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Course QOutline

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

nanoMachines in energy flow
3. Motors and locomotion

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



Visible microscopy has a
role — motion detection

Alpha-Helix Green Fluorescent Protein
— D, Beta-Sheet

Beta
Barrel -
~40 A
y ii 912}
't
Chromophore
Wikipedia I , I
J ' magnet.fsu.edu
=304 ( Nobel Prize in Chemistry ]
l 2008 J

3/10/2023 nanoMachines 2 6



Visible microscopy has a
role — motion detection

GFP Attached to Large Protein
for Localization Imaging

Human alpha-Tubulin

C-Terminus” £

[~

|
L

~

= ‘.
D

-
N magnet.fsu.edu
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Visible microscopy has a 3 | * - Amazing Studio
role — motion detection | :

GFP Attached to L
for Localization

3/10/2023




A note about visualizing nanoMachines

 Last week: Free visualization software

* Another way:

— Web based visualization at www.RCSB.org



http://www.rcsb.org/

www.RCSB.org

— O (R (3]  httpsy//www.rcsb.org/#Category-search AD 16 & 'l.'“n 3 T= G Q

Deposit ~ Search ~  Visualize ~ Analyze - Leam ~ About ~ Documentation -~  Careers

-3smucres @ 4\J4A Include CSM @ n

Advanced Search | Browse Annotations Help

wwPDS @ PDB-Dev

Fourdation

lWeIc:nme ’#Depusit CaVisualize 2Analyze MlLearn

4™ Advanced Search W=\ /A Sequence Similanty Search
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http://www.rcsb.org/

www.RCSB.org
RCSB PDB Deposit+ Search ~  Visualize +  Analyze + Download ~ Leam ~ About ~ Documentation ~  Careers

. 201,979 Structures from the PDB
- 3D Structures @ | Enter search term(s), Entry ID(s), or sequence Include CSM @
RO TEIN DATA BA N K E 1,068,577 Computed Structure

Models (CSM} Advanced Search | Browse Annotations Help

IR 2PDEB 20hakeore [J)1] W wwhDS @ PDB-Dev

Fourdation

3D View Annotations Experiment Sequence Genome Versions
- _ (i QUL [l§ Display Files =
( Biological Assembly 1 @ 4V 4 A -

Crystal Structure of the Wild Type Ribosome from E. Coli 70S Ribosome.

PDB DOI: 10.2210/pdb4V4A/pdb Entry: 4V4A supersedes: 1PNX, 1PNY NDB: 4V4A

Classification: RIBOSOME
Organism(s): Escherichia coli
Mutation(s): No €

Deposited: 2003-056-13 Released: 2014-07-09
Deposition Author(s): Vila-Sanjurjo, A Ridgeway, W K_, Seymaner, V., Zhang, W., Santoso, S, Yu, K, Cate, JH.D.

Experimental Data Snapshot wwPDB Validation @ & 3D Report || Full Report

Method: X-RAY DIFFRACTION Metric Percentile Ranks Value

Resolution: 9.50 A Riree S (355

R-Value Free: 0.407 C ashscure= I . =7

R-Value Work: 0389 Ramachandran outliers B
i 3D View: Structure | 1D-3D View | Sidechain cutliers ] O 77
- . _—

RSRZ outliers . 54.8%
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wwW.RCSB.org

BOND OUTLIER
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Visualization I =«
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= I
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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



Energy and Material Flow Animates All Life

Useful
Materials

High Grade
Energy

Entropy
and
Disorder of
the World
as a Whole
Increases

Waste Heat

3/10/2023 nanoMachines 2 15



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

O

g\S
CO, + H,O + Energy = Carbs + O, Pho,ms\/mhe

3/10/2023 nanoMachines 2 16



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

. S

g\S
CO, + H,O + Energy = Carbs + O, Pho,ms\/mhe

B oo

Carbs + O,
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Results in a
single step?

3/10/2023 nanoMachines 2 19
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/2023

Ford F-150 Pickup Assembly:
more than 1 step






3/10/2023

Lesson: A Big Job may have to be
divided into many small steps

22



Remember ATP?

3/10/2023

You use your own weight in
ATP every day

nanoMachines 2

w /
G

ATP

Adensosine Tri-Phosphate
Primary Energy Carrier in Cells

0 Phosphorous

23

Wikipedia



Short Term Energy Storage ATP from ADP
ATP

Adenosine

TRI-

Phosphate

ADP

Adenosine

DI-

Phosphate

3/10/2023 24



Short Term Energy Storage Molecules like ATP

GTP

Guanosine Tri-Phosphate

NADH NADPH
N . , Nicotinamide Adenine FAD
Nicotinamide Adenine Di leotide Ph Pt
Dinucleotide ITLIEIESIEIEES SRS EE IS Flavin Adenine
‘ Dinucleotide

25
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Flight of the Phoenix (1965)

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

Movie

EEEEEER
-~

3/10/2023 2 I




For the last few billion years, the main source Life Timeline |

_ . . Quaternary ice age”
. o . o N OW p| |Flowers Birds Primates| & Earliest apes / humans
f E —h Mammals
OT £nergy 1or 1iving tnings nas veen sSunlig ol |l _
ol N e
de +« caries
r ; e «— Andean glaciation™
'O . 5 ~10 n «— Cambrian explosion
—Z t « Ediacaran biota
Ci) S “—Cryogenian ice age*
C

“~ Earliest animals
— “— Earliest plants
\-/\ -1.04  Multicellular
. Life
SN o-© .
- — «— Earliest fungi
' 5 | « Earliest multicellular life

COZ + HZO + Energy 9 Carbs + 02 2.0 Eukaryotes

_ « Huronian glaciation™
“— Atmospheric oxygen

«— Sexual reproduction

O—ONO—-OD®—~+0—=T

Photo-

«—— Pongola glaciation*

-3.0d synthesis
_3 _5 «— Earliest oxygen
Single-celled
. Lf +— LHB meteorites
Pho-‘-osy n-‘.hes 'S _4.0 e «— Earliest fossils
Water

«—LUCA
“— Earliest water

«— Earth formed

SooomT

-4.5
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The way we do it....

Clean Energy ldeas

3/10/2023

Photosynthesis

Silicon PhotoVoltaic Cell: 0.5V

Front Contact

N-Type
Silicon

PN Junction

P-Typo

Back Contact Silicon

Steve Matricciani (2014)

nanoMachines 2
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The way we do it....

i«ﬁgj

Clean Energy Ideas

Front Contact

N-Type
Silicon

PN Junction

P-Type

Back Contact Silicon

/.

Steve Matricciani (2014)

3/10/2023

Photosynthesis

Not pract'\ca\ for biology--

Growing a Silicon Crystal

nanoMachines 2

Sil’Tronics
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The way we do it....

Back Contact

Steve Matricciani (2014)

3/10/2023

Photosynthesis

The way nature does it....

CO, + H,0 + Photons = Carbs + O,

nanoMachines 2

31



Photosynthesis | HHMI Biolnteractive Video
(YouTube)

w Carbon Dioxide

W o U= \{”U. llf‘—ql ‘j\ \2

PHotoSynthesis

3/10/2023 nanoMachines 2 Howard Hughes Medical Institute 37




Photosynthesis Chlorophyll a
coe & % .. Beta Carotene I?Y

CO, + H,0 + Photons = Carbs + O, 3
Rlng ~ ‘ 3

g

@ Photon Absorber

Problem:
Most organic molecules
do not absorb light

)

Those that do are
called pigments or dyes

\_\ydrOCabe“

5

Ring — “"

3/10/2023 33
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Photosynthesis Chlorophyll b
CO, + H,0 + Photons = Carbs + O,

Chlorophyll a

@ Photon Absorber

Problem:
Most organic molecules
do not absorb light

Those that do are r
called pigments or dyes @

9

9
anoMachines 2
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Photosynthesis

oo 8 RN o®
CO, + H,0 + Photons = Carbs + O,

@ Photon Absorber

Problem:
Most organic molecules

do not absorb lig
Chl g

Those that doare | .- | A

v

called pigments or
J

- Chib

Chlorophyll b

\‘ I' ~ \
\ /. Ci\l a

W | |
: um shows ho - .
Action spectf o o | /‘ '
ffective each col0 " ‘ | .
e oting photosynthe 2
m . .
pro and growth. | o
pven green light can give
photosyntheS\s, thoug | | — ‘
more weakly- o

Wavelength of light (nm)

T v

Chlorophyll a
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Photosynthesis .
Filamentous
%¢¢ Ly = o-® Plasmodesmata cytoskeleton .
o cMall m
CO, + H,0 + Photons => Carbs + O, Plasma membrane /
B / Cell wall /)

\

Chloroplast

Typical
Vacuole

Plant Ce” Tonoplast
with
Organelles

Mitochondrion

Peroxisome —

3/10/2023 nanoMachines 2 37
Wikipedia



Photosynthesis
°ee @& o

CO, + H,0 + Photons > Carbs + O,

Moss Cells

—a ==

N y ) ‘»‘v; i d J ~3 \‘: ; K_ 3 " V f /. = 3 \ - 3 .
with PR YaSs 800 orlag o s pess
A / 2 T3 ’ . S - / Ve ’ -
4 Wy \. / | F T —— “7)" S\ ‘ : ; &) -

Chloroplasts
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Photosynthesis

CO, + H,0 + Photons > Carbs + O,

Moss Cells
with
Chloroplasts
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Photosynthesis | HHMI Biolnteractive Video
(YouTube)

- <

X % : ' . W - ' I
AL R R ASS R SR , S'. o ik NG NNy o ? ) “ Ye 7
. Ny i y - o - . g " v 2 J
. D K 3 Fy . T ¥ ¥ 3 g\ »: - 2 % . - “_,A- — oty ot -
. 5 o ¥ g 3 =3 . & 5 25
Y N g PR ' <. molecules X
= ¥ Y N o 3 AR (=S : - - ‘ 2 T4 D L P
%, 5 { e ot o e . By TR N3 o

" - . g

: {57
= : - '_*’,‘ se L ¢ . ; . & ~ . "

Epidermal e ALy
ce“S '. ';{»j 5;‘ A .‘_r .4,.:& ,..v 1

s L SN i
. Ca -t @ Py »
{ - T LE e
o~ - r
L m y 4 = &4 "0 "
< e

Nt 2
> @ 3

3 ks -t
= y .(;'.- -
€ a - - D

RS AP A ..

L - ?\- i

) M g
r Lo

ol < 2§ -

Howard Hughes Medical Institute B b W

L.



Photosynthesis

‘“‘*’\%\%ﬂ

CO, + H,0 + Photons > Carbs + O,
e J

Inner Envelope Thylakoids

(2 Membranes)

Structure of
Chloroplast

’:’?% g Cyanobacteria

" * /| DNA Ring

Starch Grain

nanoMachines 2 Simple Wikipedia 41



%o ¢ e x

CO, + H,0 + Photons > S e W,:,;-»:-;.:.,mwx -

\ e ,‘;, : uh,
g m

Inner
Structure of St
Chloroplast gt

: o o
S w'« o &F

Starch Grain
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A Short Aside:
Bilayer Membranes

These Lipids Self-Assemble into

Bilayer Membranes

Phospholipids

43

Wiley Online Library
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Photosynthesis

‘“‘*’\%\%ﬂ

CO, + H,0 + Photons > Carbs + O,
e J

Inner Envelope Thylakoids

(2 Membranes)

Structure of
Chloroplast

’:’?% g Cyanobacteria

" * /| DNA Ring

Starch Grain

nanoMachines 2 Simple Wikipedia 44
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Questions?
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Photosynthesis
coe & &‘% oo (D “Light Reactions”
€Oz * H,0 + Photons = Carbs + O, | * Harvest sunlight photons eily
* Store energy in NADPH & ATP
Two Main Steps * Located /n Thylakoid Membranes

Thylakoids

of
Photosynthesis

@ “Dark Reactions” o p o |
Use energy and electrons e = .
from NADPH & ATP
Combine CO, + H,0 to

make sugars
Outside of Thylakoids Chloroplast




Photosynthesis

%o¢ LQ& x o®
CO, + H,0 + Photons > Carbs + O,
\ y, ‘
Inner it
Structure of |/ .“
. gL " WU
a Thylakoid
H,0
THYLAKOID SPACE
%",;;{,,““'*‘ { A. LA
USSR g‘ ,f,fni:#:?f.tlv Y
3/10/2023 Canacad.ac.jp

“Light Reactions”

Cytochrome

Photosystem |l 3 Photosyste
complex
Light
L < e A oo : X t. .
A _‘,._‘,,‘ "‘-. # ]
I ’NJ ) e
if
te H* 2H
2 ‘ I ) 'v (’ ‘ ! <
Snrgeat MM N ifedy =
(gl Nan AANN
' Mg ;}_.i ¢
HERERY
Thylakoid 3
Membrane ATP
synthase

ml

NADP*
reductase
1‘7'- '
(===

NADP* + 2H*

NADPH

+ H*




Thylakoid stroma

Thylakoid lumen

3/10/2023 nanoMachines 2 48

Howard Hughes Medical Institute



Photosynthesis

®-¢¢ ~Qk x o-®

g CO, + H,0 + Photons > Carbs + 02) ‘ ”L|ght ReaCt|OnS”
Photosystem Il C‘,ﬂ'.(«)):}’;)!{i':h} Photosystem |
~y  Light NADP*
I n ner u..g.m. N AR RN AT R N SN N i reductase
fp\a_ NADP* + 2H*
Structure of |75 N P D P i e
. GG P B\ W)~ Sy B L L
a Thylakoid ' -' R
) 4 e
THYLAKOID SPACE & : ——
+2 H* 2H 2 =

HALALS {8y : - : c
it A ‘,-,‘urtn 1 ,“[‘ \ :

oy ' AT ; Y = g A T )
LI TTE TR , e I TURN
{ r2 8 f § kgv J r:,\'l'll‘ : ‘ TR .“9 " ,) S“ . A

Thylakoid
Membrane

ATP
synthase

3/10/2023




3/10/2023

nanoMachines 2

Thylakoid stroma

Thylakoid lumen
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\

Photosynthesis

mﬁ\x%ﬂ

e

CO, + H,0 + Photons > Carbs + O,

\.

PS I
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Photosynthesis

%oe * S °o-®

CO, + H,0 + Photons > Carbs + O,

J

PS Il Monomer

20 Protein Subunits

35 Chlorophyll a

12 Beta-Carotene

20 Lipids

1 Manganese
Center (Mn,CaO)

Lots of other stuff
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Photosynthesis
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Thylakoid stroma

H*+ NADP+ NADPH

Complex

Cytochrome PS| /}

@ @
@
(;9 QD >% + Q@ % QOQ
H,0 0, K H*
Thylakoid lumen
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Inner

Structure of |/,

< y
s
o

a Thylakoid
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l “Light Reactions” l
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Cytochrome
Complex

H*+ NADP* e

Howard Hughes Medical Institute

Thylakoid stroma

Thylakoid lumen




Thylakoid stroma

Cytochrome
Complex

Sl e AN U O,

Thylakoid lumen
57
Howard Hughes Medical Institute
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Organic QGQ ¢o,

LIGHT REACTIONS Molecules
Thylakoids

( CALVIN CYCLE

N, Stroma

ADP
Chemical

NADP* Reactions
Q" H,0

'- ‘.
3/10/')23 nanoMachifies 2 Aok



CALVIN CYCLE: Phase 1 — Carbon Fixation
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Magnesium lon

8 Identical Units v &F e At en N T RuBP (5 C)

Each has \ ) ( & PR wa QuEy ! Molecule

2 Protein Subunits TN ) WG TR R ) K W‘M
I E / — . ’:J ,’.‘l - -‘;:[ . x : - . $ = L ’ l ‘{ 5 - ¥ C’ C)
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RuBP (5 C)

Molecule
CO,

(not visible)

Magnesium lon

e 467 Amino Acids
123 Amino Acids

2 Protein Subunits

* One Unit

o
O
2
o)
>
e
<
O
S
=
Q.
N

e 8 ldentical Units

e Each has
2 Proteins:




e

Patched-on

Carboxyl Group
|. x 7\

N s
i

Some
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Ammo AC|d

Rubisco from
Bacteria:
Active Site




Photosynthesis

%0oe & ﬁ?t o®
cTR IR AR CALVIN CYCLE: Phase 1 — Carbon Fixation

\.
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Photosynthesis . _
So How Does Rubisco Stack Up as a Molecular Machine?

®eo¢ »os\ N o-®
CO, + H,0 + Photons > Carbs + 02)
e All land life (and most sea life) depends on it
CALVIN CYCLE: Phase 1 — Garbon Fixation -
T e But.... it barely works
— Excruciatingly slow - only a couple of CO,’s per second
are fixed.
Phase 3 * As aresult, huge numbers of these machines needed:

Possibly the most abundant Protein in nature!

— It makes a /ot of mistakes 5aroag?
* 25% of the time it tries to process O, instead of CO, OuT

e 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?



GALVIN CYCLE

6 NADPH

6 ADP + 6 Pi
6 NADP* + 6 H*

/
% 7 Other organic molecules

3/10/2023 nanoMachines 2 Howard Hughes Medical Institute 65




Organic Molecules

Starch

3/10/2023 nanoMachines 2 Howard Hughes Medical Institute 66




( Photosynthesis

®e¢¢ \,.\\ x o-®
CO, + H,0 + Photons > Carbs + O,
_
Fructose
C6H1206
Glucose
2G3P —»
C6H1206

3/10/2023

What is Sucrose?

nanoMachines 2

Sucrose
C12H22011

67
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Sun

nanoMachines 2

» e | o

Carbon Dioxide
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\_

Photosynthesis

oo ¢ ~'.\ x o
CO, + H,0 + Photons > Carbs + O,

J

* Created Ozone layer
* UV Protection of Oceans

 Reduced Temperatures
* by removing CO,

e Enabled Multi-cellular Life

3/10/2023

Photosynthetic Oxygen
Changed the World

nanoMachines 2

Life Timeline

N OW ™ p |Flowers Birds Primates
—h Mammals
_la Dinosaurs
n P
? ; Arthropods Molluscs
S B
0 s
i
C

Multicellular

Life
P
:
o Eukaryotes

Photo-
synthesis

Single-celled
Life

Water

-4.5

Billions of Years

t

Quaternary ice age”
Earliest apes / humans

~ Karoo ice age”

«— Earliest tetrapods
«— Andean glaciation™
— Cambrian explosion
« Ediacaran biota
“—Cryogenian ice age”
“~ Earliest animals

“— Earliest plants

«— Earliest fungi
« Earliest multicellular life

«— Sexual reproduction

« Huronian glaciation™
“— Atmospheric oxygen

«—— Pongola glaciation*

«— Earliest oxygen

+« LHB meteorites
«— Earliest fossils

«—LUCA
“— Earliest water

«— Earth formed

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

o’ R > ﬁ}, i
/; hes's

CO, + H,O + Energy = Carbs + O, Pho’(OSYm

___________________________________________________________________________________
______________________
s~ =

| ,
\ L

! % ¢

- | %Y

! , o-® o

" W s o

,l G

I
I
I

Carbs + O, > Energy + CO, + H,0

~ 4
_________________________________________________________________________________
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Carbs + O, > Energy + CO, + H,0

Glucose

i@’\
@? s
Enzn? gﬁ <§7 ,ﬁ, 5557
= ’o\—? T .
’\ 7 67
’\

D°"Vnhil/
CoFactor
N

A metabolic pathway

é?
e,
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Inner
Membrane

Mitochondria:

The Eukaryotic Cell’s Powerhouses Outer

Membrane
DNA

Loop
Nucleus

—

Molecular Expressions

Mitochondrion

Ohio State U
(Veterinary)

Simplified Animal Cell

3/10/2023 nanoMachines 2




Mitochondria:

Harvar@o Sio
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Free online courses are available ...

— a
E— VIEW ALL COURSES \ ;;m HARVARD
e - UNIVERSITY

Cell Biology: Mitochondria

A human-centered approach to the fundamentals of cell biology with a focus on the power
Robert A. Lue

Professor of Molecular and Cellular Biology, ) ! ‘ B\ 8
Harvard University - y 4 L \
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Glycolysis — Drew Berry
(WEHI and HHMI Biointeractive 2012)
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Glycolysis — Drew Berry
- (WEHI"'and HHMI Biointeractive 2012)

10 nanomachines
needed to chop
Glucose in 2



Glycolﬁ - Drew Berry
(WEHI M/II Biointeractive 2012)
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10 nanomachines
Glycolysis needed to chop
Glucose in 2!



Pause here until next week......
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