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Preface

Qver the years [ have been blessed with a husband and three children, three college degrees. and sixteen
years teaching experience in Washington, Japan, California. Massachusetts. Maryland. and Tur'sey. Following
my husband around the world, first when he was a graduate student and later as a federal governmert employee,
has led to a variety of experiences. Of these, several stand out.

Dr. H. Weston Blaser. now deceased, my advisor and professot at the University of Washington in Seattle,
greatly influenced my approach to intellectual growth ai 1 pedagogical method. Former s*udents of his will
recognize some of his methods within this laboratory manual.

Sr. Patricia Culhane, also now deceased. while headmistress of the International School of the Sacred Heart
in Tokyo. Japan. encouraged creative curriculum development and urged development of an advanced biology
program which would combine the use of American textbooks with the needs of those who had experienced
the British form system. It was a joy to teach biology to students who already had completed chemistry, but
it also was a constant challenge to conduct laboratories appropriate for older students with a chemistry back-
ground. While at Sacred Heart | developed the.nucleus for many of the laboratories included in this manual.
Sr. Culhane asked. when we left Tokyo, that I continue to develop the laboratories and my ideas on advanced
biology for high school students. Sr. Culhane. | have done so.

The Howard County Maryland Public Schools. particularly Barbara Jewett, science department head at
Qakland Mills High School. and Paul M. Keyser, science director for the Howard County Maryland Public Schools,
provided the freedom and the classes which allowed m~ to test and perfect the laboratories in this manual.
This effort reflects the strivings for excellence of the Howard County school system.

Dr. Roland S. Nardone and Rene Filipowski of the Catholic University of America in Washington. D. C.
gave the training | needed to prepare the laboratory on heterokaryons for high school students. Rene also
developed the procedural steps and materials lists for the heterokaryon laboratory.

Dr. Yahya Laleli of Duzen Laboratories in Ankara, Turkey provided the technical information required to
complete the laboratory on gel electrophoresis techniques.

Mrs. Judy Swanson of the George C. Marshall School in Ankara, Turkey prepared all jllustrations for this
manual.

Mr. Clark S. Carlile, the publisher. deserves a pecial thanks for assisting me in this project. | shudder to
think how this book might have appeared without his constant good judgement and sure hand.

My husband. Ted C. Davis. most especially deserves credit for all that he has done. Quite simply, this book
might not have been written without him. Not only did he pressure me to approach a publisher in the first
place. but he spent most evenings, weekends. and holidays over the course of a year reviewing every word
and critiquing every entry. It gives me great pleasure to acknowledge a debt to my husband and to thank him
for all his forbearance with the computer and me.

Finally, I would like to thank my students over the years. After all; this book is for them.




Note to Users

Biology, the study of life, is a vast and complex subject, and one in which knowledge is rapidly expanding.
The needs of both instructors and students, who face a wide range of possible topics. were considered during
the selection of laboratories for this manual. Those areas of biology not adequately introduced in first year
high school courses received more focus. Upon completion of this manual, in conjunction with an appropriate
text, the student will have finished the equivalent of a university first year biology course and should be pre-
pared to sit for the biology advanced placement examination administered by the Education Testing Service.
Action Biology, Advanced Placement for the Second Year. like Action Biology for the First Year. is the result
of years of classroom use and testing with high school biology students.

Design Assumptions

Action Biology. Aduanced Placement for the Second Year, is designed for the student who has completed
first year biology. It also is designed for the student who has completed chemistry, or who, at the minimum,
is envolled concurrently in chemistry. Although basic biology and chemistry are essential for effective utilization
of this manual, physics is optional. Those discussions and laboratories which require some knowledge of physics
are supplied with necessary background information.

This manual is designed to be used in conjunction with any of the university introductory biology textbooks
currently on the market. Action Biology, Advanced Placement for the Second Year, is divided into one hour
laboratory periods, but those schools with a two hour period, or even the three or four hour college laboratory,
can use the manual simply by covering several one hour blocks during a single laboratory session.

The number of laboratories included in this manual exceeds those required during the course of a typical
academic year by even the most strongly laboratory oriented instructor. With extra laboratories available, each
class can wind its own path through the material, selecting those for which the school has appropriate equipment,
facilities, growing conditions, and preferences. Choices may be made from the four general groupings of labora-
tories and discussions, which range from the sub-cellular to the socia!, from the descriptive to the experimental.
The four parts are: 1. Instrumentation in the Study of the Cell, 2. Diversity of Life and Reproduction. 3. Animal
Growth and Behavior, and 4. Plant Growth Relationships.

The manual also is self-contained. It includes background information specific to the instrument or
procedure, full discussion of laboratory preparations, detailed procedural steps, places for students to
enter data and discuss issues, suagestions for further projects, review quizzes, answer keys, etc. All in
one, the teacher and student no longer must juggle several different manuals.

Student Objectives

Students are urged to review the objectives listed at the beginning of each laboratory or discussion and
to determine, after completion of the unit, if they have accomplished those objectives. Also, students should
review the terminology listed at the conclusion of each unit to verify that they know the listed words. Defini-
tions for all words listed in the terminology sections are found in the glossary., Appendix A of this manual.
Students may have to review portions of first year biology, or find access to a scientffic dictionary, because
it was assumed, when preparing the terminology lists and glossary, that terms introduced during the first year
were learned at that time. Every subject has its own technical terminology, and blology is no exception. Stu-
dents will have to know the terms which belong to the subject.

Time Line

Action, Biology., Advanced Placement for the Second Year, is designed to be used in fifty to sixty minute
segments. Thess egments may be spaced daily. as iri the most typical school schedule, or by unit, as in two
to four hour blc r «s of time during the week. Even the discussion units, included because texts generally do
not cover those (opics in sufficient depth for effective laboratory utilization, are designed around the one hour
time block.
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Each of the four parts of the manual require from twenty two to twenty six hours of laboratory time to
complete. The shor.2st laboratories are in the first part, Instrumentation in the Study of Cells. As students become
accustomed to working with one another and handling increasingly complex experiments, the laboratories tend
to become longer and require greater student organization and team effort. By part three, Animal Growth and
Behavior, students are required not only to interact with classmates but also to observe the larger schooi
community. In part four, Plant Growth Relationships, there is an experiment on the flowering response in plants
which requires the entire class to coordinate and schedule a group effort. This experiment is part of a much
larger laboratory which intermittently runs for one month,

Instrumentation in the Study of Cells

The four parts of the manual are designd to minimize the problems of a typical school year, in that part
one. instrumentation in the Study of Cells, begins with discussion sections and suggestions for teacher demon-
strations. It then covers some basic materials which should have been introduced during the first year biology
course, but it does so in greater depth and in ways designed to acquaint the student with equipment and
instrumentation techniques used in more advanced biological studies. It is believed that every student should
acquire facility with scientific instruments. The instructor is urged to make every effort to expose the students
to as many of the laboratories in part one as is economically and physically possible. If complete coverage
is not feasible, a thorough reading of the discussion units would still be useful. Over the years a stock of instru-
ments should be acquired by your school.

Diversity of Life and Reproduction

The laboratories in part two, Diversity of Life and Reproduction, are primarily descriptive. and cover phyla
normally not explored in a first year course. Students will acquire a fuller understanding of life processes and
the great diversity of life forms, as well as master new laboratory techniques. Again, the discussions in‘the labora-
tories are designed tr cover material pertinent o the topics covered within a laboratory but not normally discussed
in standard textbooks. You may observe in this section that | have rearranged some classifications within the
plant kingdom in ways which are taxonomically more accurate in terms of evolutionary relationships, and also
more logical when the plant kingdom is viewed in its entirety. Write care of the publisher and tell me what
you think.

Animal Growth and Behavior

Pait three, Animal Growth and Behavior, contains primarily experimental laboratories, from a traditional
descriptive dissection of a cat, to the latest in biological inquiry, the creation of hybridomas and monoclonal
antibodies. This part of the inanual takes the student from the cellular level to vertebrate behavior. Students
have the opportunity to consider ethological issues and patterns of social organization.

Again, the manuzl is designed to minimize the problems of = typical school year, in that the last laboratory
in part three is a paper and pencil exercise available to the instructor who must begin year-end closing of the
laboratory at this point, Assuming that all instruments required for part one were available, and further assum-
ing that your school schedules five hours per week in science, you might be able to cover in their entirety only
parts one, two, and three of this manual. If, because of equipment shortages or personal preferences, you have
omitted some of the laboratories in parts one, two, and three, you likely will have time to continue on to part
four, Plant Growth Relationships. The same will be true if your scheol schedules a double period advanced
placement class, or a larger block of laboratory hours.

You also could study part four after part two, Diversity of Life and Reproduction. for the sake of continuity,
or you may wish to study it at the end of the school year, if the climate in your locality favors such an approach.

Plant Growth Relationships

Part four, Plant Growth Relationships. contains laboratories which are experimental in design and comprised
of both classic experiments in the field, such as Darwin’s phototropism experiment. and relatively new experi-
ments, such as those involving autoradiography. Part four introduces students to new biological techniques
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and equipment, such as the proper use of radioactive substances in plant physiology studies. If time does not
permit complete coverage of this part, a reading of discussion sections would still be useful.

Student Groups

Materials and equipment lists provided with each laboratory are for a student group of two individuals.
The teacher accordingly will have to multiply supply requirements by the number of student groups in each
class. It is extremely important that every student receive hands-on experience during the laboratories. The
shy or reluct. 1t student, or even the most outgoing, learns far less in a large group laboratory arrangement.

Laboratory Preparation

Allinstructions for laboratory set-up are included in this manual. There is no separate teacher’s guide. Your
students. who may well pursue medical or scientific careers, should lear:: what is involved in the organization
and preparation of laboratories, and aid in their set-up, if at all possible. Instructors will need to practice thorough,
advanced planning, in order to stock all necessary supplies. This planning is best accomplished the previous
spring. Appendix B at the end of the manual lists those suppliers with which the author is familiar.

The Laboratory

In Action Biology. Advanced Placement for the Second Year, procedural steps are detailed and space is
interspersed for students to enter data, observations. and conclusions. Responsible students can conduct the
laboratories without direct instructor supervision, once all materials and supplies are made available. In fact,
some of the descriptive laboratories are self-programmed in their approach.

Testing

Student data. observations. and conclusions can be checked through periodic collection of manuals. The
reviews placed on tear-out sheets at the end of each discussion and laboratory can be used either as a student
self-testing and review device, or as a formal quiz. If the latter option is selected. the quiz may be removed
in advance. An answer key to both laboratory questions and unit reviews for the entire manual is supplied
as Appendix C on tear-out sheets. Instructors may either leave these sheets in the manual, for students to
perform their own diagnostics, or tear them out prior to the beginning of the school year.

Further Research

Suggestions are offered throughout the text regarding further research possibilities. Selected additional reading
resources are listed at the conclusion of each unit. These are highly selective, with an eye to availability of
the material in a typical community, as well as to its comprehensibility by the students. These resources serve
as a starting point for more in-depth research. Instructors should consider having students perform a major
research project during the year, providing them with the resources, materials, community contact. and other
general support required. The student should have intellectually matured to the point that a formal research
report would be meaningful.

These laboratories and discussions are offered with the hope that they prove as useful to your biology program
as they have been to mine. If you have any suggestions, please let me know care of the publisher.

Mary Pitt Davis
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Resources ... Terminology ... Review.
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Laboratory 29. Plant and Water Relationships . ... . ........................... ..

Objectives of this laboratory ... Purpose ... Water potential determination ... Soil water percentage
and seed germination ... Imbibition and temperature ... Water holding capacity ... Water movement
through a stem ... Pre-lab instructions ... Supplies needed ... Special preparations ... Time line ...
Six and a half hours of laboratory procedures involving water potential in potato tissue, soil water
holding capacity, effect of soil water percentage on corn seed germination, kelp imbibition, rate of
water movement in Impatiens, path of water movement in a woody evergreen, data collection,
laboratory questions. and experimental results ... Optional activities: permanent wilting percentage
and transpirational pull ... Resources ... Terminology ... Review.

Laboratory 30. Mineral Absorption, Use, and Translocation in Plants . . . ............

Objectives of this laboratory ... Purpose ... Essential mineral elements ... Macro-nutrients ... Micro-
nutrients ... Radioactive tracers ... Mineral absorption, utilization. and translocation ... Mineral defi-
ciency culture ... Mineral absorption ... Iron translocation ... Radioactive tracing in studies of trans-
location ... Pre-lab instructions ... Supplies needed ... Special preparations ... Time line ... Seven
and a half hours of laboratory procedures involving mineral deficiency cultures of Aspergillus niger,
safety precautions in handling radioactive substances, barley root radioactive iron uptake, timed
course of absorption, the effects of temperature on absorption, the effects of a competing ion on
absorption. use of a scintillation well counter. radioactive iron absorption and translocation in bean
seedlings, autoradiography, data collection, laboratory questions, and experimental results ...
Optional activity: soil-less growth of tomato plants ... Resources ... Terminology ... Review.
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1. Discussion

Development of Coacervates

When you have completed this discussion you shouid be able to:

- 1. Explain the Oparin theory of spontaneous generation and
define coacervates.

2. Outline Stanley Miller's experiments creating amino acids
from gases.

3. Detail Sidney Fox's experiments with amino acid chains
and define microspheres.

4. Discuss the scientific issues surrounding abiotic origins.

Questions about Living Matter

What distinguishes living from nonliving matter? What is an organism as contrasted to an aggregation of
organic molcules? Some aggregates can accumulate substances from their surroundings, catalyze them internally
for energy, and then duplicate themselves. To be able both to metabolize and to reproduce defines the living.
But whence came this capability? And how did living organisms, the first organisms, arise?

It is known that humans give birth to humaris, frogs produce frogs, and wheat yields wheat. This is the
commonsensical principle of biogenesis, or life from life. Louis Pasteur of France provided a series of classic
experiments in 1862 which demonstrated that life cannot appear spontaneously from nonliving materials. such
as frogs from mud, or maggots from meat. Life yields life. And vet, from where came the first life which produced
all later generations?

Oparin Theory

A modern theory of spontaneous generation was advanced in 1924 by the Russian biochemist, A. I. Oparin.
It was not until 1936, with the publication and translation into English of Oparin’s new book, The Origin of
Life on Earth, that his ideas began to impact upon the world’s scientific community. Many could not accept
the Russian's hypotheses, but his concepts could not be dismissed out of hand. Years later Oparin was awarded
the Nobel Prize for his theories on the chemical conditions which might have yielded the first living organisms.
Oparin's work has spawned a continuing series of experiments about the origin of life on earth.

Oparin hypothesized a series of chemical reactions leading to the first m«tabolizing and reproducing organisms.

The first step would be the formation of small organic molecules, si:ch as amino acids, organic bases, and

monosaccharides. Next would be the formation of structural polymers, such as proteins, fats. and carbohydrates.

-from the small organic molecules. The final step would be the integration of the intermediate structural polymers
into organisms. ’

Oparin suggested that the atmosphere of the early earth contained those elements and molecules which
could combine to form the first building blocks of life. These would have included hydrogen. methane. ammonia,
water, etc. The question then arose as to how thermodynamically stable compounds could react to form simple
amino acids, organic bases, and monosaccharides. Some external source of energy would have had to
act upon the mixture. Possibilities included solar radiation, lightning. vulcanism, radioactive decay. and
cosmic rays. '




Miller Experiment

A young graduate student working at the University of Chicago, Stanley Miller, conducted a series of
experiments in 1953 which demonstrated that the building blocks of life could be synthesized abiotically. Now
teaching at the University of California, Berkelcy, Miller received the Nobel Prize in 1958.

Miller set up an airtight apparatus in which four gases, hydrogen (H;}. ammonia (NH;), methane (CH,),
and water vapor (H;O), were circulated past electrical discharges from tungsten electrodes. He kept the gases-
circulating continuously for one week and then analyzed the contents of the apparatus. He found that a large
variety of organic compounds had been synthesized, including those essential for living systems.

This experiment by Miller, which provided the first solid evidence that Oparin might have been on the
right ¢ ‘ack, marked a turning point in the scientific approach to t 2 question of how life began. To verify the
experiment, Miller repeated it several iimes, as well as altering key variables in the original experiment. He
circulated the four gases inr a week without any energy input, and no organic molecules were formed. He
sterilized the apparatus at 130°C for 18 hours to ensure the absence of any living organism which could
contaminate the results: this experiment yielded the same results as the criginal experiment. The synthesis
of organic molecules had been achieved in the absence of any living organism, a synthesis of the biotic from
the abiutic, Miller also varied the energy source by using ultraviolet radiation; the experiment still worked. Precursor
organ‘c compounds had been formed by supplying energy to a primordial soup of gases.

in the years since 1953 sciertists have extended Miller's results by synthesizing a great number of organic
compounds through reducing raixtures of gases in which the initial carbon source has been methane. Most
of the organic molecules thus formed are perishable, because they react slowly with molecular oxygen. They
also are broken down by organisms of decay. However, the prebiotic atmosphere of early earth contained little
free oxygen, and it certainly contained no living organisms. Theoretically. then, precursor molecules were able
o accumulate in both the atmosphere and in the primordial waters in which they were deposited over an extended
period. Large accumulations are not possible today, because of atmospheric oxygen and decay organisms,
even though scientists continue to detect organic molecules after thunderstorms and volcanic eruptions, and
upon the surface of dust particles high in the atmosphere.

Polymer Formation

It has been suggested that while early organic compounds were dispersed on dust particles in our turbulent,
primitive atmosphere, thereby displaying a large, reactive surface area, the chemical reactions giving rise to
the first intermediate sized rrrolecules took place. The ancient oceans of the world, or, as George Wald of Harvard
University put it. “the primitive soup,” was another possible reducing area for the production of beginning and
intermediate sized organic niolecules. Even though each such polymerization reaction, in the absence of an
appropriate enzyme, is a reraote statistical possibility, on a monumental time scale enough unlikely events might
have occurred to produce the necessary polymers which precede life. George Wald has said, “given so much
time, the impossible’ becomes possible, the possible probable, and.the probable virtually certain’

Fox Experiment

Certain concentration mechanisms, which could have facilitated the polymerization of organic molecules,
might have been provided by the emergence of land. Sidney W. Fox of the University of Miami demonstrated
that if a nearly dry mixture of amino acids is heated. polypeptide molecules, or amino acid chains, are synthesized,
especially if phosphates are present. This situation could have appeared in such natural situations as the
evaporative shrinking of lagoons. ponds. or puddles in which amino acids had been deposited. The sun would
have both concentrated the acids and provided the energy required for polymerization reactions. The adsorption
of amino acid compounds on surfaces such as clay particles might also have provided the large surface area
needed for such reactions to proceed.

It is worth noting that in both the Fox and Miller experiments polymers ware often obtained first. and amino
acids only later. after hydrolysis of the polymers. These experiments suggest thzt abiotic syntheses may differ
fundamentally from biochemical syntheses, in that polyniers may be formed first. rather than the predicted
amino acids. If correct, these finidings would significantly shorten the sequ.nce theorized by Oparin.
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Coacervates

The final step in the Oparin sequence would be the integration of the polymers into organisms. Of course.
this final step is a quantum leap which would have to result in an organic aggregate that could both metabolize
and reproduce. The integration would have to be orderly. so that the organism could acquire and use energy
in a systematic fashion. Such an integration would result in an endergonic, or energy using system: It would

" have to be able to accumulate substances from its surroundings and catalyze them in chemica! reactions. Phrased

differently. it would have to be able to metabolize. And it would have to be able to duplicate itself over the
generations.

What mechanism might have yielded this final leap into life? One possibility, and the mechanism demonstrated
by Oparin. is a large cluster of organic compounds surrounded by a water membrane which he called coacervates.
He was able to form coacervates from polymer solutions under appropriate conditions of temperature, ionic
composition, and pH. Each such coacervate is a cluster of macromolecules surrounded by a shell of water
in which the individual water molecules are rigidly oriented relative to the colloidal particles within. There is
a definite demarcation between the coacervate droplet and the liguid i which it floats. The water shell functions
as a membrane around the droplet. '

Coacervate droplets have a marked tendency to adsorb and incorporate various substances from the
surrounding solution. sometimes to the point of removing substances from the medium. Coacervate droplets
also often form definite internal structures, the molecules within the coacervate becoming arranged in an orderly
manner. As more and more materials are incorporated into the droplet. a membrane consisting of surface active
substances may form just inside the water shell. Thus, the permeability of the boundary of the coacervate becomes
even more selective. than before. Scientists have sometimes mistaken them for bacteria and tried to classify
them! They do exhibit many of the properties of living organisms. '

Microspheres

A different mechanism has been suggested by Stanley Fox. He believes that coacervate droplets formed
in a special way may have been the true precursors of living things. He demonstrated that droplets which form
spontaneously when hot aqueous solutions of polypeptides are cooled e<hibit more of the characteristics of
living things. Fox called these droplets proteinoid microspheres, rather than coacervate droplets. The microspheres
formed in this manner exhibit many of the properties of living cells, such as reacting to the tonicity of the solution
they are placed in (shrinking in a hypertonic soiution and swelling in a hypotonic one). forming a double layered
outer boundary, and having an internal movement similar to cytoplasmic streaming. Microspheres can move
in a pattern, contain ATP. grow in size, increase in complexity. bud in a manner similar to yeasts. and aggregate
in ¢" «ters in a pattern resembling many types of bacteria.

Naked Gene Theory

A different theory about the final. integrative phase of the emergence of living organisms is called the “naked
gene’ theory. Some think it likely that life could have evolved merely from self replicating amino acids, or “naked
genes”. These “naked genes” would develop only the most cursory of protective membranes when conditions
became unfavorable to their metabolic and reproductive activities. Thus it is with viruses, simple creatures with
simple DNA or RNA cores and simple protein coats.

Remaining Questions

Each of the above theories, or variants on them. are subject to serious questions and require much additional
work. For instance. Oparin's coacervate droplets tend to disintegrate with changes of temperature and other
conditions in the solution holding the droplets. Fox's microspheres. although maintained in the laboratory, have
not been demonstrated to be viable outside a controlled environment. However, evidence from outside these
laboratory experiments suggests that they point in the right direction.
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The most universal metabolic processes, the ones which are probably the most ancient, are similar to the
means whereby Oparin’s coacervate droplets and Fox’s microspheres maintain themselves. For instance, cellular
respiration, or a close analog, was seen in the first prebiotic systems. They used ATP as an immediate source
of energy. This is a heterotrophic mechanism, which is the metabolic process most likely to have been used
by the first organisms. And it is the metabolic process of coacervates and microspheres.

Assuming that Oparin’s coacervate droplets point toward an explanation of the origin of life, many further
questions must be answered. For example, how did autotrophs develop from heterotrophs? Which came first,
DNA or RNA? At what point in time did aerobic respiration evolve over fermentation? How did the use of
water as a H + donor appear? How did cellular organelles develop? Are mitochondria and chloroplasts really
symbiotic bacteria and algae? How did sexual reproduction develop in eukaryotes, making more genetic variation
possitle? Many additional questions about the origin of life remain. The door is wide open to the curious and
creative student. -

Coacervate Demonstrations

Some properties of coacervates may be
explored by the following.

Coacervates: Imitation of Movement Mecharism.

An overhead projector easily shows this demonstration to an entire class. Place the lid of a glass petri dish
on an overhead projector and turn it on. Place a small amount of mercury on the lid, and then place two
or three drops of potassium dichromate and two or three drops of dilute nitric acid on the lid. When the mercury
comes in contact with the potassium dichromate and dilute nitric acid, the mercury will imitate amoebic move-
ment. much as coacervate droplets achieve.

Miller’s Spark Discharge Apparatus

Students may wish to duplicate Stanley Miller's apparatus for the creation of amino acids:

spark

vacuum discharge

gases: H,0
CH,
NH, H

condenser

YU

fire




The apparatus can be set up and allowed to run continuously for several weeks. When students wish to
check on amine acid content. they may employ some of the techniques of instrumentation they will have learned
in the first urit of this manual; either the laboratory on amino acid chromatography or gel electrophoresis is
appropriate,

Plotted below are some concentration changes which occurred during Stanley Millers experiment. Will
your results be similar?

concentration

150 time, hours

Figure 2

* - Water Membranes

Students may wish to consider the tensile strength of water droplets on waxed paper. What forces keep
water droplets together? How is bonding of the droplets’ membranes accomplished?

Student also may wish to discuss the making of air bubbles on microscope slides. What gives the air bubble
in a water solution such a heavily walled shell. or membrane? Is this what is also seen in water dropiets on
waxed paper. but magnified?

Resources

Dickerson. Richard E. "Chemical Evolution and the Origin of Life." Scientific American. September 1978
(offprint #1401).

Dickerson. Richard E. *“Cytochrome C and the Evolution of Energy Metabolism.” Scientific American. March 1980.
Oparin. A. 1. Genesis and Evolutionary Development of Life. Academis Press: New York, 1968.

Schopf. J. W. “The Evolution of the Earliest Cells." Scientific American. September 1978 (offprint #1402).
Wald., George. “The Origin of Life.” Scientific American, August 1954.

Wilson, Allan C. "The Molecular Basis of Evolution.” Scientific American. October 1985.
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Terminology

Students should understand the following terms and concepts prior to taking the unit review.

abiotic microsphere
biogenesis “naked gene”
biotic spontaneous generation
coacervate
6




Review
1. Development of Coacervates

Name

Date

True or false

L.

2.

5.

The basis for the current theory of the origin of life was first stated by A.l, Oparin.

Proteinoid microspheres tend to aggregate in clusters resembling those formed by many
bacteria.

The early atmosphere on earth was almost certainly an oxidizing atmosphere.

Coacervate droplets have a marked tendency to adsorb and incorporate various substances
from the surrounding medium.

Pasteur proved the theory of biogenesis.

Muiltiple choice

6.

10.

Who is credited with finally disproving the theory of spontaneous generation?

a) Redi c) Miller
b) Spallanzoni d) Pasteur

. The first high energy molecule to evolve was probably

a) ADP c) CO,
b) ATP d) GMP

Must be present in the atmosphere before aerobic respiration is possible

a) oxygen c) ATP
b) nitrogen d) CO,

Stanley Miller demonstrated that amino acids could be synthesized abiotically by using four
gases. They were

a) hydrogen, ammonia, methane, and water vapor;

b) hydrogen. methane, water vapor, and carbon dioxide:

c) hydrogen, water vapor, carbon dioxide. and fluorocarbons;
d) water vapor. carbon dioxide, hydrocarbons. and methane.

When proteinoids. or polypeptide strands, are coc led. they spontaneously form

a) coacervates ¢} microspheres
b) organelles d) cells

r \)
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Essay

1. Explain how modern ideas of spontaneous generation differ from those of early biologists.

2. State Oparins hypothesis and explain how Miller's experiment supports it.

3. Describe coacervate droplets and proteinoid microspheres and indicate ways in which they resemble living cells.




4. What are the basic requirements for life?

5. Another hypothesis for the origin of life on earth suggests that life did not originate here. but was brought
by extraterrestrial objects such as meteors. The earth is constantly bombarded by meteors. Analysis indicates
that some meteors contain hydrocarbons characteristic of living systems. Comment upon this hypothesis.

Answers Found: pl1-#1.5&6:p2-43.8 &9 p3-72.48& 10:p 7 - #7. Essay 1: entire:
Essay 2: p 1 & 2: Essay 3: p 3: Essay 4: p 1. Essay 5: thought.




2. Discussion

Chromatography

When you have completed this discussion you should be able to:
1. List chromatographic types, techniques, and procedures.

2. Discuss research applications of chromatographic methods.

Background

In 1903 Mikhail Tswett. a Russian botanist, reported using a new technique for separating pigments into
their component parts. He placed a solution of leaf pigments on top of a column of calcium carbonate particles
and passed pure solvent down the column. The component parts of the leaf pigments were “developed™ as
the solvent separated them. and they were adsorbed onto the calcium carbonate particles at different levels
in the column. Since these materials were colored, Tswett named this new separation process “chromatography.”

The chromatographic technique today is used to separate colorless materials as well. Therefore. the best
definition of chromatography is that it is a technique to separate compounds by the percolation of fluid through
a body of porous. rigid material. It does not matter what the physical-chemical processes are that yield the
separation. They are all considered to be chromatographic processes.

Applications

Practically all disciplines of science use chromatography. It has contributed much of our knowledge of
the lanthanide and actinide elements in the periodic table of elements. It has contributed to the bulk of our
knowledge of amino acids, nucleotides. and nucleoproteins. It is widely used for the microanalysis of fission
products in atomic reactors. It is used for the detection of additives in foods, drugs, dyes, pesticides, perfumes,
vitamins, antibiotics. and hormones. It is important in medicine for the detection of normal and abnormal
constituents of blood. urine, saliva, and body tissues. It has helped scientists tc trace metabolic pathways in
the body and to understand various genetic defects.

Technique

In chromatography the substances to be separated are dissolved in a liquid (if it is a liquid) or evaporated
in a gas (if it is a gas). This fluid enters the ‘'moving phase” of the system in which it is passed through the
interstices of a porous material. The absorbing or adsorbing material may be a finely divided solid. gel. or
liquid. Separation occurs when the substances to be separated react differently over time with the solvent and
the collection material. Once the solvent has passed through an apparatus, and the constituent compounds
of the original complex material have differentially separated. they are in the “stationary phase” and analysis
of the different compounds can begin.

Liquid Chromatography: a procedure in which solvent and solute are liquid.

Column Chromatography

It was the method used by Mikhail Tswett to separate leaf pigments. Columns are filled with particulate
matter and the substance to be analyzed is dissolved in a solvent and placed at the top of the column. Pure
solvent is poured over the substance and the entire solution then passes down the column. This is called elution.
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When two or more solvents are used, the procedure is called gradient elution. A column procedure might
proceed as follows:

"~ o solvent

: ‘el A T
w o - - r."1

X, X
substance —| uy %
22 y: X
.f.'l'! . X s

2z v :

b Yy i
'Y iy

Z

24
&

Y u u L

47 —— effluent
Figure 1

Remember that chromatography is merely a mechanical separation process. Analysis of the yield requires
other procedures and instruments, such as measurement of optical activity «vith the photometer or light refrac-
tability with the spectrophotometer.

Applications

The most common type of chromatography used in protein analysis is column chromatography. The first
protein structure ever to be completely analyzed was insulin. In 1953 Frederick Sanger of Cambridge University
in England determined amino acid sequences in polypeptide chains of insulin by column chromatography.
He used a large glass tube filled with plastic resin beads that were electrically charged. He poured insulin down
the tube, and the various amino acids in the sample moved down the column at different rates, depending
on their size and electrical attraction. He then washed the column with a solvent, and those amino acids which
travelled fastest got washed out. or eluted. first. Sanger changed the vessels collecting the effluent frequently,
so that fractions of the effluent were collected in sequence. Each vessel then contained only one, or a very
few types of molecules. from the original insulin. This is called the fractionation of insulin. From these samples
Sanger could determine the types of amino acids composing insulin. Through analysis of the terminal endings
. of the amino acids collected. and by further use of column chromatography techniques, Sanger also deter-
mined the sequence in which amino acids are positioned on the insulin protein molecule.

The subsequent discovery of bacterial restriction enzymes. which snip DNA selectively at points surrounded
by certain patierns of nucleotides, permitted extension of the Sanger technique. Using the procedures and logic
developed for his insulin experiments in conjunction with restriction enzyme techniques, Sanger in 1977 analyzed
the entire genetic material of bacteriophage #X174. Many DNA sequences have now been analyzed. and this
procedure has provided much of the current information available on gene structure.

Paper Chromatography

The stationary material is a sheet of absorbing paper. In paper chromatography a piece of paper is spotted
with the substance to be analyzed at a given distar.ce from the bottom of the paper. This is called the base
line. The paper is then hung in a chamber or jar, and the very bottom of the paper is placed in contact with
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a solvent. Slowly the solvent climbs the paper in a candlewicking effect, taking the substance to be analyzed
and separating it into its various components by depositing them at different heights up the paper. If the solvent
only ascends the paper, it is called one dimensional chromatography. The apparatus might look like this:

C —]
)

L g

solvent front

filter paper
strip 0

substance spot

solvent

Figure 2

If the solvent is able to both ascend and descend the paper strip. it is called two dimensional chromato-
graphy. For compounds that are difficult to separate. a mixture may be separated first with one solvent. then,
after the paper has been dried and rotated 90°. with a different solvent. This technique allows for more complete
separation of substances with similar properties. The process might go like this:

dry and rotate
paper 90°

' s.se‘cvond "solvent -

Al desbered NG

"~ first soivent \ '

\
N
spot of sample ongma:’izttartlng
mixture p
Figure 3

Applications

Melvin Calvin utilized the process of two dimensional chromatography shortly after WWII at the University
of California, Berkeley. where he and other scientists were studying the biochemical steps intervening between
the uptake of CO, and the appearance of the first complex carbohydrates in the chloroplast during photosynthesis.
Calvin's solution to the problem. known today as the Calvin-Benson cycle. or the dark reactions of photosynthesis.
was possible because of the development of three experimental techniques which he could use to track the
carbon atom during photosynthesis.

The first technique. used to track the carbon atom of CO, as it becomes incorporated into other compounds.
was developed as a byproduct of the project to build the first atomic bomb. The radioactive carbon isotope
*C was made available to scientists. and it was then possible to prepare samples of CO, in which some of
the carbon atoms were '*C instead of the stable isotope '?C usually found in nature. Any compound produced
by metabolism of the radioactive material would also be radioactive.
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The second technique. two dimensional paper chromatography. was an improved method for separating
mixtures of different substances into their individual parts. [t was a simple and yet effective method for achiev-
ing separation of the sample mixtures with which Calvin was working.

The third technique. called autoradiography. was developed to locate tiny amounts of radioactive material
on two dimensional paper chromatograms (the sheets on which chromatography has been performed). The
chromatogram. which has spots of '*C on it, is taken into a darkroom and covered either with a type of photo-
graphic film. or with a liguid photographic emulsion. This is kept in the dark for a period of time, during which
radioactive decay of '*C resulis in the release of particles that expose the film. The exposed sections of filin
lie directly on the chromatogram where there were accumulations of '*C containing materials. and movement
of those materials can be measured. There will be an opportunity to practice autoradiographic technigues in
a mineral absorption laboratory later in this manual.

Thin Layer Chromatography

It is similar to paper chromatography. except for the use of a glass plate coated with an adsorbant in the
form of a loose powder or slurry. The next laboratory in this manual utilizes this process.

Ion Exchange Chromatography

It can be used in conjunction with any of the above procedures. The key difference is that ion exchange
resins are installed as particles in a column, on paper. or formed as thin film on plates.

Gas Chromatography: a procedure used to analyze gases.

Gas-liquid Chromatography

The gas being analyzed adheres to a liquid film. The stationary material is a liquid spread over an inert
base with a high specific surface tension, such as small diameter tubes like capillary pipets.

Gas-solid Chromatography

It is similar to gas-liquid chromatography, except that the gas is passed over a solid surface instead of a
liquid one.

There exist sophisticated variations on all of the above procedures. because the chromatographic separa-
tion process has proven to be so useful. In the next laboratory we will employ one of the procedures, thin
layer chromatography. to separate and identify amino acids.

, Resources
Clark, B. F. and K. A. Marcker. “How Proteins Start,” Scientific American, January 1968.

Galston. A. W., P. J. Davies and R, L., Satter. The Life of the Green Plant. Prentice-Hall: Englewood Cliffs.
New Jersey. 1980 (3rd Edition).

Sanger, Frederick et. al. "Nucleotide Sequence of Bacteriophage @X174 DNA,” Nature. 265.687. 1977.

Terminology
Students should understand the following terms and concepts prior to taking the unit review:
autoradiography . elution origin
base line fractionation paper chromatography
chromatography gas chromatography stationary phase
column chromatography ion exchange chromatography thin layer chromatography
effluent moving phase
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Review
2. Chromatography

Name

Date

Multiple choice

1.

Matching

0.

10.

In one dimensional chromatography. each spot represents
a) one kind of molecule

b) a possible mix of several molecules

c) the distance traveled by the solvent

d) half the distance traveled by the solvent

What radioactive isotope was used to work out the reactions of the Calvin cycle?
a) '*O c) *H
b) "C d) %P

Thin layer chromatography is

a) accomplished by plastic beads in a resin column

b) a thin layer of cotton on a glass plate

c) a thin layer of glass surrounded by a gaseous environment
d) a thin slurry of absorbant on a glass plate.

Frederick Sanger accomplished the fracdonation and sequencing of the amino acid
components of the protein

a) insulin c¢) PKU

b) hydrogenase d) muscle

Calvin worked out the pathway of carbon dioxide fixation using
a) gas chromatography

b) thin layer chromatography-

¢) column chromatography

d) paper chromatography

Involves the use of beads or resins. a) elution

The absorbing material must be a liquid. b) two dimensional paper chromatography

c) stationary phase
This is the passing of pure solvent down

a column. d) base line

The spot of substance to be analyzed. - e) column chromatography

Involves the use of two or more solvents. f) liquid chromatography
15
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Essay

1. Describe the experimental techniques involved in the determination by Calvin of the first stable product
of carbon dioxide fixation in photosynthesis.

2. Describe the chromatographic procedure Frederick Sanger usad in the analysis of insulin.

Answers Found: p 1l - #7 & 8. p12-*1.4,. 6 & 9;p 13- %2, 5& 10: p 14 - #3; Essay 1.
p 13-14; Essay 2: p 12.

16

31




| 3. Laboratory
Amino Acid Chromatcegraphy

When you have completed this laboratory you should be able to:
1. Describe the techniques of thin layer chromatography.
2. Determine the Rf standards for known amino acids.

3. Use the chromatographic technique to identify unknown
amino acids. :

Purpose

Chromatography takes the studen: into a phase of science where execution is critical. Special instruments
and advanced techniques now occupy the center of many life science laboratories. For example. the procedures
of chromatography are not difficult to comprehend. and the chromatographic technique only yields separated
compounds which must be studied by still other means. However. without careful and precise execution of
chromatographic separation, further analysis would yield invalid results. Carelessness with the procedure can
close potentially promising avenues of research. In coming weeks we will perform still other procedures, such
as spectrophotometry and gel electrophoresis. where the watch words will have to be clean and careful.

Chromatography Process

Chromatography is an efficient tool for separating and identifying amino acids. The separation process
begins by applying a tiny spo* of amino acid to the bas2 line of a matrix. In this laboratory, 1\-e matrix corisists
of silica gel slurry dried on a glass plate. The spotted plate is inserted vertically in a Coplin jar, and the solvent
in the bottom is abs-rbed by the matrix in a cat.dle wicxiiy effect. As it moves upward. the colvent dissolves
the substances in the mixture and allo'ws them (o migracw aleng the matrix. Different amino -cids will migrate
different distances. For normally colorless amina acid. to ve detectable through a chromatagraphic technique,
separated compounds must be sprayed with ninhydriz. v ,neh couses an oxidation reductic. reaction leading
to coloration. :

The colvent in the bottom of the Coplin jar is carefully formulated so that the amino ac'ds are not completely
s.!uble in it, or they would move as fast as the sowent itself. At the sa.ne time, the substances must not be
completely insoluble in the solvent, or they would nci move up the plate at ai.. When the observer stops the
procedure before the solvent reaches the top of the piate, the exac' positior. of the sc! :ent front {che leading
edge of the area wetby the solvent) is noted. When the observer dries the finished chr..matogram znd sprays
it with ninhydrin, the distance moved by each amino acid can be measured.

Retardation Facter

The distance moved by each amino acid is compared with the distarce traveled by the snlvent itself. The
ratio of the two is the Rf, or retardation factor. The Rf expresses the ratio of the rate of movement of the
migrating substance to the rate of flow of solvent within the system. In ott er words. the Rf describes the rati»
of distances travelled The Rf is always constant fcr a given substance in a par.ic' ' r solvent system.

Rf = distance traveled by substance {(mm)
distance traveled by solvent (mm.)

The purpose of this laboratory is to determine the characteristic Rf values of some known amino acids.
and also to separate and identify unknown mixtures of amino acids using chromatographic techniques. Through
chromatographing the unknown mixtures of amino acids and calculating their Rf values. a student should
be able to identify the acids by comparison with standard Rf's.
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Pre-lab

Supplies needed for amino acid chromatography:

Equipment
Coplin jar thin layer chromectography sheets
capillary pipets. 10 ml. pencil
fume hood (or other separate area)
Materials
amino acid stariaards, 20 chromatography solvent
amino acid unknowns (3 unlabelled ninhydrin spray
ammo acids.and 2 mixtures) petroleum jelly

Some oi these materials have ¢ be made in advance. and some can only ke ordered from a limited number
of suppliers.

Special Preparations

1) Amino acid standards kits: it is best to store the amino acid solutions in small vials which will preserve
them for several years. Standard solutions usually contain 0.2% of each aminn acid in 10% propanol. When
preparing for use, dissolve 20 mg. of each amino acid solution in 9 ml. distilled water and 1 ml. propanol.

2) The teacher will select the unknowns and make mixtures from the stock of standards. Number per the
chart at the end of this laboratory.

3) Chromatography solvent: butanol — acetic acid — water (4:1:1). Mix 160 ml. butanol, 40 ml. acetic
acid. and 40 ml. water. Keep tightly covered and provide fresh solvent for each laboratory.

4) To use erosol ninhydrin spray, set up a spray area in a fume hood, in a large cardboard box, or outside
to keep the fumes out of the genzrzl laboratorv area.

Time Required:
The aminec acid chromatogranhy laboratory reguires three classroom hours, in addition to preparations,
discussion, and review.

Procedure: Hour 1

< _.udents nzed the loliowing: pencils, chromatography sheets, aminho acid standards. unknown amino
acids. and capillary pipets. )

Steps

A. Place a chromatugraphy sheet flat on a table, silica gel side up. Touch it as little as possible to prevent
contamination by skin oils. Measure 1 cm. up each short side with a pencil. Make a small dot on each side
and join them with a straight light pencil line across the face of the sheet. The long edge of the sheet containing
the line will now b2 known as the origin, and the line known as the base line.

B. Carefully spot the amino acid standards and unknowns along the base line. Spot them no closer than
2 cm. apart. Otherwise, they tend to bleed into each ather. Each plate will take five spots. This is how it is done:

1) use a separate capillary pipet for each arnino acid solution and unknown;
2} touch the gel very quickly with only the end of the pipet so that the spot will be the smallest possible:

3) let the spots ‘air dry thoroughly;

o
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4) while the first chromatography sheet is drying. make the others required (each student or laboratory
group should use five chromatography sheets in order to spot all 25 of the amino acids and unknowns):

5) label the sheets sequentially with pencil on the very top right hand side of each sheet:

6) when the first spots dry. apply a second spot in the exact same place. and of the exact same amino
acid or unknown (this intensifies the amino acid concentration in a small area): and,

7) allow these second spots to dry thoroughly.

C. Record the name of the amino acid or the number of the unknown below eac’ of the spots indicated
on the following chromatography sheet diagrams:

1.

_ spots

origin

_ 7 line

Figure 1

Figure 2
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Figure 3

Figure 5
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Procedure: Hour 2

. Students need the following: spotted and dried chromatography sheets. Coplin jar and lid. solvent, and
petroleum jelly.

It is now time to chromatograph.

Steps

A. Very carefully set the chromatographic sheets inside a Coplin jar containing solvent. The solvent level
should be low enough so that the base line and spots are above. not in, the solvent. Do not allow the sheets
to touch each other in the jar.

B. Place the lid on the Coplin jar after first placing a heavy layer of petroleum jelly around the lip of the
jar. This helps seal the solvent fumes inside the jar.

C. Let the solvent move up the gel until it is within 1 cm. of the top. This can take anywhere from 30
minutes to two hours, depending upon the environment (temperature, air pressure, and humidity all affect
chromatographic adsorption). Students will have to make arrangements to complete this phase of the labora-
tory outside of class if the process takes longer than a class hour.

D. When the solvent is 1 cm. from the top of the sheets, stop the experiment by removing the sheets from
the Coplin jar. Immediately lightly pencil or scratch an area on each side of the sheet above each spot to show
the position reached by the solvent front.

E. Air dry the sheets overnight. Allow nothing to touch them while they are drying.

Procedure: Hour 3

Students need the following: prepared chromatography sheets, ninhydrin spray. and a fume hood (or
a temporary fume hood constructed of a cardboard box. or an outdoor area in which to spray the ninhydrin).

Be extremely careful when using ninhydrn. It is toxic. Do not breathe it or get it on your skin. If you
are accidentally contaminated with ninhydrin, wash the area thoroughly with lots of water.

Steps

A. Carefully prop the chromatography sheets under the fume hood. or in a safe outside area. and spray
them with ninhydrin. Ninhydrin reacts with amino acid spots to produce identifiable visible spots,

B. For each spot. record the color in the chart on page 22. The amino acids having primary d-amino
groups yield pink to purple spots: the secondary amines such as proline and hydroxyproline yield yellow spots.
Recording the color of the ninhydrin sprayed amino acid gives the student a crude check on Rf calculations
used to identify unknowns.

C. Measure the distance the spot traveled. The precise distance is the distance from the center of the original
spot, at the origin. to the center of the colored spot. Rf generally decre z.es with increasing molecular weight.
However. in the series glycine. alanine. valine. and leucine, the larger the alkyl group. the more the acid tends
to move along with the organic solvent. because of its increased solubility.

D. Also measure the exact distance traveled by the solvent in each case (solvent movement can be irregular
across the face of an entire plate: correct results require solvent front measurements immediately above each spot).
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distarice moved by solvent

distance moved
by slow spot

- /solvent front

distance moved
by fast spot

origin

Figure 6
2 Chart results in figure seven as follows:
Standard Amino Color Distance Distance Rf
Acids Amino Acid Solvent
Alanine
Arginine
Asparagine

Aspartic Acid

Cysteine

Glutamic Acid

Glutamine

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

. Proline

Serine

Threonine

Tryptophan

Turosine

Valine

Unknown 1

Unknown 2

Unknouwn 3

Mixture 1

Mixture 2

Figure 7




3. Now the amino acids in the unknowns and mixtures can be identified by comparing the Rf of each spot
- with the Rf values for the standard amino acids. What are the: unknowns?

Unknown #1

Unknown #2

Unknown #3

Mixture =1 and
Mixture #2 and
Resources

Baker. Jeffrey J. W. and Garland E. Allen. Matter. Energy and Life: An Introduction to Chemical Concepts.
Addison Wesley: Reading. Massachusetts, 1981 (4th Edition).

Phoenix Films. Chromatography Techniques: Amino Acids. Film Loop #81-6025. color. 3 minutes 40 seconds.
Windholz. M. et. al.. Eds. The Merck Index. Merck and Co.: Rahway. New Jersey. 1976 (9th Edition).

Terminology
Students should understand the following terms and concepts prior to taking the unit review:

Coplin jar retardation factor (Rf)
ninhydrin solvent front
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Review
3. Amino Acid Chromatography

Name

Date

Multiple choice

1.

Matching

6.

10.

The most often used chromatographic process for amino acid analysis is

a) thin layer c) column
b) - qas d) ion exchange

. The Rf standards of amino acids refer to

a) the reference index for amino acids

b) their ready facets of protein acceptance
¢) their retardation factors

d) the reference points in protein analysis.

The secondary amines such as proline and hydroxyproline yield

a) yellow spots c) pink spots
b) green spots d) blue spots

You apply the sample material to be tested in thin layer chromatography to the

a) solvent front ¢) top edge of the glass
b) effluent d) base line

What chemical reacts with amino acid spots to produce identifiable visible spots?

a) petroleum jelly ¢) butyl alcohol
b) ninhydrin d) all primary @ amino groups
Increasing molecular weight a) pink spots

Increased solubilit b} 9 amino groups

¢) larger alkyl groups

Solvent
d) butyl alcohol
- Glycine e) Rf decreases
Sealant f) petroleum jeliy
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Essay

1. Discuss the role of solvent in the different types of chromatography.

2. Discuss the different factors which might influence the rate. regularity. and direction of amino acid spread

on a thin layer chromatography plate.

Answers Found: p 17 - 1 & 2. p 18 - “4: p 21 - #3. 5. 6. 7. 8. 9. & 10: Essay 1. p 17:
Essay 2. p 17
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4. Discussion

Polarimetry

When you have completed this discussion you should be able to:
1. Describe polarized light.
2. Sketch and describe the function of a polarimeter.

3. Define optical activity and provide examples.

Scientists discovered early in the nineteenth century that solutions of sugar and certain other naturally
occurring chemicals rotate a beam of polarized light passing through the solution. They called such substances
optically active. a term still in use. The instrument used to demonstrate or to measure this rotation was given
the name polarimeter.

Optical activity is best understood by knowing how a polarimeter works. And to understand a polarimeter.
one must know about the polarization of light. When these are comprehended. the optical activities of some
organic compounds can be studied. ’

Polarized Light

Phuysicists describe visible light as a form of electromagnetic radiation. There are many kinds of electromagnetic
radiation. such as X-rays. ultraviolet light. and radio waves. All these forms of energy travel in the form of
waves in which a matched pair of electric and magnetic fields move up and down as the wave moves forward.
This movement is at the speed of light and is conveniently depicted by a sine wave such as the {ollowing.

Pattern of an \ | ? | l I

electromagnetic wave —>
& ‘ Direction of

light beam

Figure 1

A beam of light consists of an infinite number of such light waves moving in every possible direction. If
one were to look at a beam of light directly. the light beams would scatter in all directions from the original
source of light. This is called nonpolarized light. In a single flat plane. it would look something like this:

Scattering of a
nonpolarized
light beam

Figure 2
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This property of light can be altered. A light beam can be reflected off a sheet of glass in such a way that
it is plane-polarized. that is. the waves are made to move parallel to each other. Schematically. light waves
moving all in the same direction might look something like this:

Polarized light

Nyyv?

—

Figure 3

There is another way to polarize a beam of light. Certain crystals can convert nonpolarized light into plane-
polarized light. Crystals of the mineral calcite are structured in such a way that they naturally polarize light.
The material known as polaroid is an artificial substance that does the same thing.

The Polarimeter

The polarimeter is a simple device designed to study compounds that affect the polarization of light. This
is how a polarimeter is designed:

270°

00

»:-.w:-*

light polarizing 90°
prism sample tube analyzing observer
Figure 4 prism

The light source is directed at a polarizing prism. which is made of calcite, polaroid. or any other polarizing
material. The light is polarized in the prism and leaves the prism plane-polarized. The light then enters the
sample tube which contains a liquid sample. If the tube is filled with nothing but distilled water. the plane-
polarized light will pass through without a change of direction. If the analyzing prism, which is also polarized.
is lined up at the same angle as the polarizing prism. all of the polarized light rays will pass through. However,
if the sample changes the direction of the light passing through the tube, fewer light rays emerge from the
analyzing prism. A difference of ninety degrees between the direction of the polarized light and the analyzing
prism yields darkness.

The observer turns the analyzing prism slowly until the maximum amount of light shines through the analyzing
prism. Since the analyzing prism is graduated, the observer can read the angle of rotation. Both the extent
and direction of rotation can be read. The result usually is recorded as plus (+) or minus (—) the angle of
rotation. A solution which rotates light 20° to the left would be recorded as — 20° and would be called levorotatory,
since the prefix levo means “left” in Latin. Solutions which rotate-light to the right ar2 called dextrorotatory.
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Background

Polarimeters traditionally were built around carefully cut prisms formed from Iceland Spar {calcite). Such
prisms. known as Nicol prisms. were often found in advanced chemistry courses and were used only by faculty
and a few graduate students. They were too expensive and delicate for general use. For many years. develop-
mental work on polarimeters was focused on making instruments that were more and more precise. The 360°
measuring scales can be equipped with special eyepieces and verniers that can be read to the nearest 0.01°
The sample tubes also underwent a similar development so that the length of tube through which the polarized
light passes can be read to the nearest 0.01 mm.

Expensive and complicated polarimeters are used when high degrees of accuracy are required. There are
many situations in which a general result obtained with a simplified polarimeter would be sufficient. Some
of these applications are industrial. others are academic. For example. a simple polarimeter is all that is re-
quired to make quick checks of whether organic compounds ranging from carbohydrates to amino acids are
optically active. This need was met by development of low cost polarimeters.

A number of engineering changes were incorporated into these new generation polarimeters. For instance.
measurements are made at the point of optical extinction rather than the point of maximum brightness. Some
small degree of accuracy was sacrificed so that eye strain associated with maximum brightness can be eased.
Also. these polarimeters use a polaroid sheet instead of expensive crystal prisms.

Optical Activity

Molecules which rotate a beam of polarized light are described as being optically active. Chemists wanted
to know if an optically active molecule has a typical molecular structure. and. if the molecular structure is known.
if its optical activity can be predicted. In 1874. two chemists. the Frenchman LeBel and the Dutchman van't
Hoff. independently solved the problem. They noted that the four valence elecrons in a carbon atom are nor-
mally directed at the four corners of a tetrahedran. If one were to construct a tetrahedral carbon atom with
four different substituents at the four corners. it is possible to make two different models of the figure. It was
learned that a molecule is upiically inactive if its mirror image is superimposable. On the other hand. a molecule
is optically active if its mirror image is not superimposable.

A simple example of mirror images which are not-superimposable is human hands. They are mirror images
of one another. but with both palms facing up. they do not fit one upon the other. It is still not understood
why molecules which are mirror images bui not superimposable are optically active.

Enantiomers

Two molecules which are nonsuperimposable mirror images of each other are called enantiomers. Since
enantiomers are exactly identical in their chemical properties. usual chemical reactions yield as many molecules
of one type of enantiomer as another. This 50-50 mixture of two optically active forms of the'same molecule
is called a racemic mixture. In racemic mixtures there is no optical activity. since one half of the molecules
rotate light to the left and one half rotate light to the right. The sum total of light rotation is zero.

Louis Pasteur. the “Father of Microbiology”. discovered that an enantiomer sometimes crystallizes in a slightly
different form from its mirror image. He used a magnifying glass to painstakingly pick out one enantiomer
from the other. Unfortunately. only a few optical isomers show a difference in crystalline structure. and this
method is not used today. Some chemical reactions can be designed to yield specific enantiomers. The largest
source of enantiomers is microorganisms which produce enantiomers as metabolic byproducts. Scientists let
these microorganisms do the work for them. although they do not yet fully understand why microorganisms
produce specific enantiomers.

Excepting their structure. enantiomers have the same physical and chemical properties. There are only
two ways in which they differ one from the other. other than their form. They rotate the plane of polarized
light. and they are used differently by living organisms. For example. dextrorotatory glucose (D-glucose) is
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extremely important in human metabolism. It is formed during the metabolism of starch and sucrose and is
broken down by our bodies to produce carbon dioxide. water, and energy. Levorotatory glucose (L-glucose)
cannot be used by the human body at all. even though it has the same sweet taste. We would starve to death
on a diet which contained L-glucose as the source of energy.

Diasteriomers

Sometimes a molecule is not composed in merely two enantiomeric forms. but three, or even more. They
are said to be compounds with more than one asymmetric carbon atom. An example of this is tartaric acid:

COOH TJOH (lJOUH
H—C-0H HO—C—H H—C—0H
H)—C—H H—C—OH H—[‘I—OH
|
COOH COOH COOH
Figure 5

The first and second isomers are mirror images of each other and are enantiomers. The first and second
isomers are not mirror images of the third isomer. and so they are termed diasteriomers of each other. The
third isomer has its mirror image too:

COOH

! Tartaric acid has a special property known as internal symmetry. The upper
HO—C—H halves are identical to the lower halves. If a molecule possesses this internal

| mirror symmetry. there is only one optically active form of that form of the

[ compound. That isomer is referred to as the meso form of the compound.
HO—C—H

COOH

Figure 6

Polarimeter Demonstrations

The capabilities of the polarimeter may be demonstrated by any of the following experiments. The instruc-
tor may wish to perform these demonstrations and discuss the conclusions drawn from them. Or. students
may wish to proceed with them as experiments. submitting their results to the instructor in formal laboratory reports.

Qualitative Polarimetry: Carbohydrates

The polarimeter easily d=monstrates how different carbohydrates rotate polarized light. Many optically active
sugars are readily available and relatively low in cost. Examples are D-glucose ond L-glucose. The following
demonstration can be conducted with standard 35 ml. polarimeter cells. or tubes.
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Weigh 5 grams of sugar and transfer it to a 25 ml. volumetric flask. Dissolve the sample sugar in wate¢
and dilute it to the 25 ml. calibration mark on the volumetric flask.

Pour the solution into the polarimeter tube. dry the outside, and carefully position the tube in the polarimeter.
Turn on the polarimeter light and rotate the eyepiece until the light is extinguished. This will happen near the
0 degree mark. With some substances having high rotation. some secondary color effects may be noticeable.
If this happens. choose the darkest point. the point where there is neither a greenish nor a reddish cast. Make
several readings and average results.

Remove the polarimeter tube and measure and record. in decimeters. solution height from the inside of
the base to the bottom of the meniscus. Empty. clean. and dry the cylinder.

Calculate the specific rotation as follows. remembering that if the rotation is clockwise, rotation is plus. and
if counter clockwise, rotation is minus:

specific rotation = observed rotation X ml. of solution

solution height {dm.} X grams of unknown

If the instructor or students repeat this experiment with different optically active sugars. the specific rota-
tions of each sugar can then be compared.

Qualitative Polarimetry: Amino Acids

With the exception of glycine. all amino acids are optically active. However. many exhibit rather low specific
rotations. and it is best to demonstrate the polarimeter with those amino acids having large specific rotations.

L-cystine is a good amino acid to use, since it is less expensive than some and has a relatively large specific
rotation. Dissolve 0.25 grams of L-cystine in 15 ml. of 1 molar hydrochloric acid. and transfer the solution
to a 25 ml. volumetric flask. Add additional acid until the 25 ml. mark is reached.

Proceed as per the demonstration on carbohydrates in qualitative polarimetry.

Changing the concentration of the hydrochloric acid solvent changes the specific rotation of the amino
acid solute. The instructor may wish to have students experiment with different solvent concentrations.

Quantitative Polarimetry

The extent of light rotation is also dependent upon the concentration of the optically active substance. The
polarimeter can be used to determine the concentration of a solution containing optically active material. This
is done by making up a series of solutions of different known concentrations of the material. measuring their

observed rotations. plotting a graph. and determining an unknown concentration by comparing its observed
rotation with the graph.

Make 25 ml. of solution as per the carbohydrate demonstration on qualitative polarimetry. and measure
and record its rotation. The solution is unaffected by use in the polarimeter and can be repeatedly diluted to
produce solutions of new concentration. This procedure is called serial dilution.

Take half of the original solution and dilute it with an equal amount of water or solvent. Calculate the new
concentration and measure and record its specific rotation. Continue making such dilutions and measuring
their rotations until there are at least five readings (for further instruction on serial dilution see Laboratory #9).

Plot a graph of observed degrees of rotation against concentration. Measure the rotation of a solution of
unknown concentraticn, and determine its concentration by reference to the graph.

The following inverse proportion can be used to determine the concentration of the diluted solution:

concentration of diluted solution = yolume of concentrated solution
concentration of concentrated solution volume of diluted solution
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Terminology

Students should understand the following terms and coneepts prior to taking the unit review:

e/ . {b |

calcite optical activity
dextrorotatory polarimeter
diasteriomer polarization
electromagnetic radiation polaroid
enantiomer racemic mixture
levorotatory ~ serial dilution
meso form
,
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Review
4. Polarimetry

Name

Date

Definitions

1. Optical activity

2. Racemic mixtures

3. Polarized light

4. Nonsuperimposable mirror images

5. lsomers

Short answer

1. Make a sketch of a polarimeter. labeling each part of the instrument. Explain what happens to a
beam of light that passes through it.
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2. Using tartaric acid, draw a pair of enantiomers. Draw their diasteriomer and its meso form. [abel your drawings.

Answers Found: p 27 - #3: p 29 - #1. 2. & 4: p 30 - #5: Essay 1. p 28-29: Essay 2: p 30.
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5. Discussion

Spectrophotometry

When you have completed this discussion you should be able to:
1. Explain the wave model of light.
2. Explain the photon model of light.
3. Explain how living things depend on light.
4

Explain how a spectrophotometer works.

Particle Theory of Light

Over 300 years ago. Sir Isaac Newton. the English physicist. separated visible light into a spectrum of
colors by passing it through a prism. When he passed the spectrum of colors through a second prism white
light was produced once again. By this experiment. Newton showed that white. or visible light. is actually
made up ~f a number of different colors. Their separation is possible because light of different colors is bent
at different angles when passing through the prism. Newton believed that light consisted of a stream of parti-
cles (he termed them “corpuscles”). partly because of their tendency to travel in a straight line.

Wave Model of Light

James C. Maxwell. in the nineteenth century. demonstrated that what we experience as light is in truth
a very small part of a vast. continuous spectrum of radiation. the electromagnetic spectrum. As Maxwell showed.
all the radiation included in this spectrum act as if they travel in waves. The wavelengths (the distances from
one wave peak to the next) range from those of gamma rays. which are measured in nanometers, to those
of low frequency radio waves. which are measured in kilometers. Within the spectrum of visible light. red
light has the longest wavelength and violet the shortest. All these radiations travel 300,000 kilometers per
second {or 186.000 miles per second) in a vacuum. This is the speed of light. The chart below demonstrates
that visible light makes up only a small portion of the electromagnetic spectrum:

gamma rays X-rays uv infrared radio waves
wavelength <1 nm 100 nm <lm >1000 m
visible light
black violet blue green yellow red brown
380 430 500 560 600 650 750

wavelength (nanometers)

Figure 1
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The wave model of light led to predictions that the brighter the light the greater the force with which electrons
would be dislodged from metals being struck by light. However, whether or not light can eject the electrons
of a particular metal depends not on the brightness of the light but on its wavelength. It had become clear -
by 1900 that the wave model of ight was not adequate to explain this phenomenon. For example. when a
zinc plate 15 exposed to ultraviolet light. it acquires a positive charge. The metal becomes positively charged
when light energy dislodges electrons. forcing them out of the metal atoms. This photoelectric effect can be
produced in all metals. Every metal has a critical wavelength for the effect: the light (visible or invisible) must
be of the correct wavelength. or shorter. for the effect to occur. The critical wavelength of some metals. such
as potassium, selenium. and sodium. is within the spectrum of visible light. Therefore, visible light striking the
metal can set up a moving stream of electrons. Such a moving stream of electrons is an electric current. Burglar
alarms. exposure meters, television cameras, and electric eye door openers all operate on this principle of turning
light energy into electrical energy.

Photon Model of Light

To explain this phenomenon. the particle model of light. as originally advanced by sir Isaac Newton, was
resurrected by Albert Einstein in 1905 as the photon model of light. Albert Einstein stated that light is composed
of particles of energy which he called photons. The energy of a photon is not the same for all kinds of light.
It is inversely proportional to the wavelength. Phrased differently, the longer the waveiength the lower the energy.
Therefore. photons of violet light. the shortest visible light wavelength. have almost twice the energy as.photons
of red light. the longest visible wavelength.

The wave model of light permits physicists to describe certain aspecte of its behavior mathematically. and
the photon model permits another set of mathematical predictions and calculations. The two models of light
are considered today to be complementary light models. each explaining an aspect of light. We still lack an
integrated thec  to completely describe the phenomenon called light.

Light and Living Things

To understand light and its action on living things is a very important aspect of biology. Visible light is respon-
sible for photosynthesis {on which all life depends). vision (on which many organisms depend). and the rhythmic
day and night aspects of many biological activities. George Wald of Harvard University thinks that if life exists
elsewhere in the universe. it is probably dependent on the same small fragment of electromagnetic radiation.
visible light. Wald bases his conjecture on two points.

First. living things are composed of large. complicated molecules held together by energy bonds. Radiation
of even slightly higher energies than the energy of violet light. that is, radiation at a frequency just below visible
light. tends to break these bonds and disrupt the structure and function of the molecules. These lower frequency,.
higher photon energy level radiations drive electrons out of atoms. On the other hand. higher frequency radia
tic *s beyond visible light. ones with lower photon energy levels than that of red light. are absorbable by water.
Since water makes up the great bulk of all living things. radiation higher in frequency than visible red can transfer
its energy in the form of heat to the water within the living organism. In sufficient doses. at frequencies either
above or below visible light. electromagnetic radiations are lethal to life. Only those radiations within the range
of visible light have the property of exciting molecules {(moving electrons into higher energy levels) without
destroying them.

Second. visible light provides the bulk of electromagnetic radiation available in the biosphere. Much of the
rest of the spectrum is screened out by the ozone layer, water vapor. and carbon dioxide before it reaches
the earths surface. Quite simply. the bulk of the energy available at the surface is precisely that which can
be used by living organisms. visible light.

Colors

Man’s perception of visible light is in the form of full spectrum white light, or as colors. Colors are deter-
mined by the reflection of unabsorbed fic vuencies. Thus. a red appearing object is one which absorbs the
blue and or green conponents of visible light A colored object selectively absorbs and reflects particular
frequencies within the visible light spectrum.
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Spect‘rophotometry

Man's perception of color is only qualitative. It indicates what is happening. but it says nothing about the
extent of the event taking place. Spectrophotometry. on the other hand. is the quantitative study of visible
light. Spectrophotometers are instruments which electronically quantify the amount and kinds of light absorbed
by molecules in solution. The instrument does this by measuring the relative amounts of radiant energy as
a function of wavelength (frequency).

In it4 simplest form. a spectrophotometer has a source of white light focused on a prism or diffraction grating
which separates the white light into disparate bands of radiant energy. Each wavelength (color. or frequency)
is then selectively focused through a narrow slit by setting the machine at the appropriate wavelength. The
width of this slit is important to the precision of the measurement: the narrower the slit. the more precisely
a specific wavelength of light is selected. This single wavelength, called the incident beam (). passes through
the sample being measured.

The sample. usually dissolved in a suitable solvent. is held in a cuvette. The cuvette is an optically precise.
rectangular. glass container standardized to have a light path one centimeter across. After passing through the
sample, the selected wavelength of light. now called the transmitted beam (I). strikes a photoelectric tube. If
the substance in the cuvette has absorbed any of the incident light. the transmitted light will then be reduced
in total energy content. When the transmitted beam strikes the photoelectric tube, it generates an electric current
proportional to the intensity of the light energy striking it. By connecting the photoelectric tube to a device
that measures electric current (a galvanometer). a means of directly measuring the intensity of the transmitted
beam is achieved. .

e
b
c 9 h i
i
VAR -
i
a = white light d = blue g = sample cuvette
b = red e = exit slit h = photoelectric tube
¢ = green f = refracting prism i = galvanometer
Figure 2

The typical spectrophotometer has a galvanometer with two scales. one indicating the percent transmit ~
tance (%T. or. the amount of light that has passed through the sample). and the other the absorbance (A.
or. the amount of light absorbed by the sample). Absorbance is measured on a logarithmic scale with unequal
divisons graduated from 0.0 to 2.0. Absorbance can also be referred to as optical density (O.D.)

Because most organic molecules are dissolved in a solvent before measurement. a source of error arises
in that the solvent itself may absorb light. It is necessary therefore to “subtract™ the absorbance of the solvent.
To achieve this. a "blank” {the solvent without the sample to be studied) is first inserted into the instrument.
and the scale is set 1o read 100% transmittance {or 0.0 absorbance) for the solvent. The “sample”. containing
the solute plus the solvent. is then inserted into the instrument. Any reading on the scale that is less than 100%
transmittance (or greater than 0.0 absorbance) is considered to be due to absorbance by the solute only.
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Spectrophotometers are not limited to detecling only absorption of visible light. Some are adaptable to
function with a source of ultraviolet light. such as a hydrogen lamp or a mercury lamp. which can provide
wavelengths that range from 180 to 400 nanometers. These ultraviolet wavelengths are especially useful in
studying such molecules as amino acids. proteins. and nucleic acids. because these molecules have charac-
teristic ausorbances in the uliraviolet range. There are even spectrophotometers with sources of infrared radia-
tion which provide wavelengths from 780 to 25.000 nanometers. There also are instruments available which
can continuously give the desired ratio between sample cuvette and blank cuvette, both visually and on a strip
chart recorder, although these are not generally found in introductory biology laboratories.

The typical spectrophotometer has the following parts:

pilot transmittance and
cuvette lamp / absorbance scales

T TN RHRERY AHRRERHE

wavelength
control

™ wavelength
: dial

'''''''''''''''''''''''''''''''''''''''''''''''

“0”" control light control

Figure 3

The spectrophotometer is an extremely useful instrument with which to study biological molecules and
processes. For instance. the spectrophotometer was used to analyze the molecular reactions whereby chlo-
rophyll converts light energy into chemical energy. and, in the process. it revealed the existence of different
kinds of chlorophyll. Detailed analysis of enzymatically aided reaction sequences within organic compounds
is possible using the spectrophotometer. The instrument also is used to study hormones associated with day
and night rhythms in animals. In two subsequent laboratory activities, enzyme activity and photosynthesis. °
the research applications and usefulness of results yielded by the spectrophotometer will be demonstrated.

. Resources

Bauman. R. P. Absorption Spectroscopy. John Wiley & Sons: New York. 1962.
Nassau, Kurt. "The Causes of Color.” Scientific American, October 1930.

Van Norman. R. W. Experimental Biology. Prentice-Hall: New York. 1971 (2nd edition).

Terminology
Students should understand the following terms and concepts prior to taking the unit review
absorbance incident beam (l,) spectrophotorneter
cuvette light wavelength transmittance
electromagnetic radiation photoelectric cell transmitted beam (1)
galvanometer photon visible light
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Review
5. Spectrophotometry

Name

Date

True or false

1. The wavelengths of light responsible for the green color in leaves are in the green range of
visible light.

Questions 2 through 5 are based on the following chart. The graph represents the absorption spectrum
of a plant pigment.

100%

%
absorption

0%
uv violet biue green yellow red

waveiengths of light

2. The pigment will appear yellowish green.
3. The pigment will appear red.

—_ 4. The pigment will appear colorless.
5

. The pigment will appear purple-violet

Essay

1. Compare the wave model of light with the photon modei of light.
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1 Describe how a spectrophotometer works. In your discussion diagram the parts of a typical spectrophotoraeter.

3. Why are living things so dependent upon visible light in the spectrum of electromagnetic radiation?

4. How do photoelectric cells work?

Answers Found: p 36: *1 - 5; Essay 1: p 35 - 36: Essay 2: p 37 - 38: Essay 3: p 36: Essay 4: p 35
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6. Exercise

The Atomic Spectrum of Hydrogen .

When you have completed this laboratory you should be able to:
1. Explain the quantum theory.

2. Calculate the ten lowest energy levels of hydrogen.

Purpose

Atoms, depending upon the energy level at which they exist at the moment, will emit specific wavelengths
of light. These emissions. if properly measured and calculated. tell the observer about the energy levels of
the atoms. These energy levels are called quanta, because they are multiples of discrete energy units. the
photons referred to in discussion five. Energy levels for atoms of every element are predictable, and so any
observed line in the spectrum of an element is equatable to a particular energy level. The specirophotometer
can accurately measure these light emissions. In this exercise you will calculate hypothetical hydrogen energy
levels and then compare these with actua' figures derived from spectrophotometer readings of hydrogen.

Background
Quantum Theory

The quantum theory. which states that atoms and molecules can exist only in specific states, each of which
has a fixed amount of energy. was developed from the particle model of light, first advanced by Sir Isaac
Newton and resurrected by Albert Einstein. The particles of light energy, which Einstein called photons, are
inversely proportional to the wavelength of light. When an atom or molecule changes its state. it must absorb
or emit an amount equal to the difference between the energy of the initial and final states. This energy may
be absorbed or emitted in the form of light and can be represented by the following equation:

AE = hc
A

where AE is the absolute value of the change in energy in ergs {(an erg is a unit of work equal to the
force needed to push a one gram mass one centimeter in one second}, )

h is Planck's constant (named after Max Planck who first discovered this relationship) which .is
6.6251 x 10°%" erg / second,

c is the speed of light, 3.00 x 10! c¢m. / second. and

A is the wavelength in cm.

The change in energy, AE. of the atom or molecule is positive. if light is absorbed. and negative. if it
is emitted.

Sodium Energy Levels

Let us consider a specific application of the above equation. On the left side of the following chart. the
sodium atom is shown to exist at two low energy levels {the right side of the chart will be discussed later).
Ground state, for example, occurs at 8.25 x 107'? ergs below the energy the atom has when it ionizes. which
is assigned the arbitrary value of zero for all elements. The energy levels, as can be seen. are shown as negative,
with the lower energy level having the more negative value.
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Energy levels of sodium

Energy in ergs Energy in cm™!
0 -eeenneee S ionization occuUrs «-ee-ceemeeecencee 0
487 x 10717 e first excited state -------cocecceeeee- —24,4?5
E = -3.38 x 10" ergs E’ = -16,975 cm™
-8.25 x 107" oo ground state = ---m----eemeeamee- -41,450
Figure 1

A sodium atom ordinarily exists at its lowest possible energy state. which is termed the ground state. If
the atom is excited to its next higher state. it will tend to be unstable and if possible make a transition back
down 1o its ground state. The energy of the atom will decrease by about 3.38 x 10°'? ergs while making the
downward transition. This amount of energy may be radiated as light, which will have a wavelength represent-
ed by the equation, AE = hc. also known as Planck’s law.

A

Using Planck’s law, the wavelength of light emitted by sodium jumping from the first state back to the ground
state is 5.88 x 10> cm. Waveiengths of light are normally stated in angstroms (A). Since A equals 1 x 10°*
cm., the sodium light wavelength is 5.880 A. Atomic spectra arise from transitions of this sort, and the associated
wavelengths can be determined just as in the following calculations for sodium.

A= hc = 6625 x 1077 x 3.00 x 10° A=_1 = 1

AE 3.38 x 10°'? AE’ 16975
= 588 x 10 cm. = 5880A \= 588 x 10-° cm. = 5.880A

Wavelength calculations are simplified if energy in the equation AE = hc/\ is expressed not in ergs,
but in units of ergs/hc. These turn out to have the dimensions of cm™! and are called wave numbers, or reciprocal
centimeters Such energy figures are called E’. On the right side of figure one and in the calculations above.
the energy levels of the sodium atom are measured in cm "', The advantage of expressing E’ in cm™' is that
the equation, written in terms of E’. becomes simply:

AE = AE' = 1 and A= _1
hc A AE’
To find the wavelength in reciprocal centimeters for an energy level transition. take the reciprocal of AE".

The calculation of A by this approach is shown above. Notice that it gives the same result as that obtained
by measuring ergs. but the calculations required are easier.

Hydrogen Energy Levels

The simplest atomic spectrum is that of the hydrogen atom. Niels Bohr, in 1913, theoretically explained
atomic spectra with a hydrogen atom model. According to Bohrs theory, the energies E’, detectable in a hydro-
gen atom are all representable by the following equation:

E,n = :_R

I\2

where R is a constant predicted by the theory and n is an integer, 1. 2, 3. ... called a quantum number. All
the lines in the hydrogen atom spectrum are associated with specific energy levels in the atom and are accurately
predictable by Bohr's eguation.

The value of R in the above equation was found to be 109,.737.31 cm. !, one of the most accurate of all
physical constants. On this basis, the above equation takes the form:
E’, = -109.737.31 cm™
2

n
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There are several ways to analyze an atomic spectrum, given the energy levels of the atom. One simple
method is to calculate wavelengths theoretically using Bohr’s equation and then matching these numbers against
those derived from spectrophotometer readings.

Procedure

In this exercise you will calculate energy levels of hydrogen using Bohr's equation, calculate wavelengths
of hydrogen spectrum lines using reciprocal centimeters, and calculate AE in both reciprocal centimeters and
angstroms. You will then compare your calculations against the wavelengths of some lines in the hydrogen
atomic spectrum derived from spectrophotometer readings which will be furnished.

Steps -

A. Energy level calculations: given the expression for E’_ in Bohr's equation, it is possible to calculate
energy levels in cm."' for the hydrogen atom.

1. Calculate energy levels in cm.™! for each of the ten lowest levels of the hydrogen atom. starting withn = 1
as the first quantum number. Remember that the energies are all negative and that the lowest energy level
should have the largest negative value. Enter these values in the following table. figure two.

The ten lowest energy levels of hydrogen

quantum E i 1 quantum E' 1
ener inecm.” ener. in em.”
number gy En number 8y =
Figure 2

2. On the following graph, figure three. plot on the y axis each of the six lowest energies. The y axis of the
graph is to have zero cm*! at the top of the graph and 100,000 cm™! at the bottom. Label the y axis in increments
of 10.000 cm-'. After spotting the values for the six lowest energies on the y axis, draw a horizontal line at
each energy level and write the energy values on the lines.

B. Calculation of wavelengths of hydrogen spectrum lines: hydrogen spectrum lines all arise frorn jumps
made by the atom from one energy level to another. The wavelength in centimeters of these lines can be calculated
by applying Plancks law. AE’ in the following equation is the difference in energy between any two levels.

AE’ = En'pj — En’|g = 1Lem™,

where En’ high (hi) and low (lo) represent different energy states of the atom. Rearranging the equation yields

Aem) = 1
AE’
Solving for angstroms is done as follows: A= Acm) x1x 10
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3. The chart below, figure four, is structured so that two entries can be made at the intersection of lines run-
ning between two quantum numbers whose energy values are to be taken from the table created in question
one above. The energy value for point 4 in both the vertical and horizontal columns is the same. Calculate

and write AE’ in the upper half of each box. In the lower half of the box, solve for and write the wavelength
in angstroms associated with that value of AE".

Wavelength calculations in the hydrogen spectrum

Mhigher 6 5 4 3 2 1

Figure 4

C. Matching calculated and observed lines in the hydrogen spectrum: compare the wavelengths calculated
in angstroms in figure four with those derived from spectrophotometer readings listed in figure five below. If
the calculations were properly done. the wavelengths should match several (not all) of those which were ob-
served with the spectrophotometer.

4. In the box opposite each wavelength in figure five below. enter quantum numbers for both the upper and
lower states whose energy differences yield those wavelengths that can be matched. This is to be done by
comparing the above calculated angstrom values with the values given below which were derived in angstroms
from spectrophotometer readings. '

Some wavelengths (in A) in the spectrum of hydrogen

Mhi™™ Mo "hi—™ "o "hi™* "o
972.5: 4101.7: 10.049.8:
1025.7: 4300.5: 10.938:
1215.7: 4861.3: 12,808:
3889.1: 6562.8: 18.751:
3970.1: 9546.2: 40,500:
Figure 5
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5. Some of the observed wavelengths in figure five. the hydrogen wavelength chart, can not be matched against
the calculated wavelengths in question three. It is possible to deduce those quanta states which yield the observed
wavelengths. This is done by examining the transitions that have been marked on the graph in question two
and by examining the quantum state pairings marked on the wavelength chart in question four above, Deduce
the quantum numbers which would yield the unmatched wavelengths above. Write the deduced quantum
numbers in figure six below.

Unassigned wavelengths

wavelength | probable transition | E transition § calculate
observed Np; = Ny, in cm™
Figure 6

D. The Balmer series: in 1886 Balmer showed that the lines observed up to that time in the spectrum
of the hydrogen atom had wavelengths expressable by a simple equation. He was limited experimentally to
wavelengths in the visible and near ultraviolet regions, from 2.500 A to 7.000 A. The lines in this range are
referred to as the Balmer series.

6. Study the entries on the chart in question three and determine the primary characteristic of the lines in
the Balmer series.

7 What would be the longest possible wavelength for a line in the Balmer series. : A. and
the shortest. A?

8. Why must all lines in the hydrogen spectrum bet _en 2.500 A and 7.000 A belong to the Balmer series?

Terminology
Students should understand the following terms and concepts prior to taking the unit review:
angstrom erg ionization guantum theory
Balmer series excited state Planck’s law reciprocal centimeter
Bohr’s theory ground state guantum
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Review |
6. The Atomic Spectrum of Hydrogen

Name
Date
Short answer
1. Given A= _1 solve for the change in energy of a wavelength of 5.800 A in cm™.

AE’
AE’ =

2. An unknown atom has an ionization energy of 5000 cm™ Given the following conversion factors, find
the ionization energy of this unknown atom in ergs. joules, and kcal/mole.

lerg=1x 107 joules = 50 x 10" cm™ = 1439 x 10" kcal/mole

ergs joules kcal/mole

3. The lowest energy level of the lithium atom lies 43.487 cm™! below the energy required to ionize the atom.
The first excited state of lithium is at 28.579 cm™' below ionization energy. What wavelength of light is emitted
when a lithium atom makes a transition from the first excited state to the ground state?

cm’
4 What is the ionization energy of lithium: in cm™. angstroms,
joules. and in kcal 'mole?




7. Laboratory
Enzyme Activity

When you have completed this laboratory you should be able to:
1. Use the spectrophotometer to measure bhiological activity.

2. Name the substrate and products of a peroxidase catalyzed
reaction.

3. Explain the role of guaiacol in the enzymatic reactions
- occurring in this laboratory.

4. Describe how temperature. pH. enzyme concentration. and
substrate concentration affect reaction rate.

5. Explain why peroxidase is an essential enzyme for all
aerobic. or oxygen utilizing cells.

Purpose

Enzymes are biological catalysts which facilitate the thousands of chemical reactions that occur in living
cells. All living things contain enzymes. They are generally large proteins composed of several hundred amino
acids. In an enzyme catalyzed reaction. the substance to be acted on. or substrate. binds to an active site on
the enzyme. The enzyme and substrate are held together in an enzyme-substrate complex by hydrophobic
interactions. hydrogen bonds. and ionic bonds. The enzyme then converts the substrate to reaction products
in a process that often requires several chemical steps. The products are then released into solution. and the
enzyme is free to form another enzyme-substrate complex. Enzymes are used in reactio- s but not used up
by them. One enzyme molecule can carry out thousands of reaction cycles every minute.

Each enzyme is specific to a certain reaction because it is unique in both its amino acid sequence and
its three dimensional structure. The active site also has a specific shape so that only one. or a few. of the
thousands of components present in the cell can interact with it. Any substance that blocks or changes the
shape of the active site on an enzyme will interfere with the enzyme's effectiveness. If these changes are large
enough. the enzyme ceases to act and is said to be denatured.

The purpose of this laboratory is to analyze the reactions of the enzyme peroxidase under varying physical
conditions. The spectrophotometer will be used to provide data on these reactions.

Pre-lab
Materials needed for testing the enzymatic activity of peroxidase:
Equipment
blender test tube rack
beakers scissors
funnels marking pencils
spectrophotometer 1 ml. graduated pipets
cuvettes 10 ml. graduated pipets
test tubes boiling water baths at approximately
test tube holders 4, 15, 30. and 37° C.
watch or stopwatch
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Materials
rutabaga, turnip, or radish filter paper 10% hydroxylamine HCI
guaiacol solution ' buffer, pH 3 tape
3% hydrogen peroxide solution buffer, pH 7 parafilm
tissues buffer, pH 11 food coloring

Special Preparations
1) Test the hydrogen peroxide to assure that it has not degraded.

2) For the guaiacol solution, mix 0.22 ml, of guaiacol with 100 ml. distilled water. Store in brown glass
or aluminum foil covered bottles for no longer than two days prior to the laboratory.

3) For the 10% hydroxylamine HCI, mix 1 ml. hydroxylamine HCI with 9 ml. distilled -vater.

4) Since peroxidase activity varies with the age and condition of the root, prepare the extract and test
its activity before the laboratory period. Adjust the amount of root and ml. of extract used in the laboratory
as required. Students may wish to perform this part of the pre-lab as a way to familiarize themselves with laboratory
materials and equipment.

a) Peel and cut the root vegetable into approximately 1 gram cubes.
b} Place one gram of the root vegetable in a blender with 100 ml. distilled water or pH 7 buffer.
¢} Blend it thoroughly at high speed for about 1 minute.

d) Filter the extract.

Time Required

This enzyme activity laboratory requires four classroom hours, in addition to preparations, discussion,
and review.

Procedure: Hour 1

Students require the following: spectrophotometer, stopwatch, cuvettes, test tubes, test tube holders, rack,
marking pencil. pipets, distilled water, root extract. guaiacol solution, and hydrogen peroxide.

Peroxidase

In this laboratory you will study the enzyme peroxidase from a root vegetable. Peroxidases are widely
distributed in plant and animal cells and catalyze the oxidation of organic compounds by hydrogen peroxide
as follows: .

RH + 2H,0, Reroxidase, goH + H,0

1. What are the substrates of this reaction?

2. What are the products?




Any cell using molecular oxygen in its metabolism will produce small amounts of H,0O, as a highly toxic
by-product. It is critical that the H,O, be quickly removed by enzymes such as peroxidase before damage is
done to the cell.

You will use a reducing agent. guaiaco!, that changes color when it is oxidized. This change can be easily
measured with the spectrophotometer.

4 guaiacol + 2H,0, peroxidase_ tetraguaiacol + 8H,0
(colorless) (brown) '

3. How is this similar to the reaction in some fruits and vegetables when their flesh is cut and exposed to air?

Absorbance

A colored solution such as oxidized guaiacol solution appears that way because some of the light entering
the solution is absorbed by the colored substance. A clear solution will allow almost all of the light to pass
through. The amount of absorbance can be determined by using a spectrophotometer, which measures
quantitatively what fraction of the light is transmitted through a given solution. It also indicates on the absor-
bance scale the amount of light absorbed compared to that absorbed by a clear solution. The darker the solution,
the greater the absorbance.

Transmittance (T) is the ratio of the transmitted light (I) of the sample to the incident light (I,} on the sample.

This value is multiplied by 100 to derive the term % T. For example:

T=50 =050 and %T = 50 x 100 = 50%
100 ' 100
Absorbance (A) is the logarithm to the base 10 of the reciprocal of the transmittance:
A =log, |
T
For example. if %T of 50 was recorded then A = log,q | = log,,2.0.

0.5

Thus. log,, 2.0 = 0.602 A. One advantage of absorbance calculations is that they are logarithmically rather
than arithmetically derived. which allows the use of Beer's law. Beer's law states that over a given concentration
range the concentration of solute molecules is directly proportional to absorbance. Beer's law can be expressed as:

log,e I, = Ecl = A:
I

where,
I, = intensity of incident light:
[ = intensity of transmitted light:
E = the molar extinction coefficient, a constant value that is characteristic for each substance:
¢ = concentration of solution: and.
]

the length of the light path through the solution in centimeters.

[
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The usefulness of absorbance can be seen in figure one:

100, 8 (
755 N 6 4 o
0, '\‘. R o
T 5] ., A4l -
25 ey 21
oL - oL~ .
concentration concentration
versus versus
% transmittance absorbance
Figure 1

Because absorbance is directly proportional to concentration, a plot of absorbance versus concentration
yields a straight line. the slope of which represents the constant E. Such a plot is called a calibration, or standard

curve. Once several points have been plotted, the student can extrapolate the intervening points by connecting
the known points with a straight line.

4. What would be the advantages of working with a straight line graph in analyses of chemical reactions?

Beer's Law tends to break down in excessively strong concentrations. If the concentration/absorption figures
being plotted begin to curve, it is necessary to dilute the unknown sample by some factor until the absorbance
readings intersect with the straight line part of the graph where concentration is proportional to absorbance.
It is then possible to determine the unknown concentration and multiply the value by the dilution factor.

Steps

A. When you are ready to practice using the spectrophotometer, use figure two to follow standard spec-
trophotometer procedures.

Ipilot transmittance and
cuvette amp ./ absorbance scales

,  wavelength
A control

.| wavalength
[ dial

sample hold
ple Roider power switch \\
40" control light control

Figure 2
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1). Turn on the instrument with the power switch knob. Allow 5 minutes for warm up.
2). Adjust the wavelength dial to 500 nanometers.

3). With the sample chamber empty and the cover closed. use the power switch knob to set the meter
needle to read infinity absorbance.

4). Fill a spectrophotometer tube or cuvette halfway with distilled water to make a blank. Wipe it free
of moisture or fingerprints with a lint free tissue, and insert it into the sample holder. Line up the etched mark
with the raised line on the front of the sample holder, and close the cover.

5). With the right hand knob, adjust the meter to read zero absorbance.

0). Remove the cuvette. empty it. and shake it as dry as possible. This precaution is essential for accuracy.
7). Fill a sample cuvette with food coloring tinted water and inser. w1 the spectrophotometer.

8). Read absorbance directly from the meter. Rinse the cuvette with clean water and shake it as dry
as possible.

9). ltis necessary to reset the machine to infinity absorbance and zero absorbance with a blank before
each set of readings because the settings can drift. Whenever the wavelength is changed. the infinity and zero
absorbance also must be reset.

B. Once you have learned how to operate the spectrophotometer, the next preparatory step in the study
of the kinetics of the peroxidase reacton will be to learn how to pipet. Pipets will be used to measure the solutions.
Practice using a pipet with sterile water until you are comfortable with the techniques of pipetting.

C. Label the pipets with a marking pencil so each one can be reused with the proper solution. Be sure
to use a different pipet for each solution so that the reagents are not ruined by cross contamination.

D. Label a cuvette #1. It will contain everything but the final compound needed for a reaction to occur,
and it will be the blank for the experiment. Add by pipet 0.4 ml. guaiacol, 3.0 ml. of root extract. and 6.6
ml. distilled water. Mix well.

E. Label two test tubes “2 and #3. The contents of #2 and 43 will be mixed to start the reaction.
1). Tube #2: add by pipet (0.4 ml. guaiacol, 0.6 ml. 3% H,0,. and 3.0 ml. distilled water.
2). Tube #3: add by pipet 3.0 ml. root extract and 3.0 ml. distilled water.

F  Adjust the spectrophotometer to zero absorbance using cuvette #1, following steps specified in A above.
You have now set the instrument so that any difference in the meter reading with a change in the sample
will reflect a difference in oxidized guaiacol concentration.

5. Why is this step important?

G Mbtain a stopwatch. or use a watch with a second hand or timer device on it, to time step H.

H. Obtain a clean cuvette and label it #4. You will have only 20 seconds to perform the following steps
of mixing. pouring. wiping, inserting. and reading the spectrophotometer. When you are ready, do the following:

1). Mix the contents of test tubes #2 and #3, pour the contents back and forth two times quickly. and
then pour into cuvette “4. Start the stopwatch or timer when the tubes are first mixed. (t = () when the tubes
are first mixed.)

2). Wipe the outside of the cuvette and place it in the spectrophotometer.
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3). Take your first reading 20 seconds after the tubes were mixed. (t = 20 seconds.)
4). Continue to read the absorbance every 20 seconds for 4 minutes.
. Repeat the procedure twice more to verify the accuracy of your base line data.

6. Record the readings in figure three.

time run 1 ‘ run 2 run 3
(seconds) (base line)

20

40

60

80

100

120

160

180

200

220

240

Figure 3

7. Graph the absorbance versus time in your base line run in figure four.
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Figure 4
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The preceding graph. figure four, represents the base line against which enzyme activities during following
laboratory periods will be compared. During subsequent procedures you will vary one condition at a time and
compare the results against the base line. Since your base line will affect all subsequent readings. have your
instructor check the base line graph before proceeding.

Procedure: Hour 2

Students need the same supplies for hour 2 as they used for hour 1.

It is possible to determine an enzyme's optimum. or most efficient reaction rate by testing varying physical
conditions of reaction and by determining which factors contribute to a rapid and complete enzymatic reaction.
Since enzymes are organic compounds. it is to be expected that their optimum reaction rates are bounded
by the narrow and precise conditions found within living systems. Hours 2. 3 and 4 of this laboratory will be
devoted to testing the physical conditions which provide levels of optimum activity for peroxidase.

It has been found that the following conditions impact upon the activity of enzymes.

Concentration of Enzyme and Substrate

By varying the amounts of the enzyme and/or the substrate it works upon. the speed of the reaction is
either speeded up or slowed down. The reaction will only proceed as rapidly as there are materials available
to react. and even though enzymes are not used up in the reaction. they are required for it to work.

Temperature

Chemical reactioris speed up as temperature is raised. As temperature increases. more molecules acquire
enough kinetic energy to begin reacting. However. if the temperature of an enzyme catalyzed reaction is raised
high enough. a temperature optimum is reached. Above this temperature optimum. kinetic energy is so great
that the structure of the enzyme starts to degrade. leading to denaturation. Many proteins and enzymes are
denatured by temperatures around 40° to 50° C., but a few can even survive boiling. It depends on the particular
enzyme and the type of living system to which it is adapted.

pH

pH is given on a logarithmic scale which measures the acidity. or hydrogen ion concentration in a solution.
The scale runs from 0 to 14. with 0 being the highest in acidity and 14 the lowest, or most basic. A pH of
7 is neutral. Amino acid side chains contain groups such as — COOH and —NH, which readily gain or lose
hydrogen ions. As pH is lowerec. an enzyme will tend to gain hydrogen ions, and eventually enough side
chains will be affected to disrupt the active shape of the enzyme. The opposite happens as the pH is raised.
but with similar negative results. Many enzymes have an optimum in the neutral pH range and are denatured
by low or high pH. Some enzymes. such as those which act in the acidic human stomach. have an appropri-
ately low pH optimum.

Salt Concentration

If salt concentration is very low or very high. the charged amino acid side chains of enzymes stick together.
The enzymes will be denatured and form an inactive precipitate from the solution. An intermediate salt
concentration. such as that of blood (0.9%). is the optimum for most enzymes.

Activators and Inhibitors

Molecules other than the substrate may interact with enzymes. If the molecule increases the rate of the
reaction, it is called an activator. If it decreases the rate of reaction. it is called an inhibitor. The cel' *'ses such
molecules to regulate reaction rates. Any substance that tends to unfold the enzyme. such as an organic
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solvent or detergent. will act as an inhibitor. Some inhibitors act by reducing disulfide bridges that stabilize the
enzymes structure. Many inhibitors react with side chains in or near the active site. Others may damage or
remove the active site on the enzyme. Many well known poisons are enzyme inhibitors which interfere with
the active sites on critical enzymes.

Steps

A. The effect of enzyme concentration will now be measured by doubling the amount of enzyme used
to establish the base line during hour one.

8. Notice that during this laboratory cuvette #1 always contains 10 ml.. and test tubes #2 and #3 together
always total 10 ml. Why is this important?

B. Follow the procedure as outlined in hour 1. but vary the materials in the cuvettes in this fashion:
1). Cuvette #1. Add 0.4 ml. guaiacol, 6.0 ml. root extract. and 3.6 ml. distilled water.
2). Test tube #2. Add 0.4 ml. guaiacol. 0.6 ml. 3% hydrogen peroxide. and 2.0 ml. distilled water.

3). Test tube #3. Add 6.0 ml. root extract and 1.0 ml. distilled water.

9. Repeat the procedure for reading and recording data. using figure five.

time time
seconds run seconds ran
20 140
40 160
60 180
80 200
100 220
120 240
Figure 5

C. Next. half the amount of enzyme will be used as that which was used in determining the base line
during hour one. Follow the procedure as outlined in hour one. but vary the materials as follows:

1). Cuvette #1. Add 0.2 ml. guaiacol. 1.5 ml root extract. and 8.3 ml. distilled water.
2). Test tube #2. Add 0.2 ml. guaiacol. 1.5 ml. 3% hydrogen peroxide. and 3.8 ml. distilled water.
3). Test tube #3. Add 1.5 mi. root extract and 3.0 ml. distilled water.

10. Repeat the procedure for reading and recording the data by using figure six.
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time time
seconds run seconds run
20 140
40 160
60 180
80 200
100 220
120 240

Figure 6

11. How does changing the concentration of enzyme affect the rate of the reaction?

12. In figure eight. graph the original base line data. Then graph absorbance versus time from data charted
after both doubling and halving the concentration of peroxidase. The graph will be easier to read if the three
lines are in different colors. Before graphing the results. record your color key in the figure seven chart.-

Key to graph:

color enzyme concentration

Figure 7
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Figure 8
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D. Next you will experiment with the effect of substrate concentration by varying concentrations of the
substrate, hydrogen peroxide.

1). Double the amount of hydrogen peroxide and run the test:

13. Cuvette #1. Add

Test tube #2. Add

Test tube #3. Add

14. Chart the results in figure nine.

time time
seconds run seconds run
20 140
40 160
60 ) 180
80 200
100 220
120 240
Figure 9

2). Halve the amount of substrate. hydrogen peroxide and run the test:

15. Cuvette #1. Add

Test tube #2. Add

Test tube #3. Add

16. Chart the results in figure ten.
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time time ru
seconds run seconds n
20 140
40 : 160
60 180
80 200
100 220
120 240
Figure 10

17. How does changing the amount of substrate affect the rate of reaction?

18. Plot absorbance versus time on the graph. figure twelve. Again. the graph will be easier to read if the
three sets of data are in different colors. Plot the original base line data. then the data collected on the charts.
figures nine and ten, while both halving and doubling substrate concentration.

Key to graph:

color substrate concentration

Figure 11




Figure 12
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19. What conclusions can be reached concerning the effects of peroxidase, and hydrogen peroxide concen-
trations on reaction rates?

Procedure: Hour 3

Students require all materials and equipment used in laboratory hours 1 and 2, plus the boiling water baths.
The water baths of 4° 15° 30° and 37° C. should be set up before class.

The purpose of this exercise is to determine the effects of temperature on enzyme activity. The experiment
will show the differences in peroxidase activity between 4 and 37 degrees centigrade. Use the same conditions
as in the base line experiment, but run the reaction in the different temperature water baths. There will be
some small percentage of error as the solutions change temperature after removal from the water baths and
insertion in the spectrophotometer: however. this error does not skewer the results substantially. Record the
exact temperature of each run.

A. Run the test on peroxidase activity at 4° C.
20. Record results in figure thirteen.

Water bath temperature =

time time
seconds run seconds run
20 140
40 160
60 180
80 200
100 220
120 240
Figure 13
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B. Run the test on peroxidase activity at 15° C.
21. Record results in figure fourteen.

Water bath temperature =

time time
seconds run seconds run
20 140
40 160
60 } 180
80 200
100 220
120 240
Figure 14
C. Run the test on peroxidase activity at 30° C.
22. Record results in figure fifteen.
Water bath temperature =
time time
seconds run seconds run
20 140
a0 ' 160
- 60 180
80 200
100 220
120 240
Figure 15
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D. Run the test on peroxidase activity at 37° C.

23. Record results in figure sixteen.
Water bath temperature =
time run time run
seconds seconds

20 140

40 160

60 180

80 200

100 220
-t

120 240

Figure 16

24. At what temperature did maximal activity occur?

25. Plot results on the figure eighteen graph. For greater ease in reading the graph. use different colors for
the different temperature runs. Include on the graph the original base line run. Its temperature should be room
temperature. Use the figure seventeen key for the graph.

Key to graph:

color temperature

Figure 17
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Figure 18
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Procedure: Hour 4

Students will need the same materials for hour 4 as used during hour 1, with the addition of the buffers,
pH 3. 7 and 11. and the 10% hydroxylamine HCI.

The purpose of hour four is to measure the effect of pH on enzymatic reaction rates. Use the conditions
of the base line reaction, but replace the distilled water with the buffered solutions in each test. Record and
chart each run.

A. Run the test on peroxidase activity at pH 3.

26. Record results in figure nineteen chart.

pH =
time - time
seconds un seconds run
20 140
- 40 160
60 180
80 200
100 220
120 240
Figure 19
B. Run the test on peroxidase activity at pH 7.
27: Record results in the figure twenty chart.
pH =
time time
seconds run seconds run
20 140
40 160
60 180
80 200
100 220
120 240
Figure 20
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C. Run the test on peroxidase activity at pH 11

28. Record results in the figure twenty one chart.
pH =
time time
seconds run seconds run
20 140
40 160
60 180
80 200
100 220
120 240
Figure 21

29. Measure the pH of the distilled water so that the base line and buffer results are comparable.

What is the pH of the distilled water?

30. At which pH is the enzyme most effective?

31. Why is this important in living systems?

32. Plot pH results in the figure twenty three graph. Use different colors for the different pH runs for greater
clarity. Use the figure twenty two chart to color key the graph. Plot the original base line run with the pH of
distilled water.

Key to graph:

pH color

3

distilled
water =

7

11

Figure 22

D. Hydroxylamine is a small molecule whose structure is similar enough to hydrogen peroxide that it can
bind peroxidase. Hydroxylamine is an inhibitor of peroxidase. because it attaches to the iron atom in peroxidase.
just as hydrogen peroxide does. It is simple to test its effect on peroxidase activity.
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Figure 23
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Add 5 drops of 10% hydroxylamine to the root extract to be tested. Let the mixture stand for 1 minute.
Repeat the base line reaction of hour one, but use the root extract with 10% hydroxylamine added.

33. Record results in the figure twenty four chart.

time time
seconds run seconds Tun
20 140
40 160
60 180
80 200
100 220
120 240
Figure 24

34. How does this compare with the original base line run?

35. Is the peroxidase still active?

Kesources

Changeaux. Jean Pierre. “The Control of Biochemical Reactions”. Scientific American. April 1965 (#1008).

Doolittle, Russell F. "Proteins”. Scientific American. October 1985,
Koshland. D. E.. Jr. “Protein Shape and Biological Control”. Scientific American. October 1973 (#1280).
Mosbach, Klaus, “Enzymes Bind to Artificial Matrixes”. Scientific American, March 1971 (#1216).

Terminology
Students should understand the following terms and concepts prior to taking the unit review:
activator catalyst guaiacol pH
active site denaturation inhibitor substrate
Beer's law enzyme peroxidase
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Review
7. Enzyme Activity

Name

Date

Multiple choice

1. The pH of a substance represents the concentration of

a) H,0O c H~
b) OH~ d) G,0,

2. Acids have pH ranges between

a) 1-69 ¢ 7.1-14
b) 7 d 114

3. Enzymes are part of a group of compounds called

a) carbohydrates ¢) nucleic acids
b) lipids d) proteins

4. Chemicals which can attach themselves to enzymes and yet not react further with the
enzyme. or other molecules, are called

a) activators ¢) acids
b) inhibitors d) bases

5. Guaiacol is

a) a reducing agent ¢) an oxidizing agent
b) an inhibitor d) a binding agent

6. Enzymes are

a) lipids c) oxidizing agents
b) inhibitors d) organic catalysts

7. Peroxidese is an enzyme that changes
a) hydroxylamine to water c) hydrogen peroxide to water

b) starches to sugar d) colored solutions to clear

8. Absorbance in the spectrophotometer is directly proportional to

a) concentration ¢) transmittance
b) the constant E d) dilution factors
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9. If salt concentration is very low or very high, the charged amino acid side chains

a) split apart ¢} become very active
b} lose positive charges d) stick together

10. Optimum temperature in 2nzymatic activity refers to

a) temperature of maximum enzymatic activity

b) the higher the temperature the better

c) the only temperature at which the enzyme functions
d) the lower the temperature the better

Essay

What factors affect enzymatic activity. and why?

Answers Found: p49-#3&6:p50-#7.p51-45:p52-#8.p56-71.2.9.&10.p56 & 57 - 4.
Essay: p 56 & 57.
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8. Laboratory

Photosynthesis & Bioluminescence

When you have completed this laboratory you should be able to:

1. Use the spectrophotometer to measure the visible absorp-
tion spectrum of spinach chloroplasts.

ro

Determine the wavelengths most useful for photosynthesis
iri spinach chloroplasts.

3. Understand the Hill reaction and its relationship to oxygen
production and photosynthetic electron transport.

4. Demonstrate the effect of changing the level of light on
electron transport in photosynthesis by measuring reduction
of a dye in the Hill reaction.

5. Demonstrate how the stored energy of photosynthesis can
be changed into light energy.

Purpose

Photosynthesis is the essential biochemical process of life. No life, neither that which produces its own
food through photosynthesis nor that which ultimately derives its food from green plants, is possible without
photosynthesis. It is a complicated chemical sequence which can best be expressed as:

nH,0 + nCO, — = (CH,0), + nO,
The (CH,O}), in the equation is most often glucose, C,H,,0,.

Photosynthesis is carried on by organisms which are capable of “trapping” light in special light receptor
systems. In green plants these light receptor systems are chloroplasts. and they are required for the light reac-
tions of photosynthesis. in which light energy is converted to chemical energy (ATP or NADPH) through an
electron transport system. The ATP or NADPH feed into the assembly line of the dark reaction, or Calvin
cycie. where enzymes carry out carbon fixation by converting CO, into glucose.

The dark reactions of photosynthesis are so named because they can occur in the absence of light. During -
the dark reactions. the energy stored in ATP or NADPH is used to convert CO, and H,O to primarily glucose
molecules and oxygen gas. All life forms incapable of photosynthesis are, in one way or another, dependent
upon that glucose for food.

The purpose of this laboratory is to explore some of the properties and reactions of photosynthesis, and
to show how the energy obtained from photosynthesis can be converted into either the chemical energy of
food or the light energy of bioluminescence.

Pre-lab
Materials needed for exploring the properties and reactions of photosynthesis:
Equipment
spectrophotometer centrifuge microscope slides ice buci:et 50 ml. flask
cuvettes centrifuge tubes coverslips (or beakers) Pasteur pipets
test tube rack . glass rod microscope small test tubes blender
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Materials

fresh spinach leaves aluminum foil

5 M. cold buffered sucrose solution ice

80% acetone firefly lanterns

cheesecloth ADP (adenosine 5 “diphosphate)
phosphate buffers {pH 6.5 & 7.8) PMS (phenazine methosulfate)
2.6-dichlorophenol-indolphenol dye diluted chlorophyll extract

distilled water

Special Preparations

1) Spectrophotometers: instruments used by the students should be equipped with a wide range photo-
tube and filter (CE A95) to measure the absorption spectrum of chiorophyll. Standard spectrophotometers
can not be zeroed above 650 nanometers (or 669 in some cases) with the visible phototubes, and students
will not be able to see the absorption maximum in the 660 to 670 nm. region. The wide range phototube
can be used in demonstrating absorption spectra in the Hill reaction as well. if students wish to quantify this
laboratory after hour 2.

2) 80% acetone: mix 200 ml. distilled water and 800 ml. acetone. Keep tightly covered.

3) 0.5 M. cold. buffered sucrose solution: dissolve 71.6 grams sucrose (C,,H,.0,,}). 0.5 g. NaCl. and
272 g. KH,PO, in 800 ml. distilled water. Adjust to pH 6.8 with 1 M. NaOH (10 g. NaOH dissolved in
25 ml. distilled water) and bring the total volume to 1 liter. Store tightly covered in a refrigeratc.:.

4) Diluted chlorophyll extract: dry fresh spinach leaves as much as possible. Add 200 ml. acetone to a
blender full of dried spinach and blend. Pour off the acetone into a flask and cover it. Re-extract the residue
in the blender with 100 ml. 95% ethanol. Pour off the alcohol extract and combine it with the acetone extract.
Filter the combined extracts through a Whatman #1 filter paper. If the extract is not a nice dark green color.
add enough CaCl, to separate the extract into two layers. The pigments will become concentrated in the upper
layer and can be removed with a pipet or isolated with a separatory funnel. This produces a concentrated
pigment. Dilute with 80% acetone until the absorbance at 400 nm. is about 0.7 on the spectrophotometer.
Keep dark and refrigerated in a tightly covered. foil-wrapped bottle.

Note: Students can spend class time making the chlorophuyll extract as a way to familiarize themselves
with the laboratory.

5) 2.6-dichlorophenol-indolphenol dye, or 2.5 x 107 M. 2.6-dichlorophenol-indolphenol. which is known
as DCIP. dissolve 72.5 mg. DCIP in 1 liter distilled water. Store in foil-covered, tightly-stoppered bottles.

6) Firefly lanterns: each laboratory group needs 4 lanterns. Lanterns are naturally available in some areas
If it is the wrong time of year. or the wrong area. they may be purchased commercially. such as Sigma. “FFT.

7) ADP {adenosine 5’ -diphosphate): available from a few suppliers. including Sigma. #A 2754.

8) PMS (phenazine methosulfate): available from a few suppliers. including Sigma. *P 9625.

Time Required

This photosynthesis laboratory requires three classroom hours, in addition to preparations, discussion,
and review.
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Procedure: Hour 1
The absorption spectrum of spinach chlorophyll will be studied during this hour.

Students need the following materials and equipment: spectrophotometer. cuvettes. 80% acetone.
diluted chlorophyll extract. tissues.

A given molecule can occupy only particular energy levels. that is, it can absorb quanta of only certain specific
energies (or wavelengths). An absorption spectrum is a plot for a given compound of the degree to which light
is absorbed at given wavelengths. The fact that the peaks in an absorption spectrum are smoothly rounded,
rather than sharp spikes. suggests that a given excited state is not a narrow band of energy: rather. it consists
of substantial energy sublevels, differing by small increments. Therefore. absorption spectra are very good “fin-
gerprints” of compounds. and unknown compounds sometimes can be identified by their absorption spectra.

Steps

Students should review spectrophotometer procedure as detailed in laboratory #7 on enzyme activity.
Additionally. remember that the solvent. acetone. used in this experiment dissolves plastic. Be careful not
to spill any solvent on or in the spectrophotometer.

A. Turn on the spectrophotometer and allow it to warm up for 5- 10 minutes.
B Fill a cuvette halfway with 80% acetone to use as a blank.
C. Fill a second cuvette halfway with diluted chlorophyll extract.

D. Turn the waveiength conirol knob to 406 nm. Zero the instrument by inserting the blank and adjusting
the control knob to zero absorbancy. Do not forget that the white line of the cuvette should face you.

E. Insert the cuvette containing the chlorophylt extract. and take the first reading.
F. Change the wavelength to 410 nm.. reset the spectrophotometer. and take the second reading.
G. Continue taking readings every 10 nm. until reaching 700 nm.

1. Record these readings in the chart. figure one. below.

wavelength ;| absorbance wavelength | absorbance
7400 nm_

S
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|
|
Ll L

Figure 1
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Figure 2
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2. Graph wavelength versus absorbance from figure one onto the preceding graph. figure two. Label each
absorbance maximum (where the absorbance rises and then falls again} with its corresponding wavelength.
If there are not at least two absorbance maxima in the spectrophotometer readings. go back to the regions
of high absorbance and take more readings.

3. Does the absorption spectrum of dilute chlorophyll extract from spinach leaves indicate that spinach has
more than one photosynthetic pigment in it? 'Yhat might account for this?

4. s there any wavelength at which no absorbance at all occurs? Why or why not?

Although the absorption spectrum graph relates light absorption to wavelength. the biological effectiveness
of light can be plotted as a function of wavelength. The resulting graph is called an action spectrum. Action
spectra graphs plot relative rate of photosynthesis against wavelength.

Optional Activities

Students may wish to trace photosynthetic abilities of a particular plant over a period of time. Each student
should “adopt” a plant and track its « hlorophyll absorption spectra over a period of two months. or longer.
using the following procedures. When done. prepare a formal laboratory report to be handed in to your instructor.

1) Follow the procedures for hour 1 of this laboratory. except use the chosen plant’s leaves for making
the dilute chlorophyll extract.

2} Take spectrophotometer readings between 400 to 700 nm. on the chlorophyll extract. Collect the leaves
fresh and test every two weeks during the period.

3} Record readings in a chart similar to the one in hour 1 of this laboratory. graph wavelength versus
absorbance. and date each entry. These will document light absorbance by the plant over an extended period.

4) Compare findings with other students who “adopted” other plants. Consider similarities and differences

in findings What influences might such phenomena as environment. seasonal cycles. and species have on
the data?
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Procedure: Hour 2
The Hill reaction {the phase of photosynthesis which requires light) will be studied during this hour.

Students need the following materials and equipment: fresh spinach leaves. 0.5 M. cold buffered sucrose
solution. blender. centrifuge and centrifuge tubes. cheesecloth. glass rod. microscope, slides and coverslips.
tissues. 0.1 M. phosphate buffer (pH 6.5), 2.6 dichlorophenol-indolphenol. distilled water, test tubes. test tube
rack. aluminum foil, and a beaker or ice bucket with iced water.

Robin Hill of Cambridge University was the first to observe that illumination of isolated chloroplasts
resulted in the production of oxygen gas. This light-induced production of oxygen through photosynthetic electron
transpost is called the Hill reaction. The general reaction may be simplified thus:

light

H,O + A >AH, + 1/2 O,

in which A is a general hydrogen acceptor and AH, is the reduced form. Light provides energy to move elec-
trons from water during the Hill reaction. This is the opposite of respiration in which electrons join with O,
to form H,0. NADP * is the electron carrier (A in the above reaction). and it is reduced to NADPH.

In this experiment the student will use an artificial electron acceptor. the dye 2.6 dichloronhenol-indolphenol.
asthe A in the above reaction. As the dye accepts electrons liberated by light energy. there should be a change
in color. indicating that the dye has been reduced.

Steps

A. Prepare the chloroplast suspension as follows. This suspension will be used in both hours 2 and 3 of
this laboratory.

Note: The following procedure must be carried out using cold solutions and alassware, as
chloroplasts deteriorate at warm temperatures.

1). Take 50 grams of spinach leaves and remove their midribs. Homogenize the deveined leaves with
100 ml. 0.5 M. cold. buffered sucrose solution in a blender for 30 seconds.

2). Filter the resulting suspension through two layers of cheesecloth that have been chilled and moistened
with the sucrose solution.

3). Centrifuge the filtrate at 50 G (low speed. or speed 3 in a clinical centrifuge) for 10 minutes to
remove the debris.

4). Decant the supernatant to a fresh. chilled centrifuge tube and discarc' the pellet.

5}. Recentrifuge the supematant at 1000 G (higher speed or speed 6 in a clinical centrifuge) for 8
minutes to pelletize the chloroplasts.

6). Decant the supernatant and discard.

7). Gently resuspend the pellet containing chloroplasts in 3 ml cold. buffered 0.5 M. sucrose
solution. using a clean. chilled glass rod. Treat the chloroplasts gently because they will be fragile
after having been centrifuged.

B. Place a drop of chloroplast suspension on a clean. chilled. glass microscope slide. Add a
coverslip. and observe with a microscope.




5. What shape and color are the chloroplasts?

If there are no chloroplasts. or they are in poor condition, the chloroplast suspension procedure will have
. to be redone. The second time be more careful with chilling and centrifuging.

Note: The following procedure must be carried out using cold solutions and glassware, as chloroplasts
deteriorate at warm temperatures.

C. Add the following to each of two test tubes:
1}. 2 ml. 0.1 M. phosphate buffer (pH 6.5).
2). 2 ml. 2.6 dichlorophenol-indolphenol dye.
3). 6 ml. distilled water.
D Mix thoroughly. Add 4 drops chloroplast suspension .to each tube. Mix thoroughly but gently.
E. Immediately wrap one test tube in aluminum foil. so that all light is excluded.
F. Place both test tubes in a bealier or bucket of iced water and leave them for 20 minutes.
G. Remove the test tubes from the iced water. and remove the foil from the one test tube. Observe.

6. Record observations in the chart. figure three. below.

condition initial color final color
light
dark
Figure 3

7. Which compound(s) is (are} reduced in this reaction?

& Which compound(s) is {are) oxidized in this reaction?
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9. The chemical structure of 2,6 dichlorophenol-indolphenol is shown below. At what point(s) does the
compound accept electrons?

Cl

,.--.J —_— Far——% 7 C H 3
" Kl ~.,___ /
—_— e Vi "
0 "\_\ i S N <:\ //\ N
N NS 4 N
P —— \"-. . v c H 3

/ -

Cl Figure 4

10. Is it possible that the rate of dye reduction might be tied to the intensity of light? If light intensity could

be increased without heating the chloroplasts, would the rate of photosynth:2sis keep increasing indefinitely?
Explain.

11. The fresh water plants Elodea and Anacharis are both commonly found in tropical fish stores. Both plants
release oxygen gas as bubbles in the water in direct proportion to their photosynthetic activity. How might
you devise an experiment using one of these plants to measure photosynthetic rate and also maximum wave-
length absorbance? How might you include an action spectrum of the photosynthetic pigments of the plant
in the experiment? Answer in the space provided below.
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Procedure: Hour 3

Bioluminescence will be studied during this hour.

Background

A classic story about bioluminescence occurred during WWII. American soldiers fighting in the Philippine
jungles were mystified as to how Japanese attackers could strike with such coordinated effectiveness on dark
nights. After the war the Americans learned that the Japanese had netted small phosphorescent fish. dried
them. and ground the dried fish into a powder which was carried in leather pouches on their belts. On even
the darkest nights the Japanese could communicate between detachmeats by using hand signals naturally illu-
minated with this fish powder. '

During the Arab Israeli War of 1967. a midnight patrol of Israeli soldiers spotted a faint green light hovering
in the waters of the Red Sea along the shores of the Sinai Peninsula. They fired explosive shells into the glow-
ing area which they took to be enemy frogmen. Instead they killed a school of flashlight fish. These fish inhabit
underwater caves and come to the surface of the sea on dark. moonless nights to forage for small organisms.
Their sources of light are bioluminescent bacteria located in packets just under their eyes. which give off a
steady green glow. The bacteria serve as efficient “headlights.” and the flashlight fish can turn them on and
off by blinking.

There are many other examples of bioluminescence in nature. but the majority of organisms with the trait
are bacteria. Bioluminescent bacteria live both in the water and on the land. Wax moth larvae can glow in
the dark because of bioluminescent bacteria living inside them. Bioiuminescent bacteria, particularily the ones
living in association with flashlight fish. live in pure cultures. Scientists have been able to use these pure culture
bacteria in genetic recombination studies by employing them as markers.

Even stranger than glowing bacteria are bacteria cultures which can generate sufficient electricity to power
a light bulb. These bacteria have a purplish red pigment in their cells which efficiently converts ATP into electri-
cal energy. Research continues on turning these bacteria into living solar batteries.

Laboratory

Students need the following: the chloroplast suspension prepared and used in hour 2 of this laboratory.
phosphate buffer (pH 7.8). firefly lanterns. centrifuge and centrifuge tubes. ice bucket or beaker with iced
water. ADP. PMS, test tubes and rack. pipets, 50 ml. chilled flask. source of light (sunlight or lamp). and a
darkened area.

The Dark Reaction

Plants use sunlight as a source of energy to produce ATP. ATP is stored in the stroma of chloroplasts. and
it provides the energy for the synthesis of carbohydrates. This synthesis is called the dark reaction of photosynthesis.
The dark reaction occurs whether or not light is available. It is a complicated chemical sequence which can
best be expressed as:

AT

AH, (from the Hill reaction) + CO, —P>carbohydrates

This reaction is reversed when animals ingest plants or other animals and then metabolically break down
carbohydrates to yield ATP. ATP fuels their metabolic processes. Phrased differently. sunlight is the ultimate
energy source. but ATP is the usable energy source. And ATP can be converted into food. light. or electricity.
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Bioluminescence in Fireflies

In the following experiment. you will illuminate isolated chloroplasts to make ATP and then use the ATP
as an energy source to cause firefly lanterns to “glow.

ATP provides the energy needed to attach a molecule of oxygen to a luciferin molecule in the firefly.
Luciferin is the active molecule manufactured in firefly bodies which is responsible for bioluminescence. The
enzyme luciferase breaks down the luciferin /oxygen complex. Light is emitted in the process (one photon per
molecule). The energy of the end products of the reaction (CO, and AMP. among others) is less than that
of the starting materials (luciferin-O, and ATP). and the energy difference is released as light. It is best
expressed as:

luciferin + O, > luciferin - O, complex

7Y

ATP AMP + P,

>light + CO, + products
luciferase

Figure 5

Steps

While preparing the chloroplast suspension for the hour 2 experiment. electron acceptor molecules were
washed away. During this hour you will provide an artificial electron acceptor. phenazine methosulfate (PMS)
to replace them. You also will add ADP and inorganic phosphorus (in the form of a phosphate buffer) because
these also were washed out of the chloroplast suspension.

Note: Make sure equipment is kept ice cold throughout the procedure. Heat destroys isolated
chloroplasts.

A. Put 12 drops phosphate buffer {pH 7.8) in a small test tube. Add 4 firefly lanterns. Homogenize the
mixture with a chilled glass rod. Place test tube in iced water for 30 minutes.

B. While waiting. prepare the following chloroplast selution. In a chilled 50 ml. flask. using chilled pipets.
carefully transfer 9 drops phosphate buffer (pH 7.8). 6 drops ADP. 6 drops PMS. and 6 drops chloroplast
suspension (use the chloroplast suspension prepared during hour 2).

C. Gently shake the flask to mix it. and place the flask in an ice bucket or beaker with iced water. The
container is to be illuminated for at least 10 minutes by either bright sunlight or lamps.

D. Suck the contents of each flask into separate chilled pipets (the firefly and chloroplast mixtures — at
this point it ic preferable to have a good pipetting technique). Place both pipets in separate test tubes. Squirt
the firefly extract into its test tube and remove the pipet. Leave the chloroplast mixture in its pipet.

E. The last step must be done in the dark. Darken the laboratory (or visit a darkroom). Wait until your
eyes become adjusted to the dark. Then squirt the chloroplast contents intc the test tube containing firefly extract.

12. What do you see?




13. How is ATP used in bioluminescence?

14. Qutline the energy transfers from sunlight to the final demonstration of bioluminescence.

Resources

Bjorkman, Olle. and Joseph Barry. “High-Efficiency Photosynthesis.” Scientific American. October 1973 (#1281).
Dickerson. Richard E. "Cytochrome ¢ and the Evolution of Energy Metabolism.” Scientific American. March 1980.
Govindjee and Govindjee. “The Primary Fvents of Photosynthesis” Scientific American. December 1974 (#1310).
Hinkle, Peter C. and Richard E. McCairy. *How Cells Make ATP." Scientific American. March 1978 (#1383).
Miller. Kenneth R "The Photosynthetic Membrane." Scientific American. Qctober 1979 (#1448). ~

Phoenix Films. "Photosynthesis: Chromatography of Chlorophyll.” film loop set #89-81196.

Stoeckenius, Walther. “The Purple Membrane of Salt-Loving Bacteria.” Scientific American. June 1976 (#1340).
Thorne Films. “Photosynthesis: Absorption of Light by Chlorophyll” film loop #607. Prentice-Hall.
Thorne Films. "Photosynthusis: Effect of Wavelength.” film loop #606. Prentice-Hall.

Terminology
Students should understand the following terms and concepts prior to taking the unit review.

action spectrum bioluminescence Hill reaction luciferin
ATP dark reaction luciferase photosynthesis
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Review
8. Photosynthesis & Bioluminescence

Name

Date

Multiple choice

— 1. The principal waste product of photosynthesis is

a) H, ¢ CO,
b) light d) O,

2. Chlorophyll appears green in color because the pigment

a) absorbs wavelengths of green light
b) reflects the color of surrounding pigments
c) absorbs blue and red wavelengths of light
d) absorbs all the wavelengths of light

3. The rate of photosynthesis in a plant can be increased by increasing the

a) amount of CO, c) amount of ATP
b) amount of O, d) amount of ADP

4. A graph which shows biological effectiveness as a function of wavelength is called a(an)

a) atomic spectrum c) absorption spectrum
b) molecular spectrum d) action spectrum

___ 5. The part of photosynthesis that requires light is called the

a) Calvin cycle c) Hill reaction
b) dark reaction d) Bohr reaction

_ 6. How many CO; molecules are needed to produce one glucose molecule?

a) 3 c) 5
b) 4 d) 6 2

— 7. Chlorophyll can be changed from a ground state to an excited state by

a) oxidizing another molecule

b) reducing another molecule

c) absorption of a photon of light
d) fluorescence of a photon of light

______ 8. An end product of the dark reaction of photosynthesis is

a) ATP c O,
b) NADPH d) CO,




Multiple choice

9. Luciferin is an active molecule manufactured in the bodies of

a) flashlight fish c) bioluminescent bacteria
b) fireflies d) wax moths

10. The ultimate energy source for life on earth is

a) the Hil! reaction c) ATP
b) sunlight d) the dark reaction

Essay

1. Differentiate between an absorption spectrum and an action spectrum.

2. Summarize the events of photosynthesis. showing how the different pathways involved interlock to bring
about the reduction of carbon dioxide.

Answers Found: p73-#41.6,. & 10:p75-42:p77-%24:p78-#5& 7. p80-43:p81-#8&09:
Essay 1: p 77: Essay 2: entire lab.
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9. Laboratory

Respiration & Fermentation

When you have completed this laboratory you should be able to:

1. Determine the relationship between food concentration and
energy production in yeast.

Distinguish between aerobic and anaerobic fermentation.

Demonstrate the procedure of serial dilution.

As discussed in the previous laboratory, ATP is the primary energy carrier in living systems, and sunlight
is the ultimate energy source. Photosynthetic processes convert the sun's energy into chemical energy. most
often stored temporarily in the high energy bonds of ATP. For long term storage. plants convert the ATP
into carbohydrates. Non-photosynthetic organisms. as well as plants. are able to break down these carbohy-
drates and to convert them back to ATP. Common to all organisms is the process of glycolysis. which is the
procedure of breaking down the simplest carbohydrate of all. glucose. Glycolysis occurs in the cytoplasm of
the ceil. We will consider this process in the following laboratory.

Respiratory Pathways

Cellular respiration may be achieved with or without oxygen. aerobically or anaerobically. Aerobic respi-
ration is the most efficient form of energy recovery: for each molecule of glucose broken down. 38 ATP molecules
are generated. The overall reaction looks like this:

glucose + oxygen > carbon dioxide + water + energy: or.

C.H,.,0, + 60, > 6CO, + 6H,0 + energy

The oldest and most common respiratory pathway is that of anerobic respiration or fermentation. In fer-
mentation each molecule of glucose yields only 2 molecules of ATP. Many aerobes retain the ability to fer-
ment, but most of them have lost the ability to dump the end products of fermeritation. The end products
of fermentation are energy. carbon dioxide. and either alcoho!l or lactic acid. For example. the muscle cells
of humans can ferment (make energy by respiring without oxygen) in emergencies. but the build up of lactic
acid and ethyl alcohol produces fatigue and muscle cramps. Human cells must aerobically respire in order
to change wastes to carbon dioxide and water.

Some oganisms can function as either aerobes or anaerobes. They are called facultative anaerobes. Yeasts
and many bacteria are anaerobes. They can maintain themselves without oxygen. When oxygen becomes
available, they can aerobically respire and burn their accumulated biochemical garbage (lactic acid or alcohol).
using the burning to produce extra energy. At these times they can multiply very fast.

The purpose of the following procedure is to measure the relationship between available food and the
amount of energy released by a simple organism. a yeast. -

Pre;lab

Collect the following equipment and materials.
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Equipment

distilled water test tubes, 22 x 175 mm.
glass stirring rod (10 per group)

marking pen ) 100 ml. graduated cylinder
millimeter ruler 125 ml. erlenmeyer flask
test tube rack 250 ml. erlenmeyer flask
test tubes, 13 x 100 mm. 10 ml. pipets

(10 per group)

Materials

dry yeast molasses

‘Special Preparations

1) The 13 x 100 mm. test tubes should be lipless. They will serve as large durham tubes and fit upside
down inside the large test tubes.

2) Make a stock yeast suspension for the class by dissolving a package. or 1 tablespoon, dry yeast in 1
liter warm water.

3) It is best to use warm (not hot) molasse- in the laboratory. Students have less chance f becoming
sticky during their measurements.

Time Required

This respiration laboratory requires two classroom hours, in addition to preparations, discussion, and
review.

Procedure: Hour 1

Students need all materials and equipment listed in the Pre-lab.

Studies using baker's or brewer’s ye ast have provided much of our present knowledge of carbohydrate me-
tabolism. Both are varieties of Saccharomyces cerevisiae. This yeast derives its name from an early observatiun
that it is a sugar consuming fungus, therefore, the name Saccharomyces (saccharum = sugar, and myces =
fungus).

Common yeast is a facultative anaerobe. When maintained under anaerobic conditions, S. cerevisiae forms
alcohol and carbon dioxide from sugar. This process is called an ethanolic or alcoholic fermentation. The over-
all equation is:

. east o
Sucrose + water —yﬁethanol + carbon dioxide + energy: or.

C.,H,,0., + HO0 — 222 5 4CH,CH,OH + 4CO, + energy.

It is easy to measure the amount of carbon dioxide production. Since carbon dioxide production is propor-

tional to energy production. measurement of carbon dioxide production indirectly yields a figure for energy
production.
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Steps
A, Number the large test tubes from #1 to #10.

B. Prepare a yeast suspension by adding 30 ml. of the stock yeast suspension to 70 ml. distilled water
in a 125 ml. flask. '

C. Prepare, by serial dilution in the ten large test tubes. a series of molasses concentrations from very high
in test tube #10, to very low in test tube #1. This is done as follows:

1). Measure 25 ml. molasses and pour it into test tube #10.

2). Measure another 25 ml. molasses into the graduated cylinder and add 25 ml. distilled water. Shake
the mixture. stir it with a glass rod. and pour it back and forth from the graduated cylinder to a
flask until it is evenly mixed. Pour 25 ml. of the mixture into test tube #9, Save the remaining 25
ml. in the flask.

3). Measure 25 ml. distilled water into the graduated cylinder and add the molasses/water you left
in the flask. Again, mix it together completely, and pour 25 ml. of the mixture into test tube #8.

Save the remaining 25 ml. in the flask.

4). Repeat this operation until all ten test tubes are filled with 25 ml. each of varying dilutions of
molasses/water. Discard the remaining 25 ml. mixture from the flask.

The molasses concentration in the ten test tubes will be:

10 = 100% #5 = 3,13%
#9 = 50% #4 = 157%
*8 = 25% #3 = 0.78%
#7 = 12.5% #2 = 0.39%
“6 = 6.25% #1 = 0.20%

D. Thoroughly shake the flask containing the 100 ml. yeast suspension, and pipet 5 ml. yeast suspension
into each test tube, #1 through #10. Thoroughly mix the yeast suspension with the molasses and water
mixture in each test tube. by placing your thumb over the test tube mouth and shaking vigorously. Clean
and dry your thumb before proceeding to the next test tube to avoid any mixing of concentration ratios.

E. Put a small test tube upside down into each of the ten large tubes. It may be easier {particularly with
test tube #10) to carefully fill the small test tube to the brim with the contents of the large test tube, and then
to quickly upend it into the larger test tube. Repeat the proce e until there are no air bubbles left inside
the small tube. If this is impossible (depending upon the thickness of the molasses). carefully measure the
length of the air bubble with a millimeter ruler and record the measurement.

F. Carefully place your labeled test tube rack with its test tubes #1 through #10 in a convenient area and
do not disturb for 24 hours. '

Procedure: Hour 2

Students will need all materials and equipment set up during hour 1.
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Steps

A. Observe what has taken place in the 24 hours since the experiment started.

1. What do you see?

B. Measure the quantity of gas collected in the top (actually the bottom) of each small test tube by measur-
ing the height of the gas column with a millimeter ruler,

2. Record the height of the gas column in test tubes #1 through #10 in figure 1 below.

# gas column height # gas column height
1 6
2 7
3 8
4 9
5 10
Figure 1

3. Since the diameter of the small test tube