
Insert Text Here

...where molecules become real TM

Page 1

3dmoleculardesigns.com cbm.msoe.edu

In Brief: Key Teaching Points for Molecular Landscapes

Key Teaching Points for 
Molecular Landscapes

Overall Student Learning Objective: Cells are packed full of thousands of proteins, each trying 
to do their singular job amidst the chaos and jostling of all the others.
• Proteins are not uniformly distributed in cells. Instead, location, location, location! A particular protein will

be found in a specific place/compartment, where it interacts with other like-minded proteins to perform a
specific function.

• Some proteins are soluble in the watery environment of the cell’s cytoplasm. Others are insoluble in water
and are therefore embedded in the cell’s hydrophobic membranes.

• While most proteins fold up into compact globular 3D structures, some exist as long, flexible chains.
• Many proteins function as multi-protein complexes (machines) rather than as single, solitary proteins. 
• These landscape images represent biology at the mesoscale – spanning that dimension between the

molecular world as revealed by crystallography, and cellular world as revealed by microscopy.

We suggest that the use of a landscape is highly synergistic with a physical model of a protein. While 
the physical model focuses attention on the molecular details of a protein’s structure, the landscape 
emphasizes the cellular context in which the protein acts.

Key Point 1

Patterns, Scale and Mechanism/Explanation are three cross-cutting concepts described in the framework 
of the Next Generation Science Standards. These cellular landscapes can be used to call your students’ 
attention to each of these concepts. The close examination of these landscapes requires (1) attention to detail 
as patterns in the distribution of different proteins are noted; (2) an explicit comparison of the relative scale 
of a protein, an organelle and a cell; and (3) the explanation (a story) of the molecular basis of some cellular 
process/mechanism. 

Key Point 2

These images provide students with “a model” for how the inside of a cell might look – at the mesoscale. Each 
student is challenged to reconcile their own mental image of what the inside of a cell looks like with the model 
provided by scientist, author and artist David Goodsell, PhD.  

Key Point 3

Every shape included in these watercolor landscapes represents a specific protein – illustrated at its 
appropriate size and shape – at the best current estimate of its concentration in the cell.  The molecular 
structure of virtually every protein can be found in David Goodsell's Molecule of the Month feature at 
www.rcsb.org.  

What can you teach with these landscapes?
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Tour of a Human Cell Panorama© and Grand Panorama© 

With the Tour of a Human Cell© you can teach “your flu shot in action” as you trace the production of an 
antibody protein from (1) the transcription of its gene in the nucleus, to (2) the translation of the mRNA in 
the cytoplasm by ribosomes docked onto the endoplasmic reticulum, to (3) the folding of the protein in the 
endoplasmic reticulum, to (4) its path through the Golgi, to (5) vesicles loaded with mature antibody proteins 
being walked toward the cell membrane by kinesin motor proteins, to (6) the fusion of the vesicle with the cell 
membrane to release the antibody into the circulation. 

E. coli Poster© and Mitochondria Poster©

By comparing the E. coli Poster© and the Mitochondria 
Poster© you can teach the endosymbiotic theory of 
mitochondria, as students explore the similarities and 
differences between these two structures. Especially telling 
is the extreme expansion of the inner membrane of the 
mitochondria, with its many copies of the electron transport 
chain proteins and ATP synthase.

Neuromuscular Synapse Poster©

With the Neuromuscular Synapse Poster© you can teach the basic concept of 
neurotransmission. Vesicles containing acetylcholine fuse with the pre-synaptic cell’s 
membrane to release the neurotransmitter into the synapse, where it diffuses across 
the synapse to bind to the acetylcholine receptor proteins found on the membrane of 
the post-synaptic muscle cell. 

Nucleus.  The nucleus is the cell’s library, storing the delicate strands of
DNA and protecting them from the rigors of the cytoplasm. Much of the DNA is
wrapped around histone proteins to form small nucleosomes (A) that compact
and protect the DNA. When the DNA is needed, it is unwrapped, unwound, and
read by RNA polymerase (B) to create a messenger RNA (C). The RNA molecules

are then processed: capping enzymes (D) protect one end and polyadenylate
polymerase (E) adds a repeated string of adenine nucleotides to the other end,
which is then protected by the polyadenylate binding protein (F). Our DNA
must also be edited by large spliceosome complexes (G) to remove intron regions
that do not encode proteins. Once the RNA is properly edited, it is delivered out

of the nucleus through nuclear pore complexes (H). These pores span the 
double-layered nuclear membrane and control the tra�c of a diverse collection of
importin proteins (I), which carry other molecules in and out. The nuclear
membrane is strengthened inside by criss-crossed layers of lamin protein �laments (J).

Endoplasmic Reticulum.  With so many compartments, our cells need ways
of sorting and transporting new proteins to their proper destinations. For many
proteins, such as the antibodies made by this plasma cell, the journey starts with the
endoplasmic reticulum. The endoplasmic reticulum is an interconnected series of
tubules and sacs. The membrane surrounding the endoplasmic recticulum is �lled
with transport proteins (A) that bind to ribosomes and guide new proteins inside as

they are being made. The transporter �nds new proteins by looking for a special
signal sequence of amino acids. This signal sequence is the �rst thing made by the
ribosome, and it is quickly recognized by a signal recognition particle (B) and
delivered to the endoplasmic reticulum surface. Later, the signal sequence is clipped
o� when the protein is fully synthesized and safely delivered inside. Inside, a
collection of chaperonins such as BiP (C), Grp94 (D), calnexin and protein disul�de

isomerase (E) and cyclophilin (F) assist in the folding of the new proteins. Polysaccharide
chains are made by a series of enzymes in the membrane (G) and �nally
added to the new proteins by oligosaccharyl transferase (H). Finally, the new
proteins are transported to the next step in small transport vesicles, formed by a
coat of COPII proteins (I). Any defective proteins are transported out of the
endoplasmic reticulum and destroyed by the proteasome (J).

Golgi Apparatus.  The transport vesicles carry the new proteins to the
Golgi, a set of membrane-bounded sacs stacked like plates. Huge tethering
proteins like giantin (A) and GM130 (B) guide the vesicles to the right place.
The Golgi is the processing and sorting plant of the cell. Sugars and lipids are

attached to proteins that need them. For instance, the sugar chains that stabilize
the base of the Y-shaped antibody are trimmed and perfected in the Golgi. When
the proteins are properly modi�ed and sorted, they are delivered throughout the
cell in small transport vesicles. The protein clathrin (C) provides the molecular

leverage needed to pinch o� some of these vesicles by forming a geodesic coat on
the outside of the membrane. After the vesicle separates from the Golgi, the
clathrin coat falls o� and the vesicle is guided to its ultimate destination.

Cytoplasm and Cell Membrane. The antibodies make their �nal trip
through the cytoplasm to the cell membrane, pulled by kinesin (A) along microtubules 
(B). Long tethering proteins like golgin (C) help the vesicle �nd its proper destination. 
The cytoplasm of our cells is �lled with enzymes and other proteins performing their
many tasks. These include ribosomes (D) and the other machinery of protein synthesis, 
enzymes of glycolysis, and other synthetic enzymes.  The cytoplasm is criss-crossed with 

a network of �laments that form a cytoskeleton that supports the cell and provides
a railway for delivery of materials. These include thin actin �laments (E), thicker
intermediate �laments (F), and huge microtubules. The cell membrane is studded
with a diverse collection of proteins, many of which have polysaccharide groups
attached on the outer side. Many of these are involved in tra�c of molecules across
the membrane and in communication across the membrane. In this plasma cell,

there are also some molecules directly involved with its function, such as tethered
antibodies (G) used to recognize bacteria and viruses, the IL-4 receptor (H) that
receives messages from other cells in the immune system, and SNARE proteins (I)
and the exocyst complex (J) that assist the docking and fusion of transport vesicles.
On the inside of the membrane, a tough network of spectrin (K) and actin �laments
forms a sturdy infrastructure that supports the delicate membrane.
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This illustration simulates what we 
would see if we could magnify a 
portion of a living cell by 2,500,000 
times. At this magni�cation, 
atoms would be about the size of 
a grain of salt, cells would be the 
size of huge buildings, and you 
would be roughly one-fourth the 
size of the earth in height, 
allowing you to walk across the 
continent in a few steps. All of the 
macromolecules in the cell are 
shown, including proteins, nucleic 
acids, carbohydrates and lipid 
bilayers, but all of the smaller 
molecules have been omitted for 
clarity. In reality, the empty spaces 
in this picture are �lled with 
water, ions, sugars, ATP, and many 
other small molecules.

The narrow strip is taken from a plasma cell (shown above), a cell from the blood that is dedicated 
to the production of antibodies.  The entire process of antibody production is shown, starting from 
the gene in the nucleus, proceeding to synthesis in the endoplasmic reticulum, continuing to 
processing in the Golgi, and �nishing with transport and secretion at the cell surface.

The Machinery of Life
This image is taken from The Machinery of Life by David S. 
Goodsell. It reveals a previously unseen level of biological 
scale. Light and electron microscopy may be used to 
explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed 
molecules, but there is currently no way to observe 
directly the structure of living cells at the molecular level. 
Instead, this illustration is synthesized by combining 
experimental data on cellular ultrastructure, the atomic 
structure of molecules, and bioinformatics.

To purchase this book, visit springer.com 
or your favorite bookseller.

Copyright 3D Molecular Designs - All Rights Reserved - 2009, 2014         Version 1.2 - 2/2016 
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      Bacteria are microorganisms that are found in most 
habitats on the Earth. The bacterium shown above 
(70,000 X) is Escherichia coli. It is found in the lower digestive 
system, and is also one of the most well-studied organisms. 
It has a relatively simple overall structure.  It is surrounded 
by a cell wall composed of two membranes (in green). 
Several long corkscrew-shaped �agella are turned by 
molecular motors embedded in the cell wall, propelling the 
bacterium through its environment. The DNA and other 
genetic machinery are loosely arranged into a nucleoid 
inside the cell (in yellow and orange). The remaining space 
is �lled with many soluble molecular machines such as 
enzymes and ribosomes (in blue and purple) that build 
new molecules, harness sources of energy, and sense and 
protect the bacterium from dangers in its environment.

     Looking at a close-up of one portion of the cell 
(3,000,000 X), we can see the many macromolecules 
performing their functions. The large �agellar motor, which 
is powered by the �ow of hydrogen ions across the inner 
membrane, dominates the scene. An array of sensory 
molecules monitors the levels of nutrients and decides 
when to turn the �agellum and move to a better 
environment. Many other proteins embedded in the 
membrane control the �ow of molecules in and out of the 
cell, and long sugar chains extend from the outer surface, 
protecting the cell. Inside the cell, there are many 
ribosomes building proteins, based on messenger RNA 
transcribed from the DNA by RNA polymerase. A molecule 
of DNA polymerase is also shown, replicating the DNA. 
Enzymes of glycolysis and the citric acid cycle are breaking 
down food molecules and capturing the energy, and 
synthetic enzymes are building all of the other molecules 
that the cell needs.

The Machinery of Life
This image is taken from The Machinery of Life by 
David S. Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed molecules, 
but there is currently no way to observe directly the 
structure of living cells at the molecular level. Instead, this 
illustration is synthesized by combining experimental data 
on cellular ultrastructure, the atomic structure of 
molecules, and bioinformatics.

To purchase this book, visit springer.com or your 
favorite bookseller.  
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Mitochondria

This image is taken from The 
Machinery of Life by David S. 
Goodsell. It reveals a previously 
unseen level of biological scale. 
Light and electron microscopy 
may be used to explore the 
ultrastructure of cells, and X-ray 
crystallography and NMR 
spectroscopy may be used to 
reveal the atomic structure of 
individual puri�ed molecules, 
but there is currently no way to 
observe directly the structure of 
living cells at the molecular 
level. Instead, this illustration is 
synthesized by combining 
experimental data on cellular 
ultrastructure, the atomic 
structure of molecules, and 
bioinformatics.

To purchase this book, visit 
springer.com or your favorite 
bookseller. 

Unlike simpler bacterial cells, 
our cells are �lled with 
compartments that perform 
di�erent duties. ATP synthesis is 
the primary task performed by 
the mitochondria, shown here 
in cross section at 2,500,000 
magni�cation. The enzymes of 
the citric acid cycle (A) are found 
in the innermost space, termed 
the matrix. The inner membrane, 
which is folded into complicated 
shapes, is densely packed with 
the large protein complexes of 
the electron transport chain (B), 
which create the electrochemical 
gradient that powers ATP 
synthase (C) to build ATP. The 
ATP is then transported out of 
the mitochondrion by the 
adenine nucleotide translocator 
(D) and �nally di�uses through 
channels in the VDAC protein (E) 
in the outer membrane. The 
space between the membranes 
is �lled with cytochrome c (F), 
enzymes such as creatine kinase 
(G) that are involved in energy 
metabolism, as well as several 
proteins involved in 
programmed cell death. Each 
mitochondrion also includes a 
full set of machinery for 
synthesizing proteins, including 
DNA (H), RNA polymerase (I), 
ribosomes (J), and transfer RNA 
(K). It does not make all of its 
own proteins, however, and 
some must be imported from 
the cytoplasm by specialized 
transport proteins (L) in the 
inner and outer membranes.

The Machinery of Life
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A synapse is a junction where a nerve cell 
(neuron) communicates with another cell 
across a narrow gap via a neurotransmitter 
or an electrical coupling. One speci�c kind 
of synapse is a neuromuscular junction, 
where chemical signals are transmitted 
from the neuron to a muscle cell across the 
synapse, shown here in cross-section. The 
end of the axon is shown at the top, with 
two vesicles full of neurotransmitters 
inside the axon terminal. The vesicle on the 
left is docking to the membrane. The 
vesicle on the right has fused with the 
membrane and is releasing the 
neurotransmitter acetylcholine. A complex 
collection of tethering and regulatory 
proteins in the vesicle membrane is 
needed to perform this delicate task, and 
voltage-gated calcium channels (A) in the 
neve membrane help decide when to 
begin. The synapse between the cells is 
�lled with basement membrane, which 
also includes the enzyme 
acetylcholinesterase (B), which breaks 
down acetycholine into choline and 
acetate after it is �nished with its job. The 
small protein CHT1 (C) transports choline 
back into the cell to be recycled for the 
next nerve impulse. A muscle cell is shown 
at the bottom, with many acetylcholine 
receptors (D) on its surface. A tangled 
network of proteins inside the muscle cell 
holds the receptors in place, clustering 
them within the synapse (3,000,000X).

This book is available from 
major booksellers.
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This image is taken from The Machinery of Life 
by David S. Goodsell. It reveals a previously 
unseen level of biological scale. Light and 
electron microscopy may be used to explore 
the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may 
be used to reveal the atomic structure of 
individual puri�ed molecules, but there is 
currently no way to observe directly the 
structure of living cells at the molecular level. 
Instead, this illustration is synthesized by 
combining experimental data on cellular 
ultrastructure, the atomic structure of 
molecules, and bioinformatics.

The Machinery of Life
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Key Point 3 Continued

Flu Fight: Immunity & Infection Panorama©

With Flu Fight: Immunity & Infection© you can explore what happens when the molecular defense mechanisms 
that protect our bodies from the influenza virus fail, and infection occurs. You can walk your students from 
infection of the ciliated epithelial 
cells that line the upper respiratory 
tract, through virus neutralization 
by antibodies in the mucosal 
barrier. Influenza – in the absence 
of antibodies – breaches the 
barrier and binds in the cell 
membrane before fusing with the 
endosomal membrane and finally 
releasing segmented viral RNA 
genome into the cytoplasm.

Since 2009 3D Molecular Designs has made several of Dr. David Goodsell’s cellular 
landscapes available as large posters for classroom use. His books, The Machinery of 
Life (2010) and Atomic Evidence: Seeing the Molecular Basis of Life (2016), are available 
from major booksellers. Most of the art featured in our posters is from The Machinery of 
Life. Dr. Goodsell also is the author of the Molecule of the Month, a regular feature on the 
Protein Data Bank’s website, www.rcsb.org.

Scientist, author and artist David S. Goodsell, PhD, creates cellular landscapes that 
accurately illustrate the size, shape and distribution of proteins in their natural 
environment of the cell. His unique watercolor images connect the molecular world, 
inferred by X-ray crystallography and NMR spectroscopy, with the cellular world, 
observed by light and electron microscopy. Since 2009 3D Molecular Designs has 
made several of Dr. Goodsell’s cellular landscapes available as large posters for 
classroom use. Dr. Goodsell’s books, The Machinery of Life (2010) and Atomic 
Evidence: Seeing the Molecular Basis of Life (2016), are available from major 
booksellers.

Epithelial Cell Overview.  In�uenza is a persistent human health threat.  Of 
the 7.4 billion people on earth, up to 10% (740 million people) are infected by 
the in�uenza virus each year.  While most people experience only a mild form 
of the disease, approximately 4% (30 million people) develop serious disease, 
leading to 250,000 - 500,000 deaths annually.  These landscapes highlight the 
molecular mechanisms whereby our immune system protects us from 
infection, and the molecular events that transpire when those defenses fail 
and an infection occurs.
 
In�uenza viruses infect the ciliated epithelial cells that line the upper 
respiratory tract of humans.  When the virus is inhaled, it is initially trapped in 
the mucosal barrier that protects the ciliated epithelial cells in the respiratory 
tract.  Panel 1 shows an in�uenza virus trapped in this mucosal barrier – where 
it is neutralized by antibodies that are present due to a vaccine or a previous 
virus infection.  Panel 2 illustrates what happens if the mucosal barrier is 
breached and the virus reaches the surface of an epithelial cell. The virus binds 
to glycoproteins embedded in the membrane of the cell, triggering uptake of 
the virus by receptor-mediated endocytosis.  Panel 3 shows how the lower pH 
of the endosome containing the virus induces a conformational change in the 
structure of the hemagglutinin (HA) protein of the virus – leading ultimately to 
the fusion of the viral and endosomal membranes (Panel 4) and the release of 
the segmented viral RNA genome into the cytoplasm of the cell. 

Panel 1 - Antibodies in Action.  The mucosal barrier that lines the ciliated epithelial cells of the upper respiratory tract in humans is composed of a thick network of 
proteins that works to trap and neutralize the virus, and to activate additional antiviral responses.  Mucins (M) and IgA antibodies (A) are two kinds of proteins found in the 
mucosal barrier that limit access of the virus to the cell surface.  Mucins are long, �brous proteins that intertwine to create a thick, viscous network that nonspeci�cally 
traps particulate matter and pathogens. IgA antibodies are produced in our adaptive immune system in response to either a vaccine or a previous infection.  They bind 
primarily to regions of the hemagglutinin (HA) protein found on the surface of the in�uenza virus, which blocks hemagglutinin from binding to the sialic acid receptor 
proteins (R) on the surface of epithelial cells – the �rst step in the in�uenza virus infection process (Panel 2).  The secretory component (SC) shown bound to dimeric IgA 
antibodies represents a protein involved in the transport of IgA proteins from the basal membrane of the epithelial cells to the apical membrane where it is secreted into 
the mucosal barrier.  Other proteins such as interferon (I) and lactoferrin (L) make up part of the innate immune system that activates other nonspeci�c antiviral defense 
mechanisms. When viruses aren’t neutralized by antibodies, they attach to cells and begin endocytosis (Panels 2, 3 and 4).

Panel 2 (below) - Docking and Receptor-Mediated Endocytosis of the In�uenza Virus. In 
the absence of neutralizing antibodies, the neuraminidase (N) on the surface of the virus 
digests some of the carbohydrate chains on the mucin proteins, allowing the virus to penetrate 
deeper into the mucosal barrier and ultimately to the surface of ciliated epithelial cells. If IgA 
antibodies have not neutralized the hemagglutinin (HA) protein on the surface of the virus, it 
binds to sialic acid receptor proteins (R) embedded in the surface of the epithelial cell.  This 
triggers receptor-mediated-endocytosis wherein clathrin (C) and AP-2 (AP) proteins 
spontaneously assemble into a geodesic dome-like structure and engulf the virus within a 
cellular membrane – creating an endosome. Other components of the in�uenza virus include, 
M1 matrix protein (M1), M2 proton channel protein (M2), RNA polymerase (RP) and the 
segmented RNA genome.

Panel 3 (top right) - pH-Induced Conformational Change in the Structure of the HA Protein. vATPases (V), located in the 
membrane of the endosome, pump protons into the endosome, which lowers the pH from ~pH 7 to ~pH 5. This drop in pH triggers a 
conformational change in the structure of the HA proteins within in the viral membrane (VM), exposing the fusion peptides of the 
trimeric HA protein, which then embed themselves in the endosomal membrane (EM).  

Panel 4 (bottom right) - Membrane Fusion and Release of Viral RNA into the Cell. After the fusion peptides of the HA proteins 
are embedded in the endosomal membrane, further conformational changes in the structure of HA brings the viral membrane closer 
to the endosomal membrane.  At the same time, protons �ow into the virus through the M2 proton channel protein (M2), weakening 
the interaction between the matrix proteins (M1) and the viral RNA genome.  As the viral membrane fuses with the endosomal 
membrane, the segmented viral RNA genome is released into the cytoplasm of the cell.  This completes the �rst stage of the 
in�uenza virus infection cycle.  

In�uenza Virus Infection Cycle
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These molecular landscapes can be purchased from 3D Molecular Designs (3dmoleculardesigns.com). Find complete 
lessons and activities for at: http://www.3dmoleculardesigns.com/Teacher-Resources.htm.
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