons.wikimedi
a.org/wiki/
File:Micelle.s
vg

Steroids

Unlike the phospholipids and fats discussed earlier, steroids have a
fused ring structure. Although they do not resemble the other lipids,
they are grouped with them because they are also hydrophobic and
insoluble in water. All steroids have four linked carbon rings and
several of them, like cholesterol, have a short tail (Figure 6). Many
steroids also have the -OH functional group, which puts them in
the alcohol classification (sterols). Remember that each line in these
diagrams of chemical structures represents a covalent bond. The
points where the lines connect to each other show the location
of carbon atoms - these carbon atoms are not labeled, but their
existence is implied in the chemical structure.
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Figure

6 Steroids
such as
cholesterol
and cortisol
are
composed of

four fused
HO hydrocarbon
. rings.
Cholesterol
a CH;OH
N’
HC G OH
HO
H,C
o]
Cortisol

Cholesterol is the most common steroid. Cholesterol is mainly
synthesized in the liver and is the precursor to many steroid
hormones such as testosterone and estradiol, which are secreted
by the gonads and endocrine glands. It is also the precursor to
Vitamin D. Cholesterol is also the precursor of bile salts, which help
in the emulsification of fats and their subsequent absorption by
cells. Although cholesterol is often spoken of in negative terms by
lay people, it is necessary for proper functioning of the body. It is
a component of the plasma membrane of animal cells and is found
within the phospholipid bilayer. Being the outermost structure in
animal cells, the plasma membrane is responsible for the transport
of materials and cellular recognition and it is involved in cell-to-cell
communication.
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How does lipid structure relate to function?

Fats (triglycerides) are made up of three fatty acid hydrocarbon
chains connected to a glycerol. Fatty acid chains contain large
numbers of carbon-carbon and carbon-hydrogen bonds - they are
typically made up of between 4 and 28 carbons connected together
in a chain. Just like the carbon-carbon and carbon-hydrogen bonds
in glucose allow that molecule to store energy, the bonds in fatty
acids allow triglycerides to store energy. In fact, triglycerides can
store much more energy than carbohydrates because they contain
so many more bonds! This is why fats contain more calories (a
measure of energy) than sugars do.

Waxes function to provide a waterproof coating on a surface.
Because they are hydrophobic, they can form a coating that repels
water.

The structure of phospholipids is very important to their function.
Because they are amphipathic (have a hydrophobic and a
hydrophilic portion), they self-assemble into structures where the
hydrophobic tails are hidden away from the watery environment.
This gives the cell membrane a structure that prevents many
molecules from moving through it.

Cholesterol is also amphipathic. It can insert into cell membranes
in a manner similar to phospholipids. The presence of cholesterol
within a membrane prevents the phospholipid tails from packing
together tightly. This allows the membrane to remain fluid at lower
temperatures.
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13, Proteins

Proteins are one of the most abundant organic molecules in living
systems and have the most diverse range of functions of all
macromolecules. Proteins may be structural, regulatory, contractile,
or protective; they may serve in transport, storage, or membranes;
or they may be toxins or enzymes. Each cell in a living system
may contain thousands of different proteins, each with a unique
function. Their structures, like their functions, vary greatly. They
are all, however, polymers of amino acids, arranged in a linear
sequence and connected together by covalent bonds.

Amino acids are the monomers that make up proteins (Figure
1). Each amino acid has the same fundamental structure, which
consists of a central carbon atom, also known as the alpha (o)
carbon, bonded to an amino group (NH2), a carboxyl group (COOH),
and to a hydrogen atom. Every amino acid also has another atom or
group of atoms bonded to the central atom known as the R group.

Aminog group Carboxyl group ffg"‘fe
— . . mino

acids have a
central
asymmetric
carbon to
which an
amino group,
a carboxyl
group, a
hydrogen
atom, and a
R side chain (R
group) are
Side attached.
chain

o carbon
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Function

Defense

Enzyme

Messenger

Structural
component

Transport/
storage

Contractile

Examples

Immunoglobulins

Digestive
enzymes such as
amylase, lipase,
pepsin, trypsin

Insulin,
thyroxine

Actin, tubulin,
keratin

Hemoglobin,
albumin, Legume
storage proteins,
egg white
(albumin)

Actin, myosin

Description

Antibodies bind to specific foreign
particles, such as viruses and bacteria,
to help protect the body.

Enzymes carry out almost all of the
thousands of chemical reactions that
take place in cells. They also assist with
the formation of new molecules by
reading the genetic information stored
in DNA.

Messenger proteins, such as some types
of hormones, transmit signals to
coordinate biological processes
between different cells, tissues, and
organs.

These proteins provide structure and
support for cells. On a larger scale, they
also allow the body to move.

These proteins bind and carry

atoms and small molecules within cells
and throughout the body. Some provide
nourishment in early development of
the embryo and the seedling

Affect muscle contraction.

You may have noticed that “source of energy” was not listed among

the function of proteins. This is because proteins in our diet are

typically broken back down into individual amino acids that our cells

then assemble into our own proteins. Humans are actually unable to

build some amino acids inside our own cells — we require them in

our diet (these are the so-called “essential” amino acids). Our cells

can digest proteins to release energy, but will usually only do so

when carbohydrates or lipids are not available.
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Figure

2 Examples
of foods that
contain high
levels of
protein.
(“Protein” by
National
Cancer
Institute is
in the Public
Domain)

The functions of proteins can be very diverse because they are made
up of are 20 different chemically distinct amino acids that form long
chains, and the amino acids can be in any order. The function of
the protein is dependent on the protein’s shape. The shape of a
protein is determined by the order of the amino acids. Proteins are
often hundreds of amino acids long and they can have very complex
shapes because there are so many different possible orders for the
20 amino acids (Figure 3)!
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The chemical nature of the side chain determines the nature of the
amino acid (that is, whether it is acidic, basic, polar, or nonpolar).
For example, the amino acid glycine has a hydrogen atom as the
R group. Amino acids such as valine, methionine, and alanine are
nonpolar or hydrophobic in nature, while amino acids such as
serine, threonine, and cysteine are polar and have hydrophilic side
chains. The side chains of lysine and arginine are positively charged,
and therefore these amino acids are also known as basic amino
acids. Proline has an R group that is linked to the amino group,
forming a ring-like structure. Proline is an exception to the standard
structure of an animo acid since its amino group is not separate
from the side chain (Figure 3). Amino acids are represented by a
single upper case letter as well as a three-letter abbreviation. For
example, valine is known by the letter V or the three-letter symbol
val.

Just as some fatty acids are essential to a diet, some amino acids
are necessary as well. They are known as essential amino acids, and
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in humans they include isoleucine, leucine, and cysteine. Essential
amino acids refer to those necessary for construction of proteins in
the body, although not produced by the body; which amino acids are
essential varies from organism to organism.

The sequence and the number of amino acids ultimately
determine the protein’s shape, size, and function. Each amino acid
is attached to another amino acid by a covalent bond, known as
a peptide bond, which is formed by a dehydration reaction. The
carboxyl group of one amino acid and the amino group of the
incoming amino acid combine, releasing a molecule of water. The
resulting bond is the peptide bond (Figure 4).
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Figure

4 Peptide
bond
formation is
a
dehydration
synthesis
reaction. The
carboxyl
group of one
amino acid is
linked to the
amino group
of the
incoming
amino acid.
In the
process, a
molecule of
water is
released.

Protein Structure

As discussed earlier, the shape of a protein is critical to its function.
For example, an enzyme can bind to a specific substrate at a site
known as the active site. If this active site is altered because of local
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changes or changes in overall protein structure, the enzyme may
be unable to bind to the substrate. To understand how the protein
gets its final shape or conformation, we need to understand the
four levels of protein structure: primary, secondary, tertiary, and
quaternary (Figure 5).

Figure

5 Main levels
of protein
structure.
(“Main
protein
structure
levels en” by
LadyofHats
is in the
Public
Domain)

Primary structure
amino acid sequence

Secondary structure
regular sub-structures

hemoglobin

T P13 protein

Tertiary structure
three-dimensional structure

Quaternary structure
complex of protein molecules
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Primary Structure

The unique sequence of amino acids in a polypeptide chain is its
primary structure. For example, the pancreatic hormone insulin is
made up of two polypeptide chains, A and B. The primary structure
(sequences of amino acids) of the A and B chains are unique to
insulin. Amino acids are linked together in polypeptide chains by
strong covalent bonds.
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Figure

6 Bovine
serum
insulinis a
protein
hormone
made of two
peptide
chains, A (21
amino acids
long) and B
(30 amino
acids long).
In each
chain,
primary
structure is
indicated by
three-letter
abbreviation
s that
represent the
names of the
amino acids
in the order
they are
present. The
amino acid
cysteine (cys)
has a
sulfhydryl
(SH) group
as a side
chain. Two
sulfhydryl
groups can
react in the
presence of
oxygen to
forma
disulfide
(S-S) bond.
Two
disulfide
bonds
connect the
Aand B
chains
together, and
a third helps
the A chain



fold into the
correct
shape. Note
that all
disulfide  The local folding of the polypeptide in some regions

bonds are the . .
same length, SiVes Tise to the secondary structure of the protein.

Secondary Structure

but are The most common are the a-helix and g-pleated sheet
g%z::m structures (Figure 7). Both structures are held in shape

sizesfor by hydrogen bonds. The hydrogen bonds form
clarity. between the oxygen atom in the carbonyl group in one
amino acid and another amino acid that is four amino acids farther

along the chain.

Secondary Protein Structure Figure 7 The
a-helix and
B-pleated
sheet are
secondary
structures of
proteins that
form because
of hy@rogen
bonding
g between
o (e} (e} (e} S
MU\ SRNUEN | GRSV gV . i | coronyland
1 \ﬁ, 1 1 \ﬁ’l I | \ﬁll 1 | \ﬁ' /E’C ! ammo
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- : Ce : R groups in the
: o - H : ) h
O R HH2 R HHO R HHO R H Houn peptlde
il | ] 0 2 | 1 1 J o | | -
CrEMN-CL e N-Co O € o N-CABNCoc NGOG N v backbone.
I S S R A R LR Certain
amino acids
have a
propensity to
forman
a-helix,
while others
have a
propensity to
forma
B-pleated
sheet.
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Tertiary Structure

The unique three-dimensional structure of a polypeptide is its
tertiary structure (Figure 8). This structure is in part due to
chemical interactions at work on the polypeptide chain. Primarily,
the interactions among R groups (the variable part of the amino
acid) creates the complex three-dimensional tertiary structure of
a protein. For example, R groups with like charges are repelled by
each other and those with unlike charges are attracted to each
other (ionic bonds). Partially charged atoms within the R groups
can form hydrogen bonds. When protein folding takes place, the
hydrophobic R groups of non-polar amino acids lay in the interior
of the protein, whereas the hydrophilic R groups lay on the outside.
Interaction between cysteine side chains forms disulfide linkages in
the presence of oxygen, which is the only covalent bond forming
during protein folding and tertiary structure.

Figure 8 The
tertiary
structure of
proteins is
determined
by a variety
of chemical
interactions.
These
include
hydrophobic
interactions,
ionic
bonding,
hydrogen
bonding and
disulfide
linkages.

Polypeptide backbone
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CH, — CH, — CH, — CH, — NH5* “0—C—CH,

lonic bond

Hydrogen H
bond -

Dissulfide
linkage
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Hydrophobic
interactions
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Quaternary Structure

In nature, some proteins are formed from several polypeptides, also
known as subunits, and the interaction of these subunits forms the
quaternary structure. Weak interactions between the subunits help
to stabilize the overall structure. For example, insulin (a globular
protein) has a combination of hydrogen bonds and disulfide bonds
that cause it to be mostly clumped into a ball shape. Insulin starts
out as a single polypeptide and loses some internal sequences in the
presence of post-translational modification after the formation of
the disulfide linkages that hold the remaining chains together. Silk
(a fibrous protein), however, has a g-pleated sheet structure that is
the result of hydrogen bonding between different chains.

The four levels of protein structure (primary, secondary, tertiary,
and quaternary) are illustrated in Figure 9.
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Figure 9 The
four levels of

Amino acids .
Primary Protein structure pTOte"’n
sequence of a chain of structure
animo acids
can be
observed in
these
illustrations.
(credit:
modification
Pleated sheet Alpha helix —= Secondary Protein structure of work by
hydrogen bonding of the peptide .
‘ backbone causes the amino National
acids to fold into a repeating
- pattern Human
Genome
\ Research
~ Institute)

Pleated sheet Tertiary protein structure
three-dimensional folding
pattern of a protein due to side
chain interactions

Alpha helix

>
Quaternary protein structure
protein consisting of more
than one amino acid chain

The unique shape for every protein is ultimately determined by the

gene that encodes the protein. Any change in the gene sequence
may lead to a different amino acid being added to the polypeptide
chain, causing a change in protein structure and function.
Individuals who are affected by sickle cell anemia can have a variety
of serious health problems, such as breathlessness, dizziness,
headaches, and abdominal pain. In this disease, the hemoglobin £
chain has a single amino acid substitution, causing a change in both
the structure (shape) and function (job) of the protein. What is most
remarkable to consider is that a hemoglobin molecule is made up of
about 600 amino acids. The structural difference between a normal
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hemoglobin molecule and a sickle cell molecule is a single amino
acid of the 600 (Figure 10).

Figure

10 The
unique
shape of the
normal
hemoglobin
protein.
(“Structure
of
hemoglobin
Gower 2” by
Emw is
licensed
under CC
BY-SA 3.0)

Denaturation and Protein Folding

Each protein has its own unique sequence and shape that are held
together by chemical interactions. If the protein is subject to
changes in temperature, pH, or exposure to chemicals, the protein
structure may change, losing its shape without losing its primary
sequence in what is known as denaturation. Denaturation is often
reversible because the primary structure of the polypeptide is
conserved in the process if the denaturing agent is removed,
allowing the protein to resume its function. Sometimes
denaturation is irreversible, leading to loss of function. One example
of irreversible protein denaturation is when an egg is fried. The
albumin protein in the liquid egg white is denatured when placed
in a hot pan. Not all proteins are denatured at high temperatures;
for instance, bacteria that survive in hot springs have proteins that
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function at temperatures close to boiling. The stomach is also very
acidic, has a low pH, and denatures proteins as part of the digestion
process; however, the digestive enzymes of the stomach retain their

activity under these conditions.

Figure 11 The
reason an
egg white
turns white
as you cook
it is because
the albumin
in the white
denatures
and then
reconnects
inan
abnormal
fashion.
Credit
Matthew
Murdock;
https: /www
Sflickr.com/
photos/
54423233@N
05/
13916201522

Protein folding is critical to its function. It was originally thought
that the proteins themselves were responsible for the folding
process. Only recently was it found that often they receive
assistance in the folding process from protein helpers known as
chaperones (or chaperonins) that associate with the target protein
during the folding process. They act by preventing aggregation of
polypeptides that make up the complete protein structure, and they
disassociate from the protein once the target protein is folded.

How does protein structure relate to
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function?

Recall that a protein is built from a long chain of amino acids
connected together in a specific order. The specific order of amino
acids determines how they will interact together to form the 3-D
shape of the protein. The shape of a protein determines its function.
Therefore, the order of the amino acids determines the protein’s
shape, which determines its function.

Because there are 20 different amino acids, they can be combined
together in a practically infinite number of ways. This means that
there is a huge number of different protein shapes that can be
assumed based on the amino acid order. This is very important since
proteins fulfill so many different functions within cells.

Socondary

A YouTube element has been excluded from this version of the
text. You can view it online here:

https: //openoregon.presshooks.pub/mhccbiologyll2 /?p=45
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14. Nucleic Acids

Nucleic acids are key macromolecules in the continuity of life. They
carry the genetic blueprint of a cell and carry instructions for the
functioning of the cell. The two main types of nucleic acids are
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is
the genetic material found in all living organisms, ranging from
single-celled bacteria to multicellular mammals. The other type of
nucleic acid, RNA, is mostly involved in protein synthesis. The DNA
molecules never leave the nucleus, but instead use an RNA
intermediary to communicate with the rest of the cell. Other types
of RNA are also involved in protein synthesis and its regulation. We
will be going into more detail about nucleic acids in a later section.

DNA and RNA are made up of monomers known as
nucleotides connected together in a chain with covalent bonds.
Each nucleotide is made up of three components: a nitrogenous
base, five-carbon sugar, and a phosphate group (Figure 1). The
nitrogenous base in one nucleotide is attached to the sugar
molecule, which is attached to the phosphate group.
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The nitrogenous bases, important components of nucleotides, are
organic molecules and are so named because they contain carbon
and nitrogen. They are bases because they contain an amino group
that has the potential of binding an extra hydrogen, and thus,
decreases the hydrogen ion concentration in its environment,
making it more basic. Each nucleotide in DNA contains one of four
possible nitrogenous bases: adenine (A), guanine (G) cytosine (C),
and thymine (T). RNA contains the base uracil (U) instead of
thymine. The order of the bases in a nucleic acid determines the
information that the molecule of DNA or RNA carries. This is
because the order of the bases in a DNA gene determines the order
that amino acids will be assembled together to form a protein.

The pentose sugar in DNA is deoxyribose, and in RNA, the sugar is
ribose (Figure 1). The difference between the sugars is the presence
of the hydroxyl group on the second carbon of the ribose and
hydrogen on the second carbon of the deoxyribose. The carbon
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atoms of the sugar molecule are numbered as 1', 2/, 3', 4, and 5 (I
is read as “one prime”). The phosphate residue is attached to the
hydroxyl group of the 5’ carbon of one sugar and the hydroxyl group
of the 3’ carbon of the sugar of the next nucleotide, which forms
a 5'-3’ phosphodiester linkage (a specific type of covalent bond).
A polynucleotide may have thousands of such phosphodiester
linkages.

DNA Double-Helical Structure

DNA has a double-helical structure (Figure 2). It is composed of two
strands, or chains, of nucleotides. The double helix of DNA is often
compared to a twisted ladder. The strands (the outside parts of the
ladder) are formed by linking the phosphates and sugars of adjacent
nucleotides with strong chemical bonds, called covalent bonds. The
rungs of the twisted ladder are made up of the two bases attached
together with a weak chemical bond, called a hydrogen bonds. Two
bases hydrogen bonded together is called a base pair. The ladder
twists along its length, hence the “double helix” description, which

means a double spiral.

Figure 2 The
double-helix
model shows
DNA as two
parallel
strands of
intertwining
molecules.
(credit:
Jerome
Walker,
Dennis
Myts).
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The alternating sugar and phosphate groups lie on the outside of

each strand, forming the backbone of the DNA. The nitrogenous

bases are stacked in the interior, like the steps of a staircase, and

these bases pair; the pairs are bound to each other by hydrogen

bonds. The bases pair in such a way that the distance between the

backbones of the two strands is the same all along the molecule.

In a molecule of DNA, adenine (A) always pairs with thymine (T),

and cytosine (C) always pairs with guanine (G). This means that the

sequence of one strand of the DNA double helix can always be used

to determine the other strand.

Thymine

Phosphate
Group

/

Phosphate group
bonds with pentose
sugar to keep bases
together

Nitrogenous

. Base

Pentose
Sugar
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Base Pairing Rule:
Adenine and Thymine

Base Pairing Rule:
Cytosine and Guanine

Figure 3 A
diagram of
the structure
of a DNA
molecule,
showing the
pairing of
the
nitrogenous
bases, which
are
connected by
hydrogen
bonds. In
DNA, A
always pairs
(hydrogen
bonds) with
T, C always
pairs with G.
Picture by
Awedashsom
€
Wikimedia,
CC SA 4.0.


https://commons.wikimedia.org/wiki/File:Base_Pairing.svg

How does nucleic acid structure determine
function?

The major function of both DNA and RNA is to store and carry
genetic information. The specific order of nucleotides in the
molecule of DNA or RNA is what determines the genetic information
it carries. You can think of it like letters in a book - if the order of the
letters were changed, the book would no longer contain the same
(or correct) information.

A YouTube element has been excluded from this version of the

text. You can view it online here:

https: //openoregon.pressbooks.pub/mhccbiologyll2 /?p=46
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5. Biological Macromolecule
Practice Questions
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from this version of the text. You can view it online
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PART V

CELL STRUCTURE AND
FUNCTION

Learning Objectives
O J

Course Objective for this section: Explain how basic
units of cellular structure define the function of all living
things.

*  Explain how various cell structures participate in
the function of a cell and/or organism.

Close your eyes and picture a brick wall. What is the basic building
block of that wall? It is a single brick, of course. Like a brick wall,
your body is composed of basic building blocks, and the building
blocks of your body are cells (Figure 1).

Your body has many kinds of cells, each specialized for a specific
purpose. Just as a home is made from a variety of building materials,
the human body is constructed from many cell types. For example,
epithelial cells protect the surface of the body and cover the organs
and body cavities within. Bone cells help to support and protect
the body. Cells of the immune system fight invading bacteria.
Additionally, red blood cells carry oxygen throughout the body. Each
of these cell types plays a vital role during the growth, development,
and day-to-day maintenance of the body. In spite of their enormous
variety, however, all cells share certain fundamental characteristics.
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and bacteria.

Microscopes

Cells vary in size. With few exceptions, individual cells are too small
to be seen with the naked eye, so scientists use microscopes to
study them. A microscope is an instrument that magnifies an object.
Most images of cells are taken with a microscope and are called
micrographs.

Light Microscopes

To give you a sense of the size of a cell, a typical human red blood
cell is about eight millionths of a meter or eight micrometers
(abbreviated as pm) in diameter; the head of a pin is about two
thousandths of a meter (millimeters, or mm) in diameter. That
means that approximately 250 red blood cells could fit on the head
of a pin.

The optics of the lenses of a light microscope changes the
orientation of the image. A specimen that is right-side up and facing
right on the microscope slide will appear upside-down and facing
left when viewed through a microscope, and vice versa. Similarly, if
the slide is moved left while looking through the microscope, it will
appear to move right, and if moved down, it will seem to move up.
This occurs because microscopes use two sets of lenses to magnify
the image. Due to the manner in which light travels through the
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lenses, this system of lenses produces an inverted image (binoculars
and a dissecting microscope work in a similar manner, but include
an additional magnification system that makes the final image

appear to be upright).

Figure 1 (a)
Most light
microscopes
used in a
college
biology lab
can magnify
cells up to
approximatel
y 400 times.
(b) Dissecting
microscopes
have a lower
magnificatio
n than light
microscopes
and are used
to examine
larger
objects, such
as tissues.

Most student microscopes are classified as light microscopes
(Figure 1a). Visible light both passes through and is bent by the lens
system to enable the user to see the specimen. Light microscopes
are advantageous for viewing living organisms, but since individual
cells are generally transparent, their components are not
distinguishable unless they are colored with special stains. Staining,
however, usually kills the cells.

Light microscopes commonly used in the undergraduate college
laboratory magnify up to approximately 400 times. Two parameters
that are important in microscopy are magnification and resolving
power. Magnification is the degree of enlargement of an object.
Resolving power is the ability of a microscope to allow the eye
to distinguish two adjacent structures as separate; the higher the
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resolution, the closer those two objects can be, and the better the
clarity and detail of the image. When oil immersion lenses are used,
magnification is usually increased to 1,000 times for the study of
smaller cells, like most prokaryotic cells. Because light entering a
specimen from below is focused onto the eye of an observer, the
specimen can be viewed using light microscopy. For this reason,
for light to pass through a specimen, the sample must be thin or
translucent.

A second type of microscope used in laboratories is the dissecting
microscope (Figure 1b). These microscopes have a lower
maghnification (20 to 80 times the object size) than light microscopes
and can provide a three-dimensional view of the specimen. Thick
objects can be examined with many components in focus at the
same time. These microscopes are designed to give a magnified and
clear view of tissue structure as well as the anatomy of the whole
organism.

Like light microscopes, most modern dissecting microscopes are
also binocular, meaning that they have two separate lens systems,
one for each eye. The lens systems are separated by a certain
distance, and therefore provide a sense of depth in the view of
their subject to make manipulations by hand easier. Dissecting
microscopes also have optics that correct the image so that it
appears as if being seen by the naked eye and not as an inverted
image. The light illuminating a sample under a dissecting
microscope typically comes from above the sample, but may also be
directed from below.

Electron Microscopes

In contrast to light microscopes, electron microscopes use a beam
of electrons instead of a beam of light (Figure 2a,b). Not only does
this allow for higher magnification and, thus, more detail, it also
provides higher resolving power. Preparation of a specimen for
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viewing under an electron microscope will kill it; therefore, live cells
cannot be viewed using this type of microscopy. In addition, the
electron beam moves best in a vacuum, making it impossible to view
living materials. There are two major types of electron microscopes
which differ in the images they provide:

* In a scanning electron microscope (SEM) (Figure 2b), a beam of
electrons moves back and forth across a cell’s surface,
rendering the details of cell surface characteristics by
reflection. Cells and other structures are usually coated with a
metal like gold.

* In a transmission electron microscope (TEM), the electron
beam is transmitted through the cell and provides details of a
cell’s internal structures. As you might imagine, electron
microscopes are significantly more bulky and expensive than
are light microscopes.

Figure 2 (a)
Salmonella
bacteria are
viewed with
a light
microscope.
(credit: credit
a:
modification
of work by
CDC, Armed
Forces
Institute of
Pathology,
Charles N.
Farmer)
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Figure 2 (b)
This
scanning
electron
micrograph
(SEM) shows
Salmonella
bacteria (in
red) invading
human cells.
(credit:
modification
of work by
Rocky
Mountain
Laboratories,
NIAID, NIH;
scale-bar
data from
Matt Russell)

Unless otherwise noted, images on this page are licensed under CC-
BY 4.0 by OpenStax.

Text adapted from: OpenStax, Concepts of Biology. OpenStax
CNX. May 18, 2016 http: //cnx.org/contents/
b3cleld2-839c-42b0-a314-el19a8aafbdd@9.10
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16. Comparing Prokaryotic
and Eukaryotic Cells

Cells fall into one of two broad categories: prokaryotic and
eukaryotic. Bacteria are classified as prokaryotes (pro— = before;
-karyon- = nucleus). Animal cells, plant cells, fungi, and protists are
eukaryotes (eu- = true).

Prokaryotes

vs. Eukaryotes

A YouTube element has been excluded from this version of the
text. You can view it online here:

https: //openoregon.presshooks.pub/mhccbiologyll12 /?p=63

Comparing Prokaryotic and
Eukaryotic Cells | 133


https://openoregon.pressbooks.pub/mhccbiology112/?p=63#pb-interactive-content

Components of Prokaryotic Cells

All cells share four common components: 1) a plasma membrane, an
outer covering that separates the cell’s interior from its surrounding
environment; 2) cytoplasm, consisting of a gel-like region within
the cell in which other cellular components are found; 3) DNA, the
genetic material of the cell; and 4) ribosomes, the part of the cell
that creates proteins.

Prokaryotes differ from eukaryotic cells in several important
ways. A prokaryotic cell is a simple, single-celled (unicellular)
organism that lacks a nucleus, or any other membrane-bound
organelle. We will shortly come to see that this is significantly
different in eukaryotes. Prokaryotic DNA is found in the central part
of the cell: a darkened region called the nucleoid (Figure 1).
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ok generaized
b structure of
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Unlike eukaryotes, bacteria have a cell wall made of peptidoglycan,
comprised of sugars and amino acids, and many have a
polysaccharide capsule (Figure 1). The cell wall acts as an extra
layer of protection, helps the cell maintain its shape, and prevents
dehydration. The capsule enables the cell to attach to surfaces in
its environment. Some prokaryotes have flagella, pili, or fimbriae.
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Flagella are used for locomotion, while most pili are used to
exchange genetic material during a type of reproduction called
conjugation.

Components of Eukaryotic Cells

In nature, the relationship between form and function is apparent
at all levels, including the level of the cell, and this will become
clear as we explore eukaryotic cells. The principle “form follows
function” is found in many contexts. For example, birds and fish
have streamlined bodies that allow them to move quickly through
the medium in which they live, be it air or water. It means that, in
general, one can deduce the function of a structure by looking at its
form, because the two are matched.

A eukaryotic cell is a cell that has a membrane-bound nucleus
and other membrane-bound compartments or sacs, called
organelles, which have specialized functions (Figure 2 and 3). The
word eukaryotic means “true kernel” or “true nucleus,” pointing to
the presence of the membrane-bound nucleus in these cells. The
word “organelle” means “little organ,” and, as already mentioned,
organelles have specialized cellular functions, just as the organs of
your body have specialized functions.
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Cell Size

At 0.1-5.0 um in diameter, prokaryotic cells are significantly smaller
than eukaryotic cells, which have diameters ranging from 10-100
um (Figure 4). The small size of prokaryotes allows ions and organic
molecules that enter them to quickly spread to other parts of the
cell. Similarly, any wastes produced within a prokaryotic cell can
quickly move out. However, larger eukaryotic cells have evolved
different structural adaptations to enhance cellular transport.
Indeed, the large size of these cells would not be possible without
these adaptations. In general, cell size is limited because volume
increases much more quickly than does cell surface area. As a cell
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becomes larger, it becomes more and more difficult for the cell to
acquire sufficient materials to support the processes inside the cell,
because the relative size of the surface area across which materials
must be transported declines.
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17. The Plasma Membrane
and the Cytoplasm

At this point, it should be clear that eukaryotic cells have a more
complex structure than do prokaryotic cells. Organelles allow for
various functions to occur in the cell at the same time. Before
discussing the functions of organelles within a eukaryotic cell, let
us first examine two important components of all cells (prokaryotic
and eukaryotic): the plasma membrane and the cytoplasm.
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The Plasma Membrane

Like prokaryotes, eukaryotic cells have a plasma membrane (Find
it in Figures 1-3, then look at the detailed structure in Figure 4)
made up of a phospholipid bilayer with embedded proteins that
separates the internal contents of the cell from its surrounding
environment. A phospholipid is a lipid molecule composed of two
fatty acid chains, a glycerol backbone, and a phosphate group. The
plasma membrane regulates the passage of some substances, such
as organic molecules, ions, and water, preventing the passage of
some to maintain internal conditions, while actively bringing in
or removing others. Other compounds move passively across the
membrane.
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The plasma membranes of cells that specialize in absorption are
folded into fingerlike projections called microvilli(singular =
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microvillus). This folding increases the surface area of the plasma

membrane. Such cells are typically found lining the small intestine,
the organ that absorbs nutrients from digested food (Figure 5). This
is an excellent example of form matching the function of a structure.

Microvilli
1

Side of
cell facing
inside of
U small

¥ 1 T intestine

bl

Plasma membrane Nucleus

The Cytoplasm

Figure

5 Microvilli,
shown here
as they
appear on
cells lining
the small
intestine,
increase the
surface area
available for
absorption.
These
microvilli
are only
found on the
area of the
plasma
membrane
that faces the
cavity from
which
substances
will be
absorbed.
(credit
“micrograph”

modification
of work by
Louisa
Howard)

The cytoplasm comprises the contents of a cell between the plasma

membrane and the nuclear envelope (a structure to be discussed

shortly). It is made up of organelles suspended in the gel-like
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cytosol, the cytoskeleton, and various chemicals (Find it in Figures
1-3). Even though the cytoplasm consists of 70 to 80 percent water,
it has a semi-solid consistency, which comes from the proteins
within it. However, proteins are not the only organic molecules
found in the cytoplasm. Glucose and other simple sugars,
polysaccharides, amino acids, nucleic acids, fatty acids, and
derivatives of glycerol are found there too. Ions of sodium,
potassium, calcium, and many other elements are also dissolved
in the cytoplasm. Many metabolic reactions, including protein
synthesis, take place in the cytoplasm. Take note that the cytoplasm
is not “empty” or “filler” - it is a vitally important component of cells
that allows chemical reactions to take place!
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18. Ribosomes

Ribosomes are the cellular structures responsible for protein
synthesis. The word “synthesis” means “to combine things to
produce something else” In this context, protein synthesis means
combining different amino acids together to form a protein.
Ribosomes join amino acids together in a chain to form a protein
(Figure 1). This amino acid chain then folds into a complex
3-dimensional structure. The shape of a protein is what gives the
protein its specific function.
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cells need. Ribosomes do not produce energy.

Helpful Hint: Proteins are not typically used as a
source of energy for the body. Protein from your diet is
broken down into individual amino acids which are
reassembled by your ribosomes into proteins that your

When viewed through an electron microscope, free ribosomes

appear as either clusters or single tiny dots floating freely in the

cytoplasm. Ribosomes may be attached to either the cytoplasmic

side of the plasma membrane or the cytoplasmic side of the rough

endoplasmic reticulum (Figure 2).
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Figure
2Ribosomes
can be found
free in the
cytoplasm
(not shown
in this
diagram), or
attached to
the outer
membrane of
the nucleus
and the
rough
endoplasmic
reticulum
(RER). Credit
CFCEF,
Wikimedia,
CC license.

Because protein synthesis is essential for all cells, ribosomes are

found in practically every cell, although they are smaller in

prokaryotic cells. They are particularly abundant in immature red

blood cells for the synthesis of hemoglobin, which functions in the

Ribosomes | 145


https://commons.wikimedia.org/wiki/User:CFCF
https://commons.wikimedia.org/wiki/File:OSC_Microbio_03_04_Endomemb.jpg

transport of oxygen throughout the body. Electron microscopy has
shown us that ribosomes, which are large complexes of protein and
RNA, consist of two subunits, aptly called large and small (Figure
3). Ribosomes receive their “orders” for protein synthesis from the
nucleus where the DNA is transcribed into messenger RNA (mRNA).
The mRNA travels to the ribosomes, which translate the code
provided by the sequence of the nitrogenous bases in the mRNA into
a specific order of amino acids in a protein. Amino acids are the
building blocks of proteins.

Figure

) 3 Ribosomes
Growing pepticde —— are made up
chain of a large
subunit (top)
y and a small
Ribosome g pynit
(bottom).
During
protein
synthesis,
MRNA ribosomes
assemble
amino acids
into proteins.

Ribosome
small
subunit

Helpful Hint: Ribosomes are made up of protein and
RNA molecules, they are not surrounded by membrane.
This means they are not membrane-bound organelles,
even when they are located on the rough endoplasmic
reticulum.
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19. The Cytoskeleton

If you were to remove all the organelles from a cell, would the
plasma membrane and the cytoplasm be the only components left?
No. Within the cytoplasm, there would still be ions and organic
molecules, plus a network of protein fibers known as the
cytoskeleton.

Both prokaryotes and eukaryotes have a cytoskeleton. Both types
of organisms use their cytoskeleton for cell division, protection, and
shape determination.

In addition, in eukaryotes the cytoskeleton also functions to
secure certain organelles in specific positions, and to allow
cytoplasm and vesicles to move within the cell. It also enables
unicellular organisms to move independently. There are three types
of fibers within the cytoskeleton: microfilaments, also known as
actin filaments, intermediate filaments, and microtubules (Figure 1).
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Microfilaments

Of the three types of protein fibers in the cytoskeleton,
microfilamentsare the narrowest. They function in cellular
movement, have a diameter of about 7 nm, and are made of two
intertwined strands of a globular protein called actin. For this
reason, microfilaments are also known as actin filaments.

ATP is required for actin proteins to assemble into long filaments.
These long actin filaments serve as a track for the movement of
a motor protein called myosin. Actin and myosin are plentiful in
muscle cells. When your actin and myosin filaments slide past each
other, your muscles contract. Actin also enables your cells to engage
in cellular events requiring motion, such as cell division in animal
cells and cytoplasmic streaming, which is the circular movement of
the cell cytoplasm in plant cells.

Microfilaments also provide some rigidity and shape to the cell.
They can depolymerize (disassemble) and reform quickly, thus
enabling a cell to change its shape and move. White blood cells (your
body’s infection-fighting cells) make good use of this ability. They
can move to the site of an infection and phagocytize the pathogen.

Intermediate Filaments

Intermediate filaments are made of several strands of fibrous
proteins that are wound together. These elements of the
cytoskeleton get their name from the fact that their diameter, 8 to
10 nm, is between those of microfilaments and microtubules.

Intermediate filaments have no role in cell movement. Their
function is purely structural. They bear tension, thus maintaining
the shape of the cell, and anchor the nucleus and other organelles
in place. Figure 1shows how intermediate filaments create a
supportive scaffolding inside the cell.
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The intermediate filaments are the most diverse group of
cytoskeletal elements. Several types of fibrous proteins are found
in the intermediate filaments. You are probably most familiar with
keratin, the fibrous protein that strengthens your hair, nails, and the
epidermis of the skin.

Microtubules

As their name implies, microtubules are small hollow tubes. The
walls of the microtubule are made of polymerized dimers of a-
tubulin and B-tubulin, two globular proteins. With a diameter of
about 25 nm, microtubules are the widest components of the
cytoskeleton. They help the cell resist compression, provide a track
along which vesicles move through the cell, and pull replicated
chromosomes to opposite ends of a dividing cell. Like
microfilaments, microtubules can dissolve and reform quickly.

Microtubules are also the structural elements of flagella, cilia,
and centrioles (the latter are the two perpendicular bodies of the
centrosome). In fact, in animal cells, the centrosome is the
microtubule-organizing center. In eukaryotic cells, flagella and cilia
are quite different structurally from their counterparts in
prokaryotes, as discussed below.

The centrosome replicates itself before a cell divides, and the
centrioles play a role in pulling the duplicated chromosomes to
opposite ends of the dividing cell. However, the exact function of
the centrioles in cell division is not clear, since cells that have the
centrioles removed can still divide, and plant cells, which lack
centrioles, are capable of cell division.
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20. Flagella and Cilia

Flagella (singular = flagellum) are long, hair-like structures that
extend from the plasma membrane and are used to move an entire
cell, (for example, sperm, Euglena). When present, the cell has just
one flagellum or a few flagella. Prokaryotes sometimes have flagella,
but they are structurally very different from eukaryotic flagella.
Prokaryotes can have more than one flagella. They serve the same
function in both prokaryotes and eukaryotes (to move an entire
cell).

Figure
1Examples of
bacterial
-/1/‘\_/"-'\ flagella
arrangement

schemes.
Credit

Adenosine;
Wikimedia.

>

B

When cilia(singular = cilium) are present, however, they are many
in number and extend along the entire surface of the plasma
membrane. They are short, hair-like structures that are used to
move entire cells (such as paramecium) or move substances along
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the outer surface of the cell (for example, the cilia of cells lining
the fallopian tubes that move the ovum toward the uterus, or cilia
lining the cells of the respiratory tract that move particulate matter
toward the throat that mucus has trapped). Cilia are not found on
prokaryotes.

Figure
2Scanning
electron
microscope
image of
lung trachea
epithelium.
There are
both ciliated
and
non-ciliated
cells in this
epithelium.
Note the
difference in
size between
the cilia and
the microvilli
(on the
non-ciliated
cell surface).
Photo credit
Charles
Daghlian;
Wikimedia;
public
domain.
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»1. The Endomembrane
System

The endomembrane system (endo = within) is a group of
membranes and organelles (see Figure 1) in eukaryotic cells that
work together to modify, package, and transport lipids and proteins.
It includes the nuclear envelope, lysosomes, and vesicles, the rough
and smooth endoplasmic reticulum and Golgi apparatus, which we
will cover shortly. Although not technically within the cell, the
plasma membrane is included in the endomembrane system
because, as you will see, it interacts with the other
endomembranous organelles. None of the organelles that make up
the endomembrane system are found in prokaryotes with the
exception of the plasma membrane. Although ribosomes are found
on the rough endoplasmic reticulum, they are not technically a
member of the endomembrane system because they are not made
of membrane. Also, remember that ribosomes can be found free in
the cytoplasm, so are not always located on the rough ER.
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»2. Nucleus

Typically, the nucleus is the most prominent organelle in a cell.
The nucleus (plural = nuclei) houses the cell's DNA in the form of
chromatin and directs the synthesis of ribosomes and proteins. Let
us look at it in more detail (Figurel).

Figure 1The
outermost
boundary of
the nucleus
is the
nuclear
envelope.
Notice that
the nuclear
envelope
consists of
two
phospholipid
bilayers
(membranes)
—an outer
membrane
and an inner
membrane—i
n contrast to
the plasma
‘membrane,
which
consists of
only one
phospholipid
bilayer.
(credit:
modification
of work by
NIGMS, NIH)

Endoplasmic

reticulum

Mucleolus
Chromatin
Mucleopasm
Muclear pore

Muclear envelope

The nuclear envelope is a double-membrane structure that
constitutes the outermost portion of the nucleus (Figure 2). Both
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the inner and outer membranes of the nuclear envelope are
phospholipid bilayers.
Nuclear Membrane Figure 2This
M§§® illustration
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& double
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S
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Chromatin

The nuclear envelope is punctuated with pores that control the
passage of ions, molecules, and RNA between the nucleoplasm and
the cytoplasm (Figure 2). The nucleoplasm is the semi-solid fluid
inside the nucleus, where we find the chromatin and the nucleolus.

You may remember that in prokaryotes, DNA is organized into a
single circular chromosome. In eukaryotes, chromosomes are linear
structures. In eukaryotes, chromosomes are structures within the
nucleus that are made up of DNA, the hereditary material, and
proteins. This combination of DNA and proteins is called chromatin.
Every species has a specific number of chromosomes in the nucleus
of its body cells. For example, in humans, the chromosome number
is 46, whereas in fruit flies, the chromosome number is eight.

158 | Nucleus


https://commons.wikimedia.org/wiki/File:Nuclear_membrane.png

Chromosomes Figure 3This
image shows
paired
chromosome
s. Each pair
of
chromosome
s is shown in
a different
color. In
reality,
chromosome
s are not
colorful and
typically look
grayish.
(Credit:
modification
of work by
NIH;
scale-bar
data from
Matt Russell)

Chromosomes are only visible and distinguishable from one another
when the cell is getting ready to divide. When the cell is in the
growth and maintenance phases of its life cycle, the chromosomes
resemble an unwound, jumbled bunch of threads. These unwound
protein-chromosome complexes are called chromatin (Figure 4);
chromatin describes the material that makes up the chromosomes
both when condensed and decondensed.
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Figure 4This
image shows
various
levels of the
organization
of chromatin
(DNA and
protein).

Histane: a protein associated
with DMA

Nucleolus

We already know that the nucleus directs the synthesis of
ribosomes, but how does it do this? Some chromosomes have
sections of DNA that encode ribosomal RNA. A darkly staining area
within the nucleus, called the nucleolus (plural = nucleoli) (See
Figure 1), aggregates the ribosomal RNA with associated proteins to
assemble the ribosomal subunits that are then transported through
the nuclear pores into the cytoplasm.
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23. The Endoplasmic

Reticulum

The endoplasmic reticulum (ER)is a series of interconnected
membranous tubules that collectively modify proteins and
synthesize lipids. However, these two functions are performed in
separate areas of the endoplasmic reticulum: the rough
endoplasmic reticulumand the smooth endoplasmic reticulum,

respectively.
rough smooth endoplasmic Figure 1The
endoplasm reticulum (SER) rough and
reficulum smooth
(RER) o e oy R, endoplasmic
reticulum
vesicle are part of
the
: endomembra
e Galgi ne system.
WA apparatus

— lys0s0ime

The hollow portion of the ER tubules is called the lumen or cisternal
space. The membrane of the ER, which is a phospholipid bilayer
embedded with proteins, is continuous with the nuclear envelope
(Figure 1).

The rough endoplasmic reticulum (RER) is so named because
the ribosomes attached to its cytoplasmic surface give it a studded
appearance when viewed through an electron microscope (Figure
2). The ribosomes synthesize proteins while attached to the ER,
resulting in transfer of their newly synthesized proteins into the
lumen of the RER where they undergo modifications such as folding
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or addition of sugars. The RER also makes phospholipids for cell
membranes.
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Smooth ER

Figure 2
(a)The ER is
a winding
network of
thin
membranous
sacs found in
close
association
with the cell
nucleus. The
smooth and
rough
endoplasmic
reticula are
very
different in
appearance
and function
(source:
mouse
tissue).
(b)Rough ER
is studded
with
numerous
ribosomes,
which are
sites of
protein
synthesis
(source:
mouse
tissue). EM x
110,000.
(c)Smooth ER
synthesizes
phospholipid
s, steroid
hormones,
regulates the
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n of cellular
Ca++,
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some
carbohydrate
s, and breaks
down certain
toxins
(source:



:’_‘0“36 EM If the phospholipids or modified proteins are not
ssue). X
110’516())‘ destined to stay in the RER, they will be packaged

(Micrographswithin vesicles and transported from the RER by

ided b
?gglge;emz budding from the membrane (Figure 3). Since the RER

of University is engaged in modifying proteins that will be secreted
g?gﬁgﬁgm from the cell, it is abundant in cells that secrete
School ©  proteins, such as the liver.

2012). Figure
from The
Cytoplasm  continuous with the RER but has few or no ribosomes
and Cellular

Organelles;
OpensStax. functions include synthesis of carbohydrates, lipids,

The smooth endoplasmic reticulum (SER) is
on its cytoplasmic surface (see Figures 1-3). The SER’s

and steroid hormones; detoxification of medications

and poisons; alcohol metabolism; and storage of calcium ions.
In muscle cells, a specialized SER called the sarcoplasmic
reticulum is responsible for storage of the calcium ions that are
needed to trigger the coordinated contractions of the muscle cells.
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Figure 3The endomembrane system works to modify, package, and
transport lipids and proteins. (credit: modification of work by
Magnus Manske)

Plasma membrane
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24. The Golgi Apparatus

We have already mentioned that vesicles can bud from the ER, but
where do the vesicles go? Before reaching their final destination,
the lipids or proteins within the transport vesicles need to be
sorted, packaged, and tagged so that they wind up in the right
place. The sorting, tagging, packaging, and distribution of lipids
and proteins take place in the Golgi apparatus(also called the Golgi
body), a series of flattened membranous sacs (Figure 1).

Figure 1The
Golgi
apparatus in
this
transmission
electron
micrograph
of a white
Golgi apparalus blood cell is
visible as a
stack of
semicircular
flattened
rings in the
lower
portion of
this image.
Several
vesicles can
be seen near
the Golgi
apparatus.(cr
edit:
modification
of work by
Louisa
Howard;
scale-bar
data from
Matt Russell)
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The Golgi apparatus has a receiving face near the endoplasmic
reticulum (the cis face) and a releasing face on the side away from
the ER, toward the cell membrane (the trans face) (Figure 2). The
transport vesicles that form from the ER travel to the receiving
face, fuse with it, and empty their contents into the lumen (empty
space inside) of the Golgi apparatus. As the proteins and lipids
travel through the Golgi, they undergo further modifications. The
most frequent modification is the addition of short chains of sugar
molecules. The newly modified proteins and lipids are then tagged
with small molecular groups to enable them to be routed to their
proper destinations.

Figure

2 Diagram of
the Golgi
apparatus
showing the
cisand
transfaces.
The cisface
would be
near the
nucleus
while the
transface
would be
facing the

s cell

brane.
=5, / meml
. s Credit

(TN T RN ST e O .
Kelvinsong;
Wikimedia

Incaming franyzo veide
Lurman “i Tk face

Finally, the modified and tagged proteins are packaged into vesicles
that bud from the opposite face of the Golgi. While some of these
vesicles, transport vesicles, deposit their contents into other parts
of the cell where they will be used, others, secretory vesicles, fuse
with the plasma membrane and release their contents outside the
cell.

The amount of Golgi in different cell types again illustrates that

The Golgi Apparatus | 169


https://commons.wikimedia.org/wiki/User:Kelvin13
https://commons.wikimedia.org/wiki/File:Golgi_apparatus_(borderless_version)-en.svg

form follows function within cells. Cells that engage in a great deal
of secretory activity (such as cells of the salivary glands that secrete
digestive enzymes or cells of the immune system that secrete
antibodies) have an abundant number of Golgi.

In plant cells, the Golgi has an additional role of synthesizing
polysaccharides, some of which are incorporated into the cell wall
and some of which are used in other parts of the cell.
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25. Vesicles and Vacuoles,
Lysosomes, and Peroxisomes

Vesicles and Vacuoles

Vesicles and vacuoles are membrane-bound sacs that function in
storage and transport. Vacuoles are somewhat larger than vesicles,
and the membrane of a vacuole does not fuse with the membranes
of other cellular components. Vesicles can fuse with other
membranes within the cell system (Figure 1). Additionally, enzymes
within plant vacuoles can break down macromolecules.
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The Central Vacuole (plants)

Previously, we mentioned vacuoles as essential components of plant
cells. If you look at Figure 2, you will see that plant cells each have a
large, central vacuole that occupies most of the cell.
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The central vacuole plays a key role in regulating the cell's
concentration of water in changing environmental conditions. In
plant cells, the liquid inside the central vacuole provides turgor
pressure, which is the outward pressure caused by the fluid inside
the cell. Have you ever noticed that if you forget to water a plant for
a few days, it wilts? That is because as the water concentration in
the soil becomes lower than the water concentration in the plant,
water moves out of the central vacuoles and cytoplasm and into
the soil. As the central vacuole shrinks, it leaves the cell wall
unsupported. This loss of support to the cell walls of a plant results
in the wilted appearance. Additionally, this fluid has a very bitter
taste, which discourages consumption by insects and animals. The
central vacuole also functions to store proteins in developing seed
cells.
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Lysosome

In animal cells, the lysosomes are the cell's “garbage disposal”
Digestive enzymes within the lysosomes aid the breakdown of
proteins, polysaccharides, lipids, nucleic acids, and even worn-out
organelles. In single-celled eukaryotes, lysosomes are important for
digestion of the food they ingest and the recycling of organelles.
These enzymes are active at a much lower pH (more acidic) than
those located in the cytoplasm. Many reactions that take place in
the cytoplasm could not occur at a low pH, thus the advantage of
compartmentalizing the eukaryotic cell into organelles is apparent.

Lysosomes also use their hydrolytic enzymes to destroy disease-
causing organisms that might enter the cell. A good example of this
occurs in a group of white blood cells called macrophages, which
are part of your body’s immune system. In a process known as
phagocytosis, a section of the plasma membrane of the macrophage
invaginates (folds in) and engulfs a pathogen. The invaginated
section, with the pathogen inside, then pinches itself off from the
plasma membrane and becomes a vesicle. The vesicle fuses with
a lysosome. The lysosome’s hydrolytic enzymes then destroy the
pathogen (Figure 3).

Lysosomes are basically small bags of membrane containing
enzymes, so they look structurally similar to a small vacuole.
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Macrophage

Peroxisomes

Peroxisomes are small, round organelles enclosed by single
membranes (so again, they look similar to small vacuoles). They
carry out oxidation reactions that break down fatty acids and amino
acids. They also detoxify many poisons that may enter the body.
Alcohol is detoxified by peroxisomes in liver cells. A byproduct of
these oxidation reactions is hydrogen peroxide, H2O2, which is
contained within the peroxisomes to prevent the chemical from
causing damage to cellular components outside of the organelle.
Hydrogen peroxide is safely broken down by peroxisomal enzymes
into water and oxygen.
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26. Mitochondria and
Chloroplasts

Mitochondria

Mitochondria (singular = mitochondrion) are often called the
“powerhouses” or “energy factories” of a cell because they are
responsible for making adenosine triphosphate (ATP), the cell’s main
energy-carrying molecule. The formation of ATP from the
breakdown of glucose is known as cellular respiration. Mitochondria
are oval-shaped, double-membrane organelles (Figure 1) that have
their own ribosomes and DNA. Each membrane is a phospholipid
bilayer embedded with proteins. The inner layer has folds called
cristae, which increase the surface area of the inner membrane. The
area surrounded by the folds is called the mitochondrial matrix. The
cristae and the matrix have different roles in cellular respiration.

In keeping with our theme of form following function, it is
important to point out that muscle cells have a very high
concentration of mitochondria because muscle cells need a lot of
energy to contract.
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Figure 1This
transmission
electron
micrograph
shows a
mitochondri
on as viewed
with an
electron
microscope.
Notice the
inner and
outer
‘membranes,
the cristae,
and the
mitochondri
al matrix.
(credit:
modification
of work by
Matthew
Britton;
scale-bar
data from
Matt Russell)

Like mitochondria, chloroplasts also have their own DNA and
ribosomes. Chloroplasts function in photosynthesis and can be
found in eukaryotic cells such as plants and algae. Carbon dioxide
(CO2), water, and light energy are used to make glucose and oxygen
in photosynthesis. This is the major difference between plants and
animals: Plants (autotrophs) are able to make their own food, like
glucose, whereas animals (heterotrophs) must rely on other
organisms for their organic compounds or food source.

Like mitochondria, chloroplasts have outer and inner membranes,
but within the space enclosed by a chloroplast’s inner membrane
is a set of interconnected and stacked, fluid-filled membrane sacs
called thylakoids (Figure 2). Each stack of thylakoids is called a
granum (plural = grana). The fluid enclosed by the inner membrane
and surrounding the grana is called the stroma.
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The chloroplasts contain a green pigment called chlorophyll, which

captures the energy of sunlight for photosynthesis. Like plant cells,
photosynthetic protists also have chloroplasts. Some bacteria also
perform photosynthesis, but they do not have chloroplasts. Their
photosynthetic pigments are located in the thylakoid membrane
within the cell itself.

Theory of Endosymbiosis

We have mentioned that both mitochondria and
chloroplasts contain DNA and ribosomes. Have you
wondered why? Strong evidence points to
endosymbiosis as the explanation.

Symbiosis is a relationship in which organisms from
two separate species live in close association and
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typically exhibit specific adaptations to each other.
Endosymbiosis (endo-= within) is a relationship in which
one organism lives inside the other. Endosymbiotic
relationships abound in nature. Microbes that produce
vitamin K live inside the human gut. This relationship is
beneficial for us because we are unable to synthesize
vitamin K. It is also beneficial for the microbes because
they are protected from other organisms and are
provided a stable habitat and abundant food by living
within the large intestine.

Scientists have long noticed that bacteria,
mitochondria, and chloroplasts are similar in size. We
also know that mitochondria and chloroplasts have DNA
and ribosomes, just as bacteria do. Scientists believe
that host cells and bacteria formed a mutually beneficial
endosymbiotic relationship when the host cells ingested
aerobic bacteria and cyanobacteria but did not destroy
them. Through evolution, these ingested bacteria
became more specialized in their functions, with the
aerobic bacteria becoming mitochondria and the
photosynthetic bacteria becoming chloroplasts.
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27. Extracellular matrix and

intercellular junctions

Extracellular Matrix of Animal Cells

Most animal cells release materials into the extracellular space.
The primary components of these materials are glycoproteins and
the protein collagen. Collectively, these materials are called the
extracellular matrix (Figure 1). Not only does the extracellular
matrix hold the cells together to form a tissue, but it also allows the
cells within the tissue to communicate with each other.

Collagen fiber
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Protecghican complex

Carbohydrates
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Fibronectin 55
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of the cyioskeleton

Figure 1The
extracellular
matrix
consists of a
network of
substances
secreted by
cells.
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Blood clotting provides an example of the role of the extracellular
matrix in cell communication.

When the cells lining a blood vessel are damaged, they display
a protein receptor called tissue factor. When tissue factor binds
with another factor in the extracellular matrix, it causes platelets to
adhere to the wall of the damaged blood vessel, stimulates adjacent
smooth muscle cells in the blood vessel to contract (thus
constricting the blood vessel), and initiates a series of steps that
stimulate the platelets to produce clotting factors.

Intercellular Junctions

Cells can also communicate with each other by direct contact,
referred to as intercellular junctions. There are some differences
in the ways that plant and animal cells do this. Plasmodesmata
(singular = plasmodesma) are jun