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CPEL Course Content

Intro Ex. Defining our starting point (online questionnaire & video) (February 19)

BLOCK 1: Introduction and engineering with cellular components

Lecture 1. Intro to biology and cells

Lecture 2. Proteins and protein based materials
Lecture 3. DNA and DNA-based materials
Exercise 1. Proteins, peptides and DNA

BLOCK 2: Inter- and intracellular action

Lecture 4. ECM, adhesion and artificial matrices
Lecture 5. Virus, antibodies and immune engineering
Lecture 6. Bacteria

Exercise 2. Nanoparticles and Scaffolds

BLOCK 3: Physics of biological processes

Lecture 7. Receptors and targeting

Lecture 8. Endocytosis

Lecture 9. Signaling and communication

Exercise 3. Engineering functionality

Lecture 10. Revision and conclusion Biology for MX - 1

(February 26)
(March 5)
(March 12)
(March 19)

(March 26)
(April 2)
(April 9)
(April 16)

(April 30)
(May 7)

(May 14)
(May 21)

(May 28)



CPEL On Today’s Menu:

Fundaments of Proteins Engineering with Proteins

Part 1 Part 2 Part 3

What are Proteins? Protein Engineering Protein-based Materials
- Structure Mutants - Particles
- Function Synthesis - Surfaces
- Production Folding Prediction (Al) - Fun stuff

Biology for MX - 2 3
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E PFL 7 Types of Proteins All figures from David Goodsell

Antibodies: Enzymes: Structural proteins: Hormonal proteins:
Protection Chemical reactions Support and Strength Regulation, development

insulin

trypsin

Transport proteins Storage proteins Contractile proteins
Communication Reserves movement

Biology for MX-2  Ferritin




CPEL David Goodsell

Professor of Computational Biology at the Scripps Research Institute,
Research Professor at Rutgers University, Scientific Outreach Lead at the RCSB Protein Data Bank.

https://ccsb.scripps.edu/goodsell/

Biology for MX - 2


http://rcsb.org/

Microtubule

iBiology course on Motor Proteins
https://youtu.be/9RUHIhskWO00?si=cSsXC4tNnkldJqyp

Motor Proteins: Kinesin and Dynein

Nature’s robots!

Motor proteins use the energy of ATP
hydrolysis to move along microtubules
or actin filaments. They mediate the
sliding of filaments relative to one
another and the transport of
membrane-enclosed matter along
filament tracks.

1.motor proteins on actin filaments are
members of the myosin superfamily.

2.The motor proteins on microtubules

are members of the kinesin
superfamily or the dynein family.

Biology for MX - 2
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E P F L W h at are Protein S? Serine/Threonine Protein Kinase Plk4

Proteins are large biomolecules consisting of one or more
long chains of amino acid residues.

Proteins differ from one another primarily in their
sequence of amino acids, which is dictated by the
nucleotide sequence of their genes, and which usually
results in protein folding into a specific 3D structure that
determines its activity.

7 types of proteins:
antibodies, contractile proteins, enzymes, hormonal proteins,
structural proteins, storage proteins, and transport proteins



Fundamentals of Proteins

Sequence Structure

f-pleated

amino acids sheet a-helix f-pleated

sheet

Primary Protein Secondary Protein

Structure Structure

Sequence of a chain Local folding of the

of amino acids polypeptide chain into
helices or sheets

Tertiary Protein Quaternary Protein
Structure Structure
three-dimensional protein consisting of
folding pattern of a more than one
protein due to side amino acid chain
chain interactions




cPEL Amino Acids

C-terminus

N-terminus
From carboxyl.

From amine. Writing convention is always N = C

Chiral central carbon!
Natural AAs are all in L-form
(Except Glycine, which is not chiral)

Side-chain
COOH \ HOOC
| | Can be polar (uncharged), apolar
G JC (hydrophobic), Basic or Acidic
1, 5
HN-" \N“R R™¢ SNH,
H H
L-amino acid\ D-amino acid Biology for MX - 2
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Alanine
Ala A
NH,: 9.87 COOH: 2.35

OH

Proline
Pro P
NH,: 10.60 COOH: 1.99

NH;

T
%
o
I
EREEEEEEE
%{
o)
T

Cysteine
Cys C
NH,: 10.78 COOH: 1.71

20 Amino Acids

Chart Key
@ Alkyl @ Aromatic @ Neutral Acidic @ Basic
Note: The NH, and COOH values listed below are pK_ values.
FEEEEEEEEE=m== B
1 1
1 1
1 1
i o i HsC ?Ha I H3C I i
1 1 2 _S
" HZN\)J\OH I ¢ OH ¢ \NLOH HaC v\)LOH
' : NH; CHs NH, NH
1 1
1 1
| D S J
Glycine Isoleucine Leucine Methionine
Gly G e | Leu L Met M
NH,: 9.60 COOH: 2.34 NH,: 9.76 COOH: 2.32 NH,: 9.60 COOH: 2.36 NH,: 9.21 COOH: 2.28
FEEEEEEEEm==— )
1 1
1 1
CH; O e} o) 1 e 1
1 1
1 HyN 1
ch)\)LOH oH QWLOH 1 H NOH !
NH, NH, N 2 1O N
1 1
1 1
| S ) J
Valine Phenylalanine Tryptophan Asparagine
Val vV Phe F To W Asn N

NH,: 9.72 COOH: 2.29

Glutamine

GIn Q
NH,: 9.13 COOH: 2.17

NH,: 9.24 COOH: 2.58

Ser S
NH2: 9.15 COOH: 2.21

NH,: 9.39 COOH: 2.38

OH O

NHz

Threonine

Thr T
NH,: 9.12 COOH: 2.15

NH,: 8.80 COOH: 2.02

OH

HO

Tyrosine
Tyr'Y
NH,: 9.11 COOH: 2.20

() Essential

¢ 3 Non-Essential

O

HON
OH

O  NH,

Aspartic Acid
Asp D
NH,: 9.60 COOH: 1.88

O @)

HOWLOH

NH

Glutamic Acid
Glu E
NH,: 9.67 COOH: 2.19

@)
NH o o
HZNJ\H/\/\)LOH 7 \ OH HzN\/\/\)LOH
NHZ LN NH2 NHZ
H
Arginine Histidine Lysine
Arg R His H Lys K

NH,: 9.09 COOH: 2.18

NH,: 8.97 COOH: 1.78

NH,: 10.28 COOH: 8.90

Source: Fisher Scientific 13



cPrL

Non Essential: our body can make them
Alanine; Asparagine; Aspartic acid;
Glutamic acid; Serine

Conditionally-Essential : healthy bodies
can make them under normal physiologic
conditions. They become essential under
certain conditions like starvation or
inborn errors of metabolism.

Arginine; Cysteine ; Glutamine; Glycine;
Proline; Tyrosine

Essential : cannot be made by us. Dietary
protein provides these amino acids, which
are needed to make certain hormones
and other important molecules.

Histidine; Isoleucine; Leucine; Lysine;
Methionine; Phenylalanine; Threonine;
Tryptophan; Valine

20 Amino Acids

I
D.
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‘ll ..fl&‘ 0’0

Branched Chain AAs

© Essential amino acids ®

o © @eo'____!_ o
.@@0@@@ °

1 BCAA

Non-essential amino acids -}
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e
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https://www.ajinomoto.com/amino-acids/what-are-amino-acids



The Making of a Protein

9 7
j‘., } : Polypeptide chain

¥ Pata o2 2%
{ ‘ 9.
" J’)Jf y j.'.'t JN.“O.

*»»;

Amino acids

mRNA

https://www.genome.gov/genetics-glossary/Amino-Acids

Amino acids

Ala
Arg
Asn
Asp
Cys
Gin
Glu
Gly
His
lle
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine




Polypeptide



cPEL Peptide Production

In the cell by the ribosome: N 2> C

aa;_'tRNA7
Growing B ',"
polypeptide H2N~C~R7
chain I
7o
O
tRNA4
leaving I
\\\C; CAG
cC
mMRNA

In the chemistrylab: C—> N

(Cleavage) ( Coupling

Biology for MX - 2

Deprotection

Peptide
Synthesis
Cycle

Amino Acid

Activation
Liberty2iiE)



cPEL Peptide Production

Solid Phase Peptide Synthesis (SPPS)

Deprotection

Direction of synthesis
—

Kic

Peptide
Synthesis
Cycle

(Cleavage) ( Coupling

O oj\N |
C N
(

Last step: cleave from resin and remove
all side chain protective groups

‘ Fmoc

protecting

group
Base labile

Activation
Make good leaving group

Amino Acid

Biology for MX - 2 18




CPEL Helix and Sheet

hydrogen bonding between the amine and carboxyl
groups of non-adjacent amino acids

Biology for MX - 2 1QP 2QOM 2QKT




cPrL

How to make a protein in the lab?

Recombinant proteins are proteins encoded by recombinant DNA that has
been cloned in an expression vector that supports expression of the gene.

/

DNA Construction

¢
oo -"."

,—P

I 4

S\ —» N\ /

Cell Transfection Cell Propagation and

Protein Production

l

o *
oo L@
|

Protein Purification Cell Lysis

https://blog.addgene.org/plasmids-101-protein-expression

Biology for MX - 2
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CP=L Protein Engineering — Mutations

Protein engineering is the conception and production of unnatural polypeptides,
often through modification of amino acid sequences that are found in nature.

Change the color by mutations of specific amino acids
“ point mutations “

Biology for MX - 2 21



CP=L Protein Engineering — Mutations

Chemically interesting mutations:

‘ Identify an amino acid on a random section

Change to Lysine = chemical ligations to other molecules

‘ Identify an amino acid on a outward facing surface

Change to Cysteine = Induce sulphor bridge = dimerization

AN
114\ T”

T
v LY LY

Biology for MX - 2




cPEL Protein Engineering — What?

Chromophore Structural Motifs of Green Fluorescent Protein Variants

EBFP % ('
A
P His66
e
) g,

Seré5 &

Protein engineering is the conception and production of unnatural polypeptides,
often through modification of amino acid sequences that are found in nature.

Synthetic protein structures and functions can now be designed entirely on a P ;T’:"
computer or produced through directed evolution in the laboratory. ey ‘L/_.\
Figure 2 Thg\ .."-
Directed Evolution Rational Design
In directed evolution, random mutagenesis (by error- In rational protein design, a scientist uses detailed
prone PCR or sequence saturation mutagenesis) is knowledge of the structure and function of a
applied to a protein, and a selection regime is used to protein to make desired changes.

select variants having desired traits. - ]
The drawback is that detailed structural knowledge of a

protein is often unavailable, and it can be difficult to
predict the effects of mutations since structural
information provides a static picture of the structure.

Further rounds of mutation and selection are then
applied which mimics natural evolution and produces
superior results (in function) to rational design.

Biology for MX - 2 23



=P-L DIRECTED EVOLUTION SEMI-RATIONAL DESIGN RATIONAL DESIGN

Mutagenesis Computer-aided design
Random Ret? r?ilg:gson rag gg;?z"aet?on
13 . 2
e s o %
o D— -
OO Qe G —

Mutagenesis

Site-directed

4
S J—

Characterization

DO -10.1021/cs400684x Biology for MX - 2



CPEL 2018 Nobel Prize: Frances Arnold

Tue Noser Prize

DiI1recTING

Evolution — the adaption of species to different Environments
— has created an enormous diversity of life. EvoLuTIiON

Frances Arnold has used the same principles — genetic
change and selection — to develop proteins that solve 9

: : G
humankind’s chemical problems. =S [RANCES ARNOLD

In 1993, Arnold conducted the first directed evolution of
. . . . Thursday, May 23 2019, 14:00 PM
enzymes, which are proteins that catalyze chemical reactions. at the Lundbeckfond Auditarium

Lecture: 2018 Nobel Laureate

Frances H. Arnold

California Institute of Technology

The uses of her results include more environmentally friendly
manufacturing of chemical substances, such as

pharmaceuticals, and the production of renewable fuels.

Enzymes by Evolution:
Bringing New Chemistry to Life

Biology for MX - 2




cPrL

Helpful Tools: The Protein Databank

RCSB PDB  Deposit + Search ~ Visualize ~ Analyze ~ Download ~ Learn ~ More ~

(= o) 174293 Biological
v Macromolecular Structures Enter search term(s) n
o= Enabling Breakthroughs in

PROTEIN DATA BANK Researchand Education Advanced Search | Browse Annotations
Sh i Celebnatin YEARS OF
DR-101 @PDB !F)ﬁm&«xm .@I e aca mz«:m f“ P Protein Data Bank

A Structural View of Biology

This resource is powered by the Protein Data Bank archive-information about
the 3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,
from protein synthesis to health and disease.

#™ Deposit

As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.

Q Search ) )
The RCSB PDB builds upon the data by creating tools and resources for

research and education in molecular biology, structural biology, computational
a4l Visualize biology, and beyond.

Analyze COvID-19
CORONA\IIRUS

4 PROTEIN P
CEs ©.. DATABANK @

& Download

Wl Learn

AR T
Cellulose Synthase
Latest Entries As of Tue Feb 02 2021 Features & Highlights m Publications ~

1QB and ERN: Electron Microscopy
Community Voice of the Customer

Register for the online February 11
workshop that will solicit feedback from
microscopists and facility managers
about IT challenges

PDB50 Backgrounds For Virtual
Meetings

Celebrate the 50™ anniversary of the
PDB by adding a backdrop to your next
meeting » 02/02/2021

Powerful New Tools for Exploring 3D

wwPDB EM Validation Reports Now Eesch Structures
Publicly Available A new article in Nucleic Acids Research
Reports for every released set of EM uses SARS-CoV-2 structures to

( ) model coordinates in the PDB and demonstrate redesigned RCSB.org

every released EMDB map entrv are features for exploring structural data

26



CPEL Prediction of Folding: Al in Biology

Google DeepMind: AlphaFold

Protein Sequence

T0954 / 6CVZ TO965 / 6D2V TO955 / 5W9OF

i i

T0954 / 6CVZ TO965 / 6D2V TO955 / 5W9F

AlphaFold works in two steps

1) multiple sequence alignments: comparison of
protein’s sequence with similar ones in a database
to reveal pairs of amino acids that don’t lie next to
each other in a chain, but that tend to appear in
tandem. DeepMind trained a neural network to take
such pairings and predict the distance between two
paired amino acids in the folded protein.

Ground truth

2) Create a physically possible — but nearly random
— folding arrangement for a sequence. Instead of
another neural network, it used an optimization
method called gradient descent to iteratively
refine the structure so it came close to the (not-
quite-possible) predictions from the first step.

Average predicted distance

Structures:
Ground truth (green)
Predicted (blue)

Nature 588, 203-204 (2020)
doi: https://doi.org/10.1038/d41586-020-03348-4 Biology for MX - 2 27
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https://doi.org/10.1038/d41586-020-03348-4

cPEL 2024 Nobel Prize: David Baker

Biology

)

CAATGTTGC... Gene
Sequence

Amino Acid
Sequence

Biological
Function

Design

Make protein and test
New

Gene TTCATGGCT...
Sequence

New
Amino Acid
Sequence

Desired
Function

THE

Biology for MX - 2
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Nature 589, 468—473(2021)

2D Crystalline Protein Surfaces

Biology for MX - 2

31 nm

;

Crystalline binary layers by designing
rigid interfaces between pairs of dihedral
protein building blocks, in a pbm lattice.

Because the material is designed from the
ground up, the components can be readily
functionalized and their symmetry
reconfigured, enabling formation of ligand
arrays with distinguishable surfaces.

With the rapid developments in de novo
design of protein building-blocks and
guantitative microscopy techniques, this
provides the basis for a future of
programmable biomaterials for synthetic
and living systems.

29



EPFL

Conclusion

Proteins are extremely important macromolecules that enable life and show
remarkable diversity in properties and function.

They can be easily engineered and produced with relative low cost in the lab.

This enables a central use of proteins as material tools to create modular
architectures with on-demand function.

With DNA as a template for synthesis, all copies of a protein are identical,
providing uniformity in materials building blocks.

Through recent advances in artificial intelligence, de novo protein design will
likely experience a huge jump in performance the next year.
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