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“F*L " Lecture 4 — Quick Summary

» Main lipid types and roles  Important bonds and interactions

- Main lipid types based on chemical properties Ester bonds Amide bonds Ether bonds
(triglycerides) (sphingolipids) (head domains)
Cchane § 0 R’
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- There are >1000 building blocks which can assemble in .
g - Amphipatic molecules (polar - Van der Waalls interactions

different ways (very diverse) and hydrophobic) that form in the tail

- Their main roles include energy storage, assembly of bilayers in aqueous solutions - Hydrogen bonding and
biological membranes, cell and hormone signaling charged interactions using

the head domain
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 Cholesterol in lipid membranes

- Cholesterol acts as a fluidity buffer in lipid membranes,
increasing fluidity at low temperatures and decreasing it at
high temperatures by interfering with phospholipid interactions

Cholesterol present T

YA LSS
PYEROV VR YD PVO Y

Too fluid Increased rigidity

without
No cholesterol
cholesterol
with

cholesterol

membrane
fluidity

@ Low temperature

ﬂk*ﬁi;;;;ﬁﬁ RT;;E:{;E:W sol i£-I ike T
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Too rigid Increased fluidity tem pefatul’e —_—

- This effect is concentration dependent, and very high
cholesterol content (above ~40-50%) may make
membranes too rigid and impermeable.

- Normal cholesterol content in plasma membranes is ~30-
50 molar %
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Lecture 4 — Extra Clarifications

* Net charge of different lipids and membranes

- Glycerophospholipids are the major constituents of
membranes and due to the presence of a phosphate group
they will be negatively charged (-1) unless the head group is
also charged.

(0]
I

‘CH-:—O—C\/\/\/\/\/\/\/\ Saturated fatty acid
‘ 0 (e.g., palmitic acid)
3l hospholipid
ISR S0Sp 0P o I Unsaturated fatty acid

general structure) “CH—O—C —_— aved.
‘ \/\/\/\/—\/\/\/\/ (e.g., oleic acid)
0]

. I
3CH, 0 P—0— X

(6] Head-group
substituent

Name of Net charge
glycerophospholipid Name of X Formula of X (at pH 7)
Phosphatidic acid — —H -1
Phosphatidylethanolamine Ethanolamine — CHZ—CHZ—ItJH;, 0
Phosphatidylcholine Choline CH,—CH;—N(CHy); 0
Phosphatidylserine Serine —_ CHzch*I:ng =1
00
Phosphatidylglycerol Glycerol CH, (IZH CH,—OH -1
OH
H 0-®
16 5)
Phosphatidylinositol myo-Inositol 4,5- H -4
4,5-bisphosphate bisphosphate 1 4
H o0—®
[2 3]
H H

- Depending on the composition the membrane charge will
range from neutral to negative, which has biological
consequences (e.g., interactions with proteins, ions etc.)
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Macromolecular
Structure

The molecules of Life

Carbohydrates
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nucleotide = nucleoside + phosphate
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Lecture 5 - Outline

Today:
Amino acid structures and categorization
Peptide bond and polypeptide chains
Protein structure and assembly

The MOLECULES
of LIFE

Physical and Chemical Principles ' = ! :

Reading suggestions:
The Molecules of Life (Chapters 1 and 4)
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=FFL " Genetic code is translated to protein sequence

Central Dogma of DNA - Transcription factors recognize the gene locations through
the major and minor groove of the DNA chain

’ H c HHE HH HH HHH ¥ * In the process it minimally disturbs the double helix structure
DNA 1 8Y a
) ,

‘

replication

i ki

Water H-bond:
Transcription i

Hydrophobic contact:
mRNA ! EHH E!E EHH!E!HH E!
S T ]

Translation

Amino acids Met /* Pro /" Glu V" Tyr V' Gin /' Thr v‘

v

Protein
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Central Dogma of DNA

NI

DNA

repli al ion

Transcription

e E!E EREREE EH
—'

Genetic code is translated to protein sequence

» Transcription factors recognize the gene locations through
the major and minor groove of the DNA chain
* In the process it minimally disturbs the double helix structure

o BB AR ANuARANE AN
S T ]

Translation

|

Amino acids Met /" Pro /" Glu V" Tyr V' GIn \/ Thr \/‘

Protein

major groove Ejor groove minor groove

> o @ @ O G c G €
®

va A 0 |00 |ewe

A looeel |eee:
4 = N

@:‘{N—H-"C‘i’j \? KEY:

G H @ C @ =H-bond acceptor

® @ =H-bond donor

OQ Q i) = hydrogen atom

minor groove = methyl group

* The sensing is mediated by interactions with available
hydrogen bond donor and acceptor group (=barcode)

» These interactions are very specific and lead to transcription
of downstream gene sequence into RNA
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‘

Central Dogma of DNA

DNA |8

replication

.‘: 3
'Sy
5’

Transcription

e
Buu ann muanany A
e e Y

Genetic code is translated to protein sequence

* RNA polymerase is recruited onto the site, binding to the
promoter region of the DNA

* RNA polymerase creates a small (~17bp) unwound region
on the DNA and initiates transcription.

(A)

RNA polymerase

template strand

o BN BEE AR ANuARANE AN
S T ]

Translation

|

Amino acids  'met /Y Pro J/" Glu V" Tyr V' Gin \/ Thr V.

Protein

v

(noncoding)

direction of
transcription

“5 mRNA transcript nontemplate
(coding) strand (coding)

* RNA elongates in the 5’ -> 3’ direction following Watson-
Crick base pairing until it reaches a polyadenylation signal
» The pre-mRNA generated through this process is then
spliced to generate messenger RNA (mMRNA)



=FFL " Genetic code is translated to protein sequence

Central Dogma of DNA * mMRNA moves to the ribosome where it is translated into

protein sequence

HHH & « 3 nucleotides = 1 codon -> 1 amino acid

—
e E!E W H!Eﬁ!! o)e
— 3

Transcription

o BN BEE AR ANuARANE AN
S T ]

H

DNA

repli cauon

peptide bond

polypeptide — ‘

Translation

|

Amino acids Met S/ Pro fGIuJ' Tyr V" Gin \/ Thr \‘

v

ribosome —

* Transfer RNA (tRNA) molecules carry a different amino-acid
for each different codon in mRNA

» Recognition is driven by base complementarity (Watson-
Crick) between codons in mRNA and anticodons in tRNA

Protein



=FFL " Genetic code is translated to protein sequence

Central Dogma of DNA * mMRNA moves to the ribosome where it is translated into
protein sequence

! — 5’ . _ . .
:C HHHG H HE l HHH * 3 nucleotides = 1 codon -> 1 amino acid
(2
DNA ' 8 v
' 8 Second base in codon
C C cjcC
ey 3
Transcription U
uuu ]Phe ucu UAU :|TW UGU :ICys
i uuc uce UAC UGC c
U Ser
uuA ucA UAA UGA STOP A
]Leu :|STOP
uuG ucg UAG UGG  Trp G
mRNA CUU ccu o CAU JH' CGU u
e 3 s
5 3 = . cuc . cce o CAC CGC C
y eu ro Al
Translation ‘g CUA CCA CAA | CGA " A
G
£ cug cce CAG J " CGG G
> 8
s AUU ACU AAU AGU u
:|Asn :ISer
B A AUC  |lle acc | AAC AGC c
, . = ;
Amino acids Met /~ Pro /" Glu V" Tyr V Gin \/ Thr \I‘ - AUA ACA AAA AGA A
L ]Arg
AUG  Met (start) | ACG AAG J ye AGG G
GUU ~ GCU A GAU GGU u
]Asp
GUC GCC GAC GGC C
G Val Ala Gly
GUA GCA GAA GGA A
Glu
) GUG Gec GAG J GGG
Protein G

Codons and corresponding amino acids

10 =
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3 Scale (nm): hs ' 1nm (nanometer) = 106 millimeters Channels and Pumps

W
&

EEv T

Molecule
Synthesis

Matrlx

f

Viral proteins

Extracellular Membrane Intracellular/Cytosol Intracellular/Nucleus

+

T

e

MQ

Signaling

K |

Structural scaffolds
Transport proteins

\
v
g

-

Bacterial cells ~ 4’000 proteins Human cells ~ 80'000-200°000 proteins
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12

Amino acids are the building blocks of proteins

« An amino acid is an organic molecule that serves as the basic building block of proteins.

« Each amino acid has the same general structure:
= A central carbon atom (a-carbon)
= Attached to a hydrogen atom (H)
= An amino group (—NH,)
= A carboxyl group (-COOH)
= Aside chain (R group) that determines its chemical properties.

* Amino acids are chiral and can existin L or D forms
(Note that L amino acids can'’t be converted in D just by rotation )

* All genetically encoded amino acids are in the L form

* D-amino acids exist but they usually have different roles
(e.g., neurotransmitters, cell wall structure assembly, secondary metabolites)

)

Amino

| Group

Side

) Chain |

«4»

Carboxyl

Group




“F*L " Amino acids exist as zwitterions in solution

* In aqueous solution, the amino and carboxyl groups of amino acids can gain or lose protons, causing them to
switch between positively and negatively charged forms.
» The extent of protonation or deprotonation depends on solution pH and the pKa value of the chemical group

R

H* H

HsN Co0-

R

e

Net Charge: Net Charge: Net Charge:

: Ka~9.0 ~
\ \ Both groups Pre N @ /O p‘lia 20

H :
/< In aqueous solutions at neutral pH

H*
._l_\
"H3N COOH H§ HaN Co0~ (=7) amino-acids are zwitterionic

1 Zwitterionic form deprotonated -_c _Le
a
S (anionic form) : | \
® Both groups amino o-
£ protonated group H
9 (cationic form) carboxyl
5 group
O | | amino acid
0 2 4 6 8 10 12 14
pH

s o ° PKais the measure of acid’s strength (= pH at which 50% of the acid group is dissociated).
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* There are 20 primary amino acids that assemble all proteins

20 proteinogenic amino acids

&

_0

. . . - - - Amino Side Carboxyl
* Amino acids have the same scaffold but differ only in the side chain group (R) | Group || Chain Group
OH OH SH 1
IR S X (
HzN" "COCH HaN" “COOH H,N~ “COOH H,N” “COOH HzN~ “COOH . .
Glycine (Gly, G) Alanine (Ala, A) Serine (Ser, S) Threonine (Thr, T) Cysteine (Cys, C) * Their names are derived based on the
MW: 75.07 MW: 89.09 MW: 105.09 MW: 119.1, MW: 121.2 . .
/ source, chemical properties or structure
i = Asparagine - Isolated from asparagus
1) f (j\ = Glycine - Greek for sweet
HzN” ~COCH HzN” ~COOH HeN~ "COOH HoN "~ ~COOH R = Argininine - Silver-white
Vali X Leucine (Leu, L Isoleucine (lle, | Methionine (Met, M Proline (Pro, P i -
AT fritore WD 12 fr " Tyrosine - Greek for cheese
y = Leucine - Greek for white
OH N o o] OH
\
[: [: E : ﬁOH E * Note the 1- and 3-letter abbreviations
HzN COCH HaN COQH HaN COOH HoN COQOH HoN COOH
Phenylalanine (Phe, F) Tyrosine (Tyr, Y) Tryptophan (Trp, W) Aspartic Acid (Asp, D) Glutamic Acid (Glu, E)
MW: 165.2 MW: 181.2 MW: 204.2 MW: 133.1, pK!= 3.9 MW: 147.1, pK, = 4.07
N+ HZNYNHE"'
NH
0] NH 0 . . .
2 i ““fw All amino acid names, abbreviations
ﬁ””z and structures need to be learned
HzN~ 'COOH HoN~ “COOH H,N~ “COOH HzN~ “COOH HoN~ “COOH
Asparagine (Asn, N) Glutamine (GIn, Q) Histidine (His, H) Lysine (Lys, K) Arginine (Arg, R)
MW: 132.1 MW: 146.1 MW: 155.2, pK, = 6.04 MW: 146.2, pK;= 10.79 MW: 174.2, pKa= 12.48

* There are also non-canonical amino acids: Selenocysteine (Sec) and Pyrrolysine (Pyl) are known as the 21st and 22nd amino acids in the genetic code. Sec
and Pyl are encoded by UGA and UAG codons, respectively, which normally serve as stop signals. But these are not very common among proteins.
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Essential and Non-essential amino acids

» Amino acids can be categorized based on whether the body can synthesize them (non-essential) or must

obtain them through diet (essential)

0 Non-Essential Essential
Ala Alanine Histidine
HsC OH Arginine Isoleucine
Asparagine Leucine
NH> Aspartate Lysine
Cysteine Methionine
Cys O e Glutamate Phenylalanine
Glutamine Threonine
HS OH Glycine Tryptophan
Proline Valine
NH Serine
0 Tyrosine
Tyr
OH
HO NH, Why is Tyr non-essential while Phe is?

NH;

OH

* Plants and microbes can produce all 20 amino acids, but most mammals have evolved to produce ~10-11 amino

acids and acquire other through diet.

15 m



=F7L Different groups of amino acids based on side-chain

« Amino acids are often categorized based on the chemical properties of their side chains

Non-polar Aromatic Polar but uncharged
(Hydrophobic) (Hydrophobic®) (hydrophilic)

ammo_nium
-...indole é‘?-’ l]\JH3®
L\?Q ? : | }é{/ ?h
Y™ I X L
: £ CHj L@ (|:H2

Y | = Gt s e ]
e Q. TH—% 5 | 5 1 | tt g cl:Hz

isoleucine  H,;N— CH—C—OH e s serine R
: tryptophan HzN—CH—C—0H H2N CH—C OH . T, S
lle | Trp | Ser | lysing ~ HANT—CH—L—OH
! 0O W 0 o 0 Lys
K 0
=» Hydrogen bond acceptors =» Hydrogen bond donors

* Note that Tryptophan also has a polar NH group but the rest of its side chain is very hydrophobic

 Imperfect categorization system but very useful to understand different properties of amino-acids

16 m
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Non-polar
(Hydrophobic)

CHs
_ |
b
QAN : |
%.\9“0 CHa CH—CHs

isoleucine

alanine HoN— CH—C— OH glycine
Ala || lle Gly
A 0 | 0o G

HN
CH, i
Py | proline
methionine — F—
Leu i HoN— CH—C—OH Pro “
L (o} M P (0]

Aromatic (Hydrophobic*)

phenylalanine ,N— CH—c—o0H

tryptophan Hz2N—CH—C—O0H
-

Phe tyrosine
G o W o iyr
17 = *Trp and Tyr also have polar groups

HN—CH—C—OH

(0]

Different groups of amino acids based on side-chain

cysteine  H,N— CH—C—OH

amide
amide P aeve
“NH Ay "G
.: ! ’ \ b :Q
l A | ey Y H,
: A -
Ho :%/a{: ’
: : 2
asparagine H,N— CH—C—OH a—
CH3 hydroxyl Asn %IIUtamlne H;N—CH—C—O0OH
N o n
LOH | Q
CH—OH | 0
threonine H;N—CH—C—O0H o o
Thr ‘ imidazole imidazole
T 0
NH'™,
thiol I \
hydroxyl ey w ! N/ '
(s W7
L OH ) S | 9 o
% L —
CH,

serine —CH—C—
Sor HN—CH——OH (g neutral HN—CH—C—OH HN—CH—C—OH
S iy C o histidine I

His 0 0

H

* Imidazole can be charged

am

P A
R

/NH, ™ guanidinium
f @ A

imidazolium

protonate
arginine HaF—iCh— e —on histidine BEN=-CH=2E=0H lysine HaN
Arg His Lys
(o]
R H o K

\_

mqnium

T»Ha(f)v,:}

THz carboxyl . I

™ 7 << I-C

CH, (|:=O

X X

CH—C—OH aspartate  H,N—CH—C—OH
ﬁ Asp
0 D

carboxyl .Z:’ T@
| o~

“glutamate
Glu
E

HoN—CH—C—OH

y




“F*L " Hydrophobicity of amino acids

* Hydrophobicity of the side chains of amino acids is one of the most important features for protein folding
(e.g., exposed on surface versus buried inside the protein core) and localization (e.g., transmembrane
domains are very hydrophobic)

(A) (B)

A é’

Hydrophobic 2 Q% C:B E % @ Hydrophilic
"27:3"':-' A
{ 3. d‘*’“‘r

* Relative scale of hydrophobicity:

kJ/mol

-8 -/1 50 45 -29 29 -21 00 +04 +04 +08 +2.1 +2.1 +33 +3.8 +4.5 +/5 +95 +11.7 +156.0+15.0

Hydrophobic Hydrophilic
Water/Octanol transfer free energy

18 m



=FFL " Amino acids with charged side chains

* Asp and Glu are amino-acids with negatively charged carboxyl groups in their side chains
» Arg, Lys and His have positively charged amine-based groups in their side chains

* The net charge depends on the nature of amino-acid side-chain (pKa) and the pH of the environment

negatively charged, hydrophilic residues
ammonium —
o) SN 4 0
imidazolium TH3 carboxy:!’_‘\ carboxyl I‘\ x'l | @
THZ { O o® p1s =0
s | |
| C—0o0  eeeaaa.. CH,
| |
' le THZ ; THZ
arginine HzN—CH—CI—OH Kistidine H2N—CH—C|—0H . H;N—lH—C|—OH la\sPartate H,N—CH—C—OH gIIUtamate H,N—CH—C—OH
Arg o His 5 5 sp ” u
R H D o E o
Figure 1.29 (part 2 of 4) The Molecules of Life (© Garland Science 2013) Figure 1.29 (part 4 of 4) The Molecules of Life (© Garland Science 2013)
pKa values: 1248 6.04 10.79 3.90 4.07
What about His? pH>pKa -> Deprotonated group (e.g., COO-)

19 =

pH < pKa -> Protonated group (e.g., COOH)



=PFL " Versatile amino acids

* Histidine can get protonated if the pH drops below ~6, giving » Cysteine can form covalent disulfide bonds with other
it a positive charge cysteines under oxidizing conditions (e.g., outside of a cell).
« Sometimes serves as pH-sensitive trigger in proteins » Reversed under reducing conditions

§ disulfide bond

oxidation

reduction

C c” N\ G IR , GTI
| ew | +)
HC\@ HC\N cysteine cysteine cystine

pH5 pH7
* Proline is not a real amino acid but rather an imino acid. * Glycine only has a single hydrogen as a side-chain, which
« Disruptive to a-helices and B-strands in proteins, but allows for more movement in proteins.
commonly found in flexible loops and turns « Commonly found in flexible loops or peptide turns
D GLY
@) COOH PRO( Q‘
é ‘Z(HD (i+2) e
OH HZN_ —H Carbony| oxygen ¥ .....04 /:i\mmo group
Rl G
& e o> ¥}

2 = NH
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Proteins are linear polymers of amino acids

* Proteins are assembled from amino acids through translation of genetic material

@/

H3N—C —c

H
amino acid

-+

carbonyl

carbon

amino acid residue

H,0

\ ¥

R»

(0]
H3(|-\;)— C —C<
o@
H
amino acid

hydrogen-bond

donor

amino acid residue

hydrogen-bond
acceptor

21 =

/0

t

\

amide
nitrogen

amide (or peptide) bond

* The synthesis of proteins involves a condensation
reaction in which the amino group of one amino acid
combines with the carboxyl of another.

* This reaction forms a peptide bond and the elimination
of a water molecule

* This reaction is catalyzed by a large assembly of
proteins and RNA called the ribosome

* The end product is a polypeptide chain where amino
acids are added sequentially (no branching)
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22

Proteins are linear polymers of amino acids

* The sequence of a protein is written from the N-terminus (the one with free NH;*) to the C-terminus
(the one with the COOQO")

N-terminus (start) C-terminus (end)

* Chemical and three-dimensional structure of a short peptide sequence

CH;
sidechain |
-‘i sidechain
CH,
| backbone
backbone CcH; H O CH, ®
l [l I ®
-=--HN—C, —C—NH—C, —C—NH—C, —C----

H o CH—CH; H (o)

CH; Met, M Val,V Phe, F



“F"L " Hierarchical organization of protein structure

» From polypeptide chain sequence to full protein assembly into functional (multi)ymolecular complexes

Primary

structure Quaternary
structure

local folding into
regularly repeating
units

Pro
Ala
Asp
Lys
Thr
Asn
Val
Lys
Ala
Ala » : ' o’z '

Trp - = | w/)
Gly '
Lys a Helix
Val

Amino acid Polypeptide chain Assembled subunits
residues

Secondary Tertiary
structure structure

2 = « Biological role of a protein is determined by its structure which is encoded through the sequence
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24 m

Primary structure

primary structure

« Sequence: the pattern of amino acids along a linear polypeptide chain
 Always starts with Methionine encoded by the AUG (ATG in DNA) start codon
» Can be used for bioinformatic analyses, calculations of biophysical properties, molecular weight etc.



=PFL " Secondary structure

primary structure secondary structure

» The local conformation of the polypeptide chain (a-helices, B-strands and loops) is the
secondary structure.

25 m



=F7L " Backbone torsions and secondary structure

* Protein backbone torsions are not random. Instead, they are driven by chemical properties of different groups

Peptide bond has a partial double bond character Peptide bond can exist as trans or cis
n i
P
®
.L .L
amide plane
This makes it planar (i.e., HN-CO atoms in one plane) bond trans peptidebond ;¢

(favored) (disfavored)

Omega (w) is the bond angle of the peptide bond
w=180°" for trans
w=0" for cis

26 m peptide amide plane
bond



=F7L " Backbone torsions and secondary structure

« While there is not much allowed rotation around the peptide bond due to partial double-bond character, the
surrounding bonds can accommodate rotation

« They are called dihedral angles (¢ and ) and specific angular rotations around the corresponding
bonds (i.e., N-C_, C_,-C) within the polypeptide chain defines the secondary structure

a-helix Ramachandran Plot
+180 A
J @
y 0 »
B-strands
e
($3, P3) e o +180

27 m Loops



=F7L " Backbone torsions and secondary structure

* The backbone torsion angles ¢ (phi) and (psi) determine the local conformation of the
protein chain

« The Ramachandran diagram defines the restrictions on backbone conformation. It is a G-”-(f;;;z;‘;j;'d’a"
map of energetically favored versus unfavored regions

collision

collision

increasing energy

$=65°
{=180°

low energy high energy low energy high energy

-180 -140 -100 -60 -20 20 60 100 140 180

b

» The values will be different for every amino acid combination due to unique steric restraints due to the size and
chemical nature of the side chains

28 m



=F7L " Backbone torsions and secondary structure

Why is it that the Ramachandran plot seems so different for glycine?

(A (B) Non-GLY (@ GLY

+180 4 2 +180 : e +180 v 5
J R Lo b COOH
@ ST T o,
' \. - t}";.g HZN_ —H
p 0 L I AT 0 e "";-. |
My P fg. "% H
‘ ...0..0 .. e m.:.... .o
B ol
(—A D ° . . o :.‘ o e%e
-180 _1804— s - ~180+—— "% PO
-180 0 +180 -180 0 +180 -180 0 +180
¢ ¢ ¢

Figure 4.20 The Molecules of Life (© Garland Science 2013)
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Secondary structure elements: a-helix

« Segments of amino acids adopt a-helices these structural motifs are the architectural elements of protein
structure

Amino terminus

@ Carbon

O Hydrogen
@ Oxygen
© Nitrogen
@ Rgroup

5.4
(3.6 resi

Carboxyl terminus

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

Gly
Pro

« Right-handed helix with a rise of 5.4A. Each turn
consists of 3.6 amino acids

1124
I

* In the a-helix, the carbonyl oxygen of residue
forms a hydrogen bond with the amide hydrogen of
residue “i+4”.

 Although each hydrogen bond is relatively weak in
isolation, the sum of the hydrogen bonds in a helix
makes it quite stable.

* Amino-acid side chains face towards the outside

» The propensity of a peptide for forming an a-helix also
depends on its sequence (see scale on the left).

—>  Gly and Pro are not good at assembling into a-helices



=PrL Secondary structure elements: B-strands and sheets

m Side chain (i-1) Side chain (i+1)

O Side chains

@ Carbon

(C) Nitrogen
@ Oxygen

O Hydrogen

Side chain (i-2) Side chain (i) Side chain (i+2)

* In a B-strand amino acids are arranged so that the side chains of neighboring residues face in the
opposite directions (“zig-zag” conformation)

» The same is also true for alternating main-chain groups
* Typically, 3-10 amino acids long and can be linear or partially twisted
» The propensity of a peptide for forming p-strands also depends on its sequence.

31 =
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Parallel

Top view ©

Antiparallel

-... \/\

- .lllll!.

o RUA o A00 i R
.‘\/'\/\/\/\/\/ o

N » 1 og », = -
O » »

1-'
\/\
ANAAHA R
oW 'm«w
!!! 'S L/
(1

* B-sheets consist of multiple B-strands oriented in a parallel or antiparallel structure

Secondary structure elements: B-strands and sheets

@ carbon
(O Hydrogen
@ Oxygen
O Nitrogen

.R group

* In a B-sheet, carbonyl oxygens and amides form hydrogen bonds between the strands, i.e. between
aa far away from each other in the primary sequence.

» Individual strands do not have to be directly connected in a sequence (i.e., they can be distal or even

# = come from different proteins altogether)




=PrL Secondary structure elements: Loops and Turns

LOOpS m O Sidechains @ Nitrogen

@ Carbon O Oxygen

O Hydrogen

Always contain four amino acids

Outgoing peptide cha>

Hydrogen bond between
carboxyl group of position 1
& amino group of position 4

Qcoming peptide chain

Glycine frequently
found at position 3

Proline frequently
found at position 2

* Loops follow the backbone geometry rules but do » Turns are there to change direction to connect two
not have any regular assembly other elements of secondary structure.

» Often used to connect different helix- and strand-  Key residues are Pro and Gly

based domains  Hydrogen bond between the C=0 of residue 1 and

3 =« Sometimes called “random coils” the N-H of residue 4



=PrL Secondary structure elements combine to create motifs

» Motifs are assemblies of two or more secondary structure elements. They usually have a functional role

helix
m \ "I groove
IOO p \) Figure 4.34 The Molecules of Life (© Garland Science 2013)
Figure 4.33 The Molecules of Life (© Garland Science 2013)
Helix-turn-helix motif DNA-binding role

34 =



=PrL Secondary structure elements combine to create motifs

» Many diverse motifs (note how different secondary structural elements are depicted)

Greek Key B-a-B motifs Helix-helix
’\[\‘*ﬁ Q) ®) ©
u ‘ | ‘. M- m |
= § S 180° !l i
3\4’4 ; rophobic
@ Coiled-caoil
c N va G
e st o e
a/B domains
I ®)
( ‘) ‘ \% Leu

S, i

,;.,*ﬁ
1 2 3 4 5 6 7 8 6 5 4 1N2 3

cules of Life (2 Garland Science 2013)

% = “Leucine zipper”



“PFL " Tertiary structure

primary structure secondary structure tertiary structure

l

Figure 4.1 The Molecules of Life (© Garland Science 2013)

» Tertiary structure refers to the three-dimensional organization of the secondary structure
elements from a single polypeptide chain into domains.

« Sometimes referred to as protein fold.

36 m



=L Folds are created from secondary structure blocks

* They serve as structural support, biochemical catalysts, hormones, enzymes, building blocks etc.
« Some are more abundant than others (regulated by transcription, translation or degradation)

W L

o bundle (2€CY) anon-bundle (1CCA) B7 propeller (2BBK) B solenond (1TSP) B barrel (2POR) B clam (3BCL) af 2-layer sandwich o 3-layer sandwich

B ribbon (1TPM) B roll (1PHT) of roll (1STD) o barrel (4TIM) B sandwich (2HLA) B trefoil (1AFC)  «p 4-layer sandwich (2DNJ)  of box (1PLQ)

» Very similar folds can have very different functions and locations (depending on their sequence)

B barrel (2POR)

37 m Autrotransporter Pore-forming toxin Green fluorescent protein
(PDB ID: 3KVN) (PDB ID: 7AHL) (PDB ID: 2GX2)



“F*L " Protein Domains are the units of Tertiary structure

» Astructural domain is a polypeptide chain or a part of it chain that forms an independent structural unit.

(A)

Grb2 protein

Src protein

Figure 4.6 The Molecules of Life (© Garland Science 2013)

« Domains are often units of function and proteins may comprise a single domain or several
» They are typically connected by flexible loops (random coil)

38 m



“PFL " Quaternary structure

tertiary structure

primary structure secondary structure

MGL

PE DRFK Rl JANAA
T EDLER 2l | E.
HGATVLTALGGILKKK
GHHEAEIKPLAQSHAT

KHKI
el e oo
= I~ C

Figure 4.1 The Molecules of Life (© Garland Science 2013)

* Quaternary structure refers to the association of different polypeptide chains (subunits) into a

multimeric complex with some molecular function.

* For example, hemoglobin is composed of 4 subunits of the same protein (+ heme group).

hemoglobin

Heme 1

Heme 2

Quaternary structure can also refer to complexes with DNA, RNA, lipids or any other biomolecule.



“P*L How do proteins fold into functional conformation?

/ A
MNKITTRSPLEPEYQPLGKPHHDLQ
GOKGDGLRAHAPLAATFQPGREVGL Anfinsen dogma (1954):
DRVESIINALMPLAPFLEGVTCETG
VQSLNPAADGAEVMIWSVGRDTLAS
TPDDHLVARWCATPVAEVAEKSARF Protein structure is determined by its sequence
PPRPEELLLPREETLPEMYSLSFTA
MNKITTRSPLEPEYQPLGKPHHDLQ
GQKGDGLRAHAPLAATFQPGREVGL
DRVESIINALMPLAPFLEGVTCETG
VOSLNPAADGAEVMIWSVGRDTLAS

Primary /.

Folding pathway

Sequence collapsed,
hydrophobic .
internal, lowest energy Ve ~
molten native state A
globule

Levinthal paradox (1969) Dill @UCSF
100 residue-long peptide

~10°4 torsional degrees of freedom

J

? Why is this a paradox ? Folded native

Because all these conformations are not sampled, and the native state is quickly found within Stl'u ctu re

0 - milliseconds thanks to thermodynamics



“F"L " Protein folding is driven by energy minimization

« The thermodynamic hypothesis (also known as Anfinsen’s hypothesis): Protein folding is governed by

the principle that, given the proper environment, a polypeptide will spontaneously adopt the
conformation that minimizes its Gibbs free energy (G).

» Protein folding is a subtle free energy optimization exercise, AG = AH - TAS

hydrophobic core

from decrease in —
conformational entropy | G=AH-TAS
(unfavorable)

—~TAS from the hydrophobic
effect (favorable)

Gl “f,,;;:;;s“ i

for folding (favorable)

for
folding

AG - Change in Gibbs free energy
AH - Change in enthalpy

AS - Change in entropy

» The stability of the folded structure results primarily from the hydrophobic side chains clustering together
away from the water (the hydrophobic effect)
» Main-chain bond restraints and non-covalent interactions further drive the process to (i) allow for optimal
i packing without clashes and (ii) maximize attractive interactions



“F*L " Proteins have hydrophobic cores

» Proteins orient the hydrophobic residues towards the inside of the molecule and hydrophilic residues
towards the solvent

» Note the differences in orientations of different amino acid residues in the central slice of a globular
protein shown below

Hydrophobic residues Hydrophilic residues
(yellow) (green)

42 m



Pl Transmembrane proteins

Transmembrane proteins have their membrane-spanning domains coated in hydrophobic amino acids

@A @8 @c OD
E @F @G

Figure 4.70 The Molecules of Life (© Garland Science 2013)

Regular structure compensates
for the loss of hydrogen bonds

with the solvent

Figure 4.68 The Molecules of Life (© Garland Science 2013)

Usually, the TM domains have regular secondary structure (i.e., a-helices, B-strands) with hydrogen
bonds formed between peptide elements.

This is because of the hydrophobic environment within the lipid bilayer and the lack of hydrogen bond



Pl Transmembrane proteins

» Proteins can be bound to the lipid membrane in different ways

(R) (B) (@) (D)
N

plasma

membrane
I

C
Single spanning helix

Membrane-associated proteins

Multiple-pass transmembrane proteins

» Multiple pass membrane proteins can form pores and channels for detection and transport of nutrients
and/or signaling molecules from one side of the membrane to the other

4 m

bacteriorhodopsin



=PrL

45 m

Proteins - Take home message

* Proteins are formed from amino acids connected by peptide bonds which assemble during translation

* The 20 genetically encoded amino acids are classified as hydrophilic (charged, polar) or
hydrophobic (non-polar) depending on the properties of their sidechains

* Proteins fold into specific three-dimensional structures that are highly diverse

 a-helices and B-sheets are the regular structural elements on which the structures of proteins are
based

* Protein folds are assembled from a single polypeptide chain, and they can co-assemble with other
biomolecules to form many diverse complexes with diverse molecular and biological functions



=PrL

Proteins in bioengineering

» Most labs at SV study proteins, their function, or their regulation on the level of genes

* Protein engineering

De novo epitope scaffolding

Structural
Computational

RS

TopoBuilder __(;

de novo template building
X e
‘8
S (S S *
. \J SN 0.
-5 T T

Stable immunogens
3

3D assembly

4 &% Defined

antibody 6/7 NHPs

specificities neutralizing

Multi-site focusing

Vaccines, biologics etc.

0% Serum specificity 100%

https://www.epfl.ch/labs/Ipdi/

46 m

* Protein-Protein Interactions * Engineering cell signaling

WT

/‘\
Design §
o "c, /o L [Adenosine]
~100 A
membrane
https://www.epfl.ch/labs/Ibm/ https://www.epfl.ch/labs/barth-lab/



=P*L " The molecules of Life

Nucleic Acids Carbohydrates Proteins

Macromolecular
Structure

HQ
CH3z
Q
HO
Ho HsN—CH—C—0H
H 0 OH
nucleotide = nucleoside + phosphate 7? ||
A .
:‘ ~ N N-acetylglucosamine O‘
O NHy (GlcNAc)
®)] ¢ HQ
- Sy b base oH 0O
) 2 ; |
N HO
(@)) 3 C=—=0
HO OH
C acyl |
.—6 chains galactose
— (Gal) CHy
=) HQ |
A CHs
nucleoside = sugar + base HO 240 |
0.
h ” HoN— CH—C——OH
mannose
47 - (Man) 0
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