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Healthy or ill: Just a single wrong fold

DNA-labs on the road
DNA-labs on the road forms a link between biology and chemistry at school as well as the latest
developments in genomics, by letting students work with advanced techniques and current
developments and subjects from modern science.
The DNA-labs are designed by Dutch universities and the Genomics Centres of Excellence. Part of
the project includes the website www.allesoverdna.nl, a source of information on genomics, especially
written for high school students.
There are six different DNA-labs, each containing different aspects of modern DNA research. All DNAlabs show that knowledge of genes and molecules in cells play a great role in everyday topics:
nutrition, health and the environment. In addition, the experiments clearly show that scientific progress
often raises social questions.

Method of teaching

The module consists of four class hours. The preparatory lesson (lesson 1) and the concluding lesson
(lesson 4) will be given by the school teacher. The practical course (lesson 2 and 3) will be completely
given by students of the visiting university. Both the preparatory and the concluding lesson are
important for proper implementation and understanding of the practical work.

Discover the new world of genomics
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Lesson 1: Preparatory lesson
Let’s refresh: From human to protein

The human body is constructed out of approximately onehundredthousand billion cells. You can see
this enormous amount of cells as tiny individual factories in which all processes take place that make
life possible. DNA and proteins play an important role in these processes. Proteins are the end
products that arise from when one translates genes into molecules in the cell. These molecules form
large complexes that do all the work in the cells and are built from amino acids. Because proteins are
so important to all body processes, it is essential that all proteins in the body fulfill the right tasks.
When a protein is not functioning properly, a certain body process as well will not function properly
anymore. To demonstrate this we discuss the big role of cell division in the disease cancer. But first
the link between DNA and proteins will be explained in more detail (figure 1).

Figure 1: At the top is a patient who noticed from symptoms that certain organs in his body do not function
properly. Causes here fore are retraceable in the cells from which the organ is made of. Cells can communicate
with each other via proteins and cooperatively form functioning organs. The DNA specifies which proteins are
made. Only proteins with the right structure can function in the way it was meant to perform.
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DNA and proteins

The DNA is located in the cell core, the hereditary material of the cell. When you would stretch the
DNA in one cell it would have a length of about 2 meters, though the average cell is only 20-6m long.
To fit this large string in a cell the DNA is normally folded tightly into chromosomes. But in order to
read the DNA proteins have to be able to get near to it. To make this possible there are proteins that
pull the two strands of the DNA apart. Completely other proteins have a role in for instance controlling
the duplication of the DNA for the cell division, enabling them to stop the process and correct the
mistakes. So proteins have a major role in cell division, but this is only one of many more processes
inside or outside the cell in which they are involved. Proteins can be for instance enzymes, hormones,
receptors, transporters and etcetera. But how do we get all these proteins?
Proteins are needed to transcribe the DNA, but the proteins themselves are also originated from
transcribed DNA. In fact, proteins are originated from transcribed genes in the DNA. When these
genes are transcribed in the core of the cell, a strand of mRNA (messenger RNA) is created. This
mRNA is then transported outside the core via pores in the core membrane. The mRNA forms a circle
and then binds to a protein called a ribosome. The ribosome can translate the mRNA in a protein by
each time reading groups of three mRNA nucleotides and coupling them to the correct amino acid. So
amino acids are in fact molecules that belong to a certain code of three nucleotides.
Now make questions 1.1 to 1.3
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Structural folding of proteins

When al the amino acids are linked together they will take a certain shape or type of folding.
Depending on the order in which the amino acids are linked to each other in the protein, amino acids
can or can’t come close to each other. Amino acids that are attracted to each other will go near each
other, while amino acids that are repulsive to each other will try to get out of their way. Several amino
acids are acetic others are basic. Some are hydrophilic and will orient themselves towards the outer
parts of the protein, while hydrophobic amino acids want to be in the core of the protein. This shape or
folding is what gives the protein its function and is defined on four different levels of protein folding
(figure 2).
The primary (first) level is the enumeration of the amino acid chain
from which the protein is build.

The secondary (second) level arises when the chain of amino acids
is attracted to each other due to hydrogen bonds. The two most
common configurations (sheet and helix) are depicted on the left.

The tertiary (third) level describes how the secondary structures
attract or repulse each other. This gives the protein the form of a
tangle.

The quaternary (fourth) level is constructed out of more then one
chain of amino acids. The way in which different chains are coupled
determines the final structure of complex proteins and thereby also
their function.
Figure 2: the four different
levels of protein folding

So in the end the folding of proteins determines which shape they get and thereby which function they
can fulfill. This is comparable to a key that fits exactly in a lock. When a single bit of the key is bent,
the key won’t fit in the lock anymore and therefore will lose its function. This also applies for proteins.
When a piece of a protein is bent, which can result from incorrect folding, the protein will lose its
functionality.
Now make questions 1.4 to 1.6
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Incorrect protein folding

Now that we know the importance of protein folding for the protein function we arrive at the following:
how do proteins look like? What is the three-dimensional structure of such a small thing and how can
you imagine it to look like? Researchers have succeeded in elucidating a lot of protein structures and
depicting them in animations. In these animations you can show the structure of a protein in a lot of
different ways as shown in figure 3. The protein shown in figure 3 is a tiny molecular motor that has
two feet and a small body with which it can hold a tiny vesicle with cargo in it. You will often see the
three different representations interchangeably in literature. This is done because depending on the
context a model can be suitable for explaining a structure and folding of a certain protein.
a)

b)

c)

Figure 3: Three different representations of the same protein, a kinesin motor protein. The ribbon model (a) is
very nice in distinguishing different tertiary structures, while the stick model (b) is good for showing the
interconnecting bonds between amino acids. The space-filling model (c) gives an image of the volume a protein
occupies and thereby represents the most native form of a protein.

As stated before, the spatial structure of a protein is of great importance to its function, so it is useful
to be able to show it. Namely, how would you know that something has changed in a structure when
you don’t know what the structure is? Even if you have visualized the structure of a protein is doesn’t
give a direct solution to incorrect protein folding. You might be able to see a change in structure, but
you yet don’t know why this occurs. What would for instance happen when one amino acid would be
replaced by another in the primary structure, so on the first level of folding. In the case of the motor
protein it might cause it to get a limping leg and therefore not be able to walk efficient anymore. It
might also occur that a piece of the protein breaks off. This could lead to a missing leg causing the
protein not being able to walk at all. Sometimes it happens that a piece of protein gets doubled what
could lead to three instead of two legs, also a complication for walking. Actually we are lucky that
proteins and their folding are done correctly. Unfortunately, there are a lot of people with diseases that
were not so lucky. For instance cancer, a disease that arises due to a lot of mistakes (mutations) in
the DNA that result in changes in proteins. This causes cancer cells to repeatedly multiply in an
uncontrolled manner. In other words; uncontrolled cell division is happening. But before we take a look
at the uncontrolled cell division, it is important to know what happens in “healthy” cell division. After all,
how can you know what is going wrong when you do not know what usually happens.
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The cell and cell division

Life as we know it would not exist without cells and cell division. We cannot replicate ourselves without
cell division. In fact, without cell division we could not live longer then the lifetime of our cells. In figure
4 the schematic representation of the cell cycle is shown. The cell cycle in your cells starts with the
mitosis of nuclear division. The core membrane of the nucleus is removed and the doubled genetic
material is evenly distributed throughout the daughter cores. Next cytokinesis occurs (C-phase) in
which the cytosol and the organelles are divided amongst the daughter cells. Afterwards is the
interphase with the G1-phase (Gap-phase), the S-phase (synthesis) and the G2-phase. The G1-phase
is the period between mitosis and DNA-replication. During the G1-phase cytoplasmatic growth takes
place and the cell prepares for the next step in the cycle by making the necessary enzymes. Due to
the increase in cytoplasm, the daughter cells grow as large as the parental cell. The S-phase is the
period in which the DNA replication takes place and thereby the duplication of the genome. The G2phase is the period between the DNA-replication and the mitosis. In this phase, a swift scan of the
replicated DNA takes place and further preparations for the actual cell division. Possible errors can be
corrected. Might there still be errors in the process there is one last resort; the G0-phase that stops the
cell division and puts the cell in a resting phase.

Figure 4: Schematic representation of the cell cycle. The length of the arrows indicate how long each
phase lasts.

Tumor suppressor genes

In order to control cell division there are so-called tumor suppressor genes located on the genome. A
tumor suppressor gene is a gene that prevents unrestrained cell division and thereby inhibits the
emergence of a tumor. The protein that is encoded by this gene has a controllable influence on the
cell division. It can prevent mutations by controlling and repairing mistakes in the genetic duplication
during cell division. A tumor suppressor gene can initiate controlled cell death (apoptosis) when a
mutation in the DNA is too big as a last resort. In this way the tumor suppressor protein makes sure
that the mutation cannot lead to the emergence of a tumor cell.
An example of an important tumor suppressor gene is p53. The corresponding protein is central in the
control of cellular growth and also controls cell death. When it comes to DNA-damages the p53 protein
has two “choices”. The first one is stopping the cellular growth, and thereby allowing for DNA repair, in
other words going into the G0-phase. The other choice, when the damage cannot be repaired
anymore, is apoptosis or programmed cell death.

Discover the new world of genomics

|

7

Healthy or ill: Just a single wrong fold

Cancer – uncontrolled cell division

In cell division that has been discussed before, there are a lot of checkpoints in order to make sure
that everything runs smoothly and no errors in the DNA arise. We have discussed that proteins,
including those with a control function, are derived from transcribed genes in the DNA. But what
happens when there is damage at the very location of those genes? It could well be that those protein
cannot be built anymore. Or that they can be made but with the wrong amino acid sequence, leading
them to fold in an incorrect way and behave abnormal. The difference in folding can then lead to a loss
of function. Just think back to the motor protein with the limping leg discusses previously. So it may
happen that a checkpoint in the cell cycle is omitted causing the cell to divide without control.
There are a lot of different forms of cancer, the one more dangerous then the other. Also the therapy
for each form will be different. A skin cancer might be easier to remove then a cancer in the brain.
Breast cancer can be irradiation locally but blood cancer requires total irradiation of the body. These
differences will also be retraceable on the protein level. It also differs if only one gene or more genes
are damaged: One protein with a incorrect fold or more incorrectly folded proteins. But how do you
discover which protein in healthy cells is correctly folded, but isn’t correctly folded in cancer cells?
To discover the differences, proteins in cells of both healthy and diseased people can be compared
with the help of scientific research.
Now make question 1.7
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Lactose intolerance

Lactose is a milk sugar that cannot be digested without being cut in pieces first. When it is cut properly
you will get two sugars out of one lactose; called glucose and galactose. In order to cut lactose in
pieces you need the protein lactase. Most people are born with enough capacity to make the lactase
protein in order to drink (breastfed) milk. But this capacity to produce lactase decreases when you get
older. When you are not capable of producing lactase and thereby not capable to cut lactose, you are
lactose intolerant. People that are lactose intolerant suffer from nausea and abdominal cramps.
Fortunately, avoiding products containing lactose can prevent this.

+

Protein lactase
(Enzyme)

Milk sugar lactose
(Indigestible)

Sugars
(Digestible)

So how can you determine in a laboratory whether or not a protein functions properly? It is not very
safe to eat is, so it would be useful to make the protein visible. In order to do so you will need the
following:
•
•
•

Lactose (or something similar)
Protein lactase (or something similar)
A detectable cutting product

A substance with a difficult name that has great resemblance to lactose is ortho-Nitrophenol-βgalactosidase (ONPG). Normally ONPG is colorless, but when it is cut it will yield a sugar as well as a
fluid with a yellow color. This is something that is clearly visible.
The lactase protein is part of the big group named β-galactosidases. β-galactosidase is often used in
research because it is readily extracted from bacteria. The reaction now looks like the following:

ONPG (colorless)

Sugar

ONP (yellow)
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Research

In order to understand how researchers can discover what precisely is going wrong in cancer on
protein level, there will be a practical course after this lesson in which you will conduct your own little
experiment. Researchers for instance use tests to see whether or not a protein is still in a cell and if a
protein is still active and functional. There are two examples in order to give you an idea of the
research that is being done. The first example has a reference to cancer research. The second
example is related to lactose intolerance. It goes for both examples that protein folding is crucial to the
correct functionality of the protein.
Read the text carefully and answer the corresponding questions.
During the performance of the practical course there will be
supplementary information via a presentation.
Immunofluorescence
In the first experiment that you will conduct you will compare proteins in the cells of healthy and
diseased people together. The technique that you will use for that goal is called immunofluorescence
staining. For this technique you use an antibody. This is a protein that specifically binds to another
specific protein. A fluorescent molecule is labeled to the antibody, which makes the protein visible to
which it is attached with the help of a special microscope (fluorescence microscope). Depending on
the fluorescent molecule, the color of the molecule can differ (figure 5).

Figure 5: The principles of immunofluorescence staining. An antibody that is attached to a specific protein
contains a linked fluorescent molecule that makes visible where the specific protein is located. The antibody will
not bind to other proteins than the protein of interest.

In this experiment you will use an antibody specifically
binding to tubulin. Tubulin is a protein that plays a
major role in cell division as an element of the
skeleton of cells – the cytoskeleton. We know that
tubulin is present in the cells of healthy people but it is
interesting to check if the protein is also in cancer
cells. In order to check this, the cancer cells will be
treated with the fluorescent labeled antibodies. After
the experiment you will see a green color where the
antibody has bound and thus where the tubulin is
present (figure 6). In cells that do not contain tubulin,
no green color will be detected. In this way you can
discriminate which cells have and which do not have
the tubulin protein.

Figure 8: Cells containing tubulin that have been
made visible by binding to a green fluorescent
labeled antibody.
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Practical course

In the practical course after this lesson you will be the examiner and do the examinations stated earlier
yourselves. You will work with immunofluorescence and protein reactions with ONPG in order to
experience how these experiments work.
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Questions lesson 1
Question 1.1

State the names of the cellular organelles 2, 5, 6, 8, 9 en 11 in the figure below.

Question 1.2

What is DNA and what are genes?

Question 1.3

What is the important role of DNA and proteins in cellular processes?

Question 1.4

What are amino acids and how many different amino acids exist?

Question 1.5

Do you think that changing one amino acid also influences the rest of the protein
folding levels?

Question 1.6

Which of the following vehicles will function better, and why? What does this have to
do with proteins?

Question 1.7

In what do you think that proteins of healthy and diseased people can differ?
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Lesson 2 and 3: Practical course
Experiment 1a: Immunofluorescence staining
The differences between healthy and diseased cells

Goal of the experiment
The cells of healthy and diseased people differ. These differences can occur in several ways, for
instance in the shape or the size of the cells or in the cooperation between cells. In cystic fibrosis the
difference lies in the stability of the CFTR protein. At first sight the cells look the same, but the
difference between the stable correctly working and unstable faulty working protein can be made
visible with fluorescent staining. Apart from CF-cells, human cancer cells can also serve as an
example for proteins that cannot be made anymore. CF-cells are not (commercially) available but
fixated tumor cells are. This is why this experiment will be done with fixated, dead, HeLa cells.
The green fluorescent substance FITC is coupled to an antibody that specifically binds to the tubulin
protein. When this protein is present in a cell, you will see a green color appear under a fluorescence
microscope after staining. In cells that don’t contain / have fewer tubulin, the green color will be absent
or strongly reduced.
Now first make question 1.1
Requirements
• A cover slip with fixated tumor cells (HeLa)
• PBS/tween buffer
• Pasteur pipette
• Anti-tubulin labeled with FITC (AB)
• Propidium-jodide (PI)
• Fluorescence microscope
Instructions
Always follow the instructions from the assistants to the letter and pay great attention to the
presentations!
•
•
•

Wash the cover slip with fixated tumor cells by pipetting 1 or 2 mL PBS/tween-buffer in the
dish with the Pasteur pipette. Swivel for 10 seconds and remove the fluid with the same
pipette. You can tilt the petridish slightly while doing this.
Spread 80 μl antibody (AB; FITC-conjugated anti-tubulin) over the cells on the cover slip.
Cover the petridish with aluminum foil and incubate for at least 15 minutes in the dark at room
temperature.

During the incubation you will do experiment 2. Note that you should keep these two experiments
separated.
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Experiment 2: Lactose intolerance

Determination of the necessity of the proper three-dimensional structure of a protein
Goal of the experiment
This experiment is designed in order to determine the differences between an active (correctly folded)
and an inactive (incorrectly folded) protein. In place of lactose, ONPG is used and in place of the
cutting protein lactase, β-galactosidase is used. Subsequently β-galactosidase is unfolded by heating
and you will see what kind of influences this has.
Now first make question 2.1
Requirements
• Z-buffer mix: for the right reaction conditions. (Na2HPO4, NaH2PO4, KCl, MgSO4 en βmercaptoethanol brought to pH 7)
• ONPG solution (4 mg/ml)
• β-galactosidase solution (0,2U/ml)
• 2 eppendorf tubes
• Pipetman pipettes
• Heating block
Instructions
Always follow the instructions from the assistants to the letter and pay great attention to the
presentations!
•

Put the two eppendorf tubes opened in the rack and number them with a marker # 1 en # 2

•

Pipette 5μl β-galactosidase solution in both tubes.

•

Put tube # 1 in the heating block for (a minimum of) 5 minutes.

•

Pipette 200μl Z-buffer in tube # 2.

•

Pipette 40μl ONPG solution in tube # 2.

•

Close tube # 2 and mix the fluids by tapping against the side of the tube.

•

Pipette 200μl Z-buffer in tube # 1.

•

Pipette 40μl ONPG solution in tube # 1.

•
.

Close tube # 1 and mix the fluids by tapping against the side of the tube.

Now make question 2.2

Discover the new world of genomics

| 14

Healthy or ill: Just a single wrong fold
Experiment 1b: Immunofluorescence staining

The differences between cells of healthy and diseased people
The continuation of experiment 1a
•

Remove the cover slip from the dark area and wash it 3x by pipetting 1 to 2 mL PBS/tween-buffer
in the dish with a Pasteur pipette. Swivel for 10 seconds and then remove the fluid with the same
pipette. You can tilt the petridish slightly while doing this. Make sure that the cover slip cannot dry
up.

Pay great attention to the assistant’s instructions for the next step!
•
•
•

Spread out 100 µl propidium iodide (PI) over the cells on the cover slip and let this incubate in the
dark for a minimum (!) of 30 seconds.
Again remove the cover slip from the dark area and now wash 3x with PBS/tween-buffer.
Examine the cover slip with the fixated cancer cells on it together with the assistant under the
fluorescence microscope at a magnification of 1000x. Draw how the cells look like. Preferably use
crayons.

Now make questions 1.2 and 1.3
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Questions lesson 2 and 3
Experiment 1
Question 1.1

Formulate the research question for experiment 1.

Question 1.2

Can you see stained tubulin in HeLa cells? State the difference with the stained
fibronectin and explain what this means.

Question 1.3

Conclusion: You have just examined the difference between the cells of a healthy and
a diseased person. What can you conclude from this experiment with respect to the
research question formulated in question 1.1?

Experiment 2
Question 2.1

Formulate the research question for experiment 2.

Question 2.2

Conclusion: You have just examined how to visualize the functioning of a protein and
the effect of the lack of the proper three-dimensional structure. What can you
conclude from this experiment with respect to the research question formulated in
question 2.1?
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Lesson 4: Concluding lesson
After finishing the preperatory lesson and the practicle course there is a concluding lesson. The
teacher has several options for this lesson, for which different manuals are available. For more
information on the topics discussed in this practical course you can go to www.allesoverdna.nl.
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