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Course Outline

1. Overview 
Building blocks, energy flow, how we know

2. nanoMachines in energy flow

3. Motors and locomotion

4. DNA & RNA processing, protein manufacturing, Sensory
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From last week….



Visible microscopy has a 
role – motion detection
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Crystal  Jellyfish   Aequorea victoria

Wikipedia

magnet.fsu.edu

Green Fluorescent Protein



Visible microscopy has a 
role – motion detection
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magnet.fsu.edu

GFP Attached to Large Protein 
for Localization Imaging

C-Terminus



Visible microscopy has a 
role – motion detection
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GFP Attached to Large Protein 
for Localization Imaging

C-Terminus

Movie



A note about visualizing nanoMachines
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• Last week: Free visualization software

• Another way:

– Web based visualization at  www.RCSB.org

http://www.rcsb.org/


www.RCSB.org
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4V4A

http://www.rcsb.org/


www.RCSB.org
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http://www.rcsb.org/


www.RCSB.org
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Visualization 
Controls

http://www.rcsb.org/
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Outline of Session 2

• Photosynthesis

– Harnessing sunlight to make the fuel that powers life 

• Respiration

– Converting that fuel to usable energy
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Energy and Material Flow Animates All Life

HeatWaste

Useful 
Materials

High Grade 
Energy

Entropy 
and 

Disorder of 
the World
as a Whole 
Increases



3/10/2023 nanoMachines 2 16

For the last few billion years, the main source of Energy 
for living things has been Sunlight

CO2 +  H2O    +  Energy  → Carbs  +  O2
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For the last few billion years, the main source of Energy 
for living things has been Sunlight

CO2 +  H2O    +  Energy  → Carbs  +  O2

Carbs   +   O2   → Energy  +  CO2 +  H2O
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Keith Appleton
Steam Enthusiast

Twin Tangye Type 
Model Steam Engine

Movie
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Results in a 
single step?

Truck-o-matic
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Ford F-150 Pickup Assembly:
more than 1 step
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Movie
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Lesson:  A Big Job may have to be 
divided into many small steps



You use your own weight in 
ATP every day
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Wikipedia

Remember ATP?
ATP

Adensosine Tri-Phosphate
Primary Energy Carrier in Cells
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Short Term Energy Storage   ATP from ADP
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Short Term Energy Storage Molecules like ATP
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ATP

GTP
Guanosine Tri-Phosphate

NADH
Nicotinamide Adenine 

Dinucleotide

NADPH
Nicotinamide Adenine 

Dinucleotide Phosphate

Adenosine Tri-Phosphate

FAD
Flavin Adenine 
Dinucleotide
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Flight of the Phoenix (1965) Jimmy Stewart

Coffman 
Cartridges

Our hardy crew is stranded in the Libyan
desert with only one hope of survival ...

Movie
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For the last few billion years, the main source 
of Energy for living things has been Sunlight

CO2 +  H2O    +  Energy  → Carbs  +  O2

Wikipedia
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Now

Life Timeline

Billions of Years

Photo-
synthesis

Multicellular 
Life

Eukaryotes

Single-celled 
Life



Photosynthesis
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Clean Energy Ideas

Steve Matricciani (2014)

Silicon PhotoVoltaic Cell:  0.5V

The way we do it….



Photosynthesis
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Clean Energy Ideas

Steve Matricciani (2014)

The way we do it….

Sil’Tronics
Growing a Silicon Crystal



Photosynthesis
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Clean Energy Ideas

Steve Matricciani (2014)

The way we do it…. The way nature does it….

Robert Franklin, AP

CO2 +  H2O    +  Photons  → Carbs  +  O2
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Photosynthesis | HHMI BioInteractive Video
(YouTube)

Movie



Photosynthesis
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CO2 +  H2O    +  Photons  → Carbs  +  O2

 Photon Absorber

Problem:
Most organic molecules

do not absorb light

Those that do are 
called pigments or dyes

Beta Carotene

Ring

Ring

Chlorophyll a

Mg++



Photosynthesis
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CO2 +  H2O    +  Photons  → Carbs  +  O2

 Photon Absorber

Problem:
Most organic molecules

do not absorb light

Those that do are 
called pigments or dyes

Chlorophyll aChlorophyll b



Photosynthesis
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CO2 +  H2O    +  Photons  → Carbs  +  O2

 Photon Absorber

Problem:
Most organic molecules

do not absorb light

Those that do are 
called pigments or dyes

Chlorophyll aChlorophyll b

Wavelength of light (nm)

Chl a

Pigment Absorption

Carotene

Action
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Wikipedia

Typical 
Plant Cell

with 
Organelles

Chloroplast

Mitochondrion

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis



Wikipedia Des Callaghan
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Moss Cells 
with 

Chloroplasts

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis



Wikipedia Des Callaghan
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Moss Cells 
with 

Chloroplasts

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

Wikimedia (Kritian Peters)
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Photosynthesis | HHMI BioInteractive Video
(YouTube)

Diving Down 
to the 

Chloroplast

Movie



Envelope
(2 Membranes)
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Inner 
Structure of 
Chloroplast

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

Starch Grain

Thylakoids

DNA Ring

Cyanobacteria



Envelope
(2 Membranes)
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Inner 
Structure of 
Chloroplast

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

Starch Grain

Thylakoids

DNA Ring

Cyanobacteria

Electron Microscope Image of Chloroplast Slice
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These Lipids Self-Assemble into 
Bilayer Membranes

A Short Aside:
Bilayer Membranes

Phospholipids



Envelope
(2 Membranes)
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Inner 
Structure of 
Chloroplast

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

Starch Grain

Thylakoids

DNA Ring

Cyanobacteria
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Questions?
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Two Main Steps 
of 

Photosynthesis

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

Thylakoids

Chloroplast

“Light Reactions”
• Harvest sunlight photons
• Store energy in NADPH & ATP
• Located In Thylakoid Membranes



“Dark Reactions”
• Use energy and electrons 

from NADPH & ATP
• Combine CO2 + H2O to 

make sugars
• Outside of Thylakoids



Simple Wikipedia
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Inner 
Structure of 
a Thylakoid

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

To 
Calvin 
Cycle

Thylakoid 
Membrane

“Light Reactions”

Canacad.ac.jp
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Movie
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Inner 
Structure of 
a Thylakoid

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

To 
Calvin 
Cycle

Thylakoid 
Membrane

“Light Reactions”

Photosystem II
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Howard Hughes Medical Institute

Movie
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CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

PS II 
Dimer
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CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

PS II Monomer

• 20 Protein Subunits
• 35 Chlorophyll a
• 12 Beta-Carotene
• 20 Lipids
• 1 Manganese

Center (Mn4CaO)
• Lots of other stuff
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Inner 
Structure of 
a Thylakoid

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis

To 
Calvin 
Cycle

Thylakoid 
Membrane

“Light Reactions”

Photosystem II Photosystem I

-

NADPH + H+

Acidic pH 4
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Howard Hughes Medical Institute

Movie
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Inner 
Structure of 
a Thylakoid

To 
Calvin 
Cycle

Thylakoid 
Membrane

“Light Reactions”

Photosystem II Photosystem I

NADPH + H+

Acidic pH 4
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Movie

Howard Hughes Medical Institute
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Howard Hughes Medical Institute

Movie
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“DARK REACTIONS”

5C
3C
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“DARK REACTIONS”

5C
3C

Movie
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Spinach Rubisco

• 8 Identical Units
• Each has

2 Protein Subunits

• One Unit
• 2 Proteins:

• 467 Amino Acids
• 123 Amino Acids

Magnesium Ion  

Mg
++

RuBP (5 C) 
Molecule

CO2

(not visible)
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Spinach Rubisco

• 8 Identical Units
• Each has

2 Protein Subunits

• One Unit
• 2 Proteins:

• 467 Amino Acids
• 123 Amino Acids

Magnesium Ion  

Mg
++

RuBP (5 C) 
Molecule

CO2

(not visible)

Movie
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Rubisco from 
Bacteria:

Active Site

Mg
++

RuBP

Some 
Critical 

Amino Acids

Movie

Patched-on 
Carboxyl Group
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CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis



• All land life (and most sea life) depends on it

• But ….  it barely works

– Excruciatingly slow - only a couple of CO2’s per second 
are fixed.

• As a result, huge numbers of these machines needed:
Possibly the most abundant Protein in nature!

– It makes a lot of mistakes

• 25% of the time it tries to process O2 instead of CO2

• Often it misfires and generates the wrong product

– Frequently gets gummed up and stuck, requiring special 
repair machines to reset it and get it going again

• So why does nature stick with it?

3/10/2023 nanoMachines 2 64

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis
So How Does Rubisco Stack Up as a Molecular Machine?
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Movie
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Movie
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CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis
What is Sucrose?

Glucose
C6H12O6

Fructose
C6H12O6

Sucrose
C12H22O11

2 G3P
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Movie



Photosynthetic Oxygen 
Changed the World
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-4.5
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-3.0

-1.5

-2.0

-0.5

-1.0

Now

Life Timeline

Billions of Years

Photo-
synthesis

Multicellular 
Life

Eukaryotes

Single-celled 
Life

• Created Ozone layer
• UV Protection of Oceans

• Reduced Temperatures
• by removing CO2

• Enabled Multi-cellular Life

CO2 +  H2O    +  Photons  → Carbs  +  O2

Photosynthesis
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Questions?
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For the last few billion years, the main source of Energy 
for living things has been Sunlight

Carbs   +   O2   → Energy  +  CO2 +  H2O

CO2 +  H2O    +  Energy  → Carbs  +  O2
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Enzyme

1

2

3
4 5

6

7CoFactor
8

x

“Cycle” 9

Carbs   +   O2   → Energy  +  CO2 +  H2O

O2

Glucose

74

H2O

A metabolic pathway



Cristae

Molecular Expressions 
(FSU)
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Mitochondria:
The Eukaryotic Cell’s Powerhouses

Simplified Animal Cell

Ohio State U 
(Veterinary)

Mitochondrion

Nucleus

DNA
Loop

Wikipedia
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Mitochondria: The Cell’s Powerhouse
Harvard BioVisions

Nanomachine Proteins are 
transported into the 

Mitochondrial Matrix as long 
unfolded Amino Acid Chains!Movie
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Free online courses are available …



Credit:Toppr

(Krebs Cycle)
Oxidative 
Phosphorylation
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2C3C

Outside of Mitochrondria Inside Inner Membrane of Mitochrondria

Co-Enzyme ACarbs +  O2 → +  CO2 +  H2O

Respiration

6C



Credit:Toppr

(Krebs Cycle)
Oxidative 
Phosphorylation
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3C

Outside of Mitochrondria Inside Inner Membrane of Mitochrondria

Carbs +  O2 → +  CO2 +  H2O

Respiration

6C
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Glycolysis – Drew Berry 
(WEHI and HHMI Biointeractive 2012)

Movie
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Glycolysis – Drew Berry 
(WEHI and HHMI Biointeractive 2012)

10 nanomachines 
needed to chop

Glucose in 2

Movie
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Glycolysis – Drew Berry 
(WEHI and HHMI Biointeractive 2012)

10 nanomachines 
needed to chop

Glucose in 2!

Movie
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Pause here until next week……
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