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* Nucleic Acid building blocks

2

PFL

Lecture 2 - Quick Summary

- 3 main components: base, pentose and phosphate

- 5 base options
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- 2 pentose options
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- 2 X 4 sets of nuceotides to produce DNA and RNA

* Nucleic Acids (DNA and RNA)

- Linear polymers of nucleotides
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Figure 1.20 The Molecules of Life (© Garland Science 2013)

- 5’->3’ directionality in addition of nucleotides
- Attachment via phosphodiester linkages



=PFL - |ecture 2 - Quick Summary

* Nucleic Acid structure and assembly  Important non-covalent interactions

- Double-stranded helical assembly of DNA (B form)
Van der Waals interactions Hydrogen-bond network

¥’ Anti-parallel complementary strands (layered base stacking) (base pairing)

bases glycosidic
bond 5

:;:iion -
g Base complementarity
- /d;;g;m (Watson-Crick pairing)
10b i ) )
ase pairs NI P NI
per helical turn "(\2/_<N ..... He MN ..... nen N
SEps =)
Al Ly [v]
P N/ i DA RNA hydrogen
AN bond
% ! N
B " m - Stacking of arromatic - - Charged, polar backbone
DNA DNA orbitals (m-m stacking) attracts water and positively

charged ions

- RNA can be double- and single-stranded and features greater
conformational and functional diversity
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Lecture 2 - Quick Summary

» Main lipid types and roles  Important bonds and interactions

- Main lipid types based on chemical properties

--------- p—
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f{ T, Phosphate
Fatty acids R
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[Saturate’d] [ Unsaturated ] [ Neutral ] [ Phospho ]

glycerides glycerides
[ 1
 Nonglyceride lipids | o @
[ . 1 |
[Waxes] [ Sphinholipids ] [Steroids]
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- There are >1000 building blocks which can assemble
in different ways (very diverse)

- Their main roles include energy storage, assembly of
biological membranes, cell and hormone signaling
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Ester bonds Amide bonds Ether bonds
(triglycerides) (sphingolipids) (head domains)
[ |
C R R N /O\ .
N e T g R R

- Amphipatic molecules (polar
and hydrophobic) that form
bilayers in aqueous solutions
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Bilayer

- Van der Waals interactions
in the tall

- Hydrogen bonding and
charged interactions using
the head domain



=PFL " Sterols

« Sterols consist of a rigid steroid nucleus containing four fused rings, an alkyl side chain of 8
carbons, and a single hydrophilic hydroxyl group attached to C-3 of ring A.

* They are synthesized in humans but also acquired through diet, and they are present in the
membranes of most eukaryotic cells.

Alkyl side chain

H  The steroid nucleus is nearly planar, and the
22 24 26

molecule efficiently packs with the acyl chains
of membrane glycerophospholipids and

sphingolipids. Cholesteral

 Cholesterol impacts membrane rigidity/mobility



“PFL | ipid composition in different cell compartments

(A)
* Phospholipids (PE, PC, PI, PS) are —r : AB RS
] _ ochondrial membrane PN PC, PE, PI, PS, PA, Cer,
relatively uniform across most PE, PG, CL, PA S GalCer, CHOL, TG

membranes

» Sphingolipids (CER, GalCER, Sph) NS\ ¥ 7, SR
largely present on the plasma : -

membrane but also Golgi and ER

PC, PE, GleCer, SM,
GSL, ISL, PI4P

» Cholesterol comprises all membranes
but is the highest at the cell membrane
where it represents 40-50% of all lipids.

Cer, Sph, S1P, DAG, PI4P,
P1(4,5)P,, PI(3,4)P,, PI(3,4,5)P3

o
~ 60 60 60 60
e CHOL/PL=0.15 CHOL/PL=1.0 - CHOL/PL=0.1 CHOL/PL=0.2
.o ) ° _ =
. Q
Cholesterol/Phospholipid ratio: S 5 o P P
o]
5 0 Hl:ll:\ 0 m [ - 0 D__0 0 I_IDEID[I
PC PE PI PS R PC PE PI PS R SM PC PE PI PS R CL PC PE PI PS R SM




=PFL " Membranes are asymmetric dynamic structures

* Inner and outer leaflet have different compositions  Membranes are dynamic and pleomorphic

Extracellular

— § 3]
T bk L b
g e S

Intracellular \¥
side

Lipid raft domain Non-raft domain
{V Transmembrane protein U Sphingolipid
@P Cytoplasmic protein Phosphatidylcholine
{ GPl-anchored protein | Phosphatidylserine
Cholesterol n Phosphatidylethanolamine
* Flippases, Floppases and Scramblases are * Membrane flexibility is determined by lipid composition
transmembrane proteins that regulate transport of and environmental factors (e.g., mechanical forces)

_lipids between leaflets

7



=P7L " Bioactive lipids — Steroid hormones

* Bioactive lipids affect cell function in a concentration dependent manner.

* Most commonly they serve as hormones and secondary messengers
« Sterols are precursors of steroid hormones and are therefore also considered bioactive lipids
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=FFL " Bioactive lipids — Phosphoinositides (PI)

» Phosphoinositides are minority phospholipids on cellular membranes that have a phosphoglycerol backbone
esterified with 2 fatty acids and inositol head group.
* Inositol group can be phosphorylated (P) at one or more sites in a reversible fashion (kinase — phosphatase)

DAG
H_:) 6 PIP-4 kinase
: o ——  »
. HO=S o B <
fatty acid OH 4-phosphatase
Ptdins(4,5)P2
o
° (@
0 o T\\*
00 i %
| , DAG ®
glycero HO Pl-4 kinase
o NL—S{-oH ——»

HO - z OH <€t
OH 4-phosphatase

Ptdins(4)P

inositol ring

OH

Ptdins(3)P Ptdins(3,4)P2



=FFL " Bioactive lipids — PtdIns(3,4,5)P3

» Phosphorilation of Ptdins(3,4)P2 to Ptdins(3,4,5)P3 catalyzed by receptor typrosine kinase is recognized by
PDK1 resulting in activation of the downstream signaling cascade and leading to different outcomes to the cell
* In this case, phosphoinositides serve as secondary messengers
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“F*L " Measuring the relative hydrophobicity of a lipid

» The partition coefficient, P, is a measure of the differential solubility of a lipid in two immiscible solvents. The
most commonly used solvent system is octan-1-ol and water.
 Higher LogP value -> More hydrophobic

. - . - ompound
LogP = log1o (Partition Coefficient) Partition Coefficient, P = [Compound] ociang
[Compound] e — 7
Cholesterol Palmitate Cholesteryl Palmitate
®)
o
logP =7.1 logP =18.1

* The differing hydrophobicity of lipids can be used for their separation by chromatography methods (e.g.,
reverse phase chromatography)

 This parameter is also calculated for drugs and therapeutics as a measure of their bioavailability (more water
soluble -> easier to traffic to different tissues)

11 =
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Lipids In bioengineering

» Conventional applications include food, cosmetics, soap, biofuel, chemical feedstock etc.

Lipid-protein interactions Membrane development Chemical toolkit for biology

12

Lipid modifications

:W S-palmitoylation
ne/N-terrira NW N-palmitoylation

ccccccc N-myristoylation

Q /YVY\/Y\ S-farnesylation

/Y\/Y\/\(\/Y\ S-geranylgeranylation
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https://www.epfl.ch/labs/vdg/

https:/www.epfl.ch/labs/dangelo-lab/

Sulfonated R, » =\atty acid chains
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B before uncaging 6s after uncaging 200 s after uncaging

https://www.epfl.ch/labs/gr-schuhmacher/



=P*L " The molecules of Life

Nucleic Acids Carbohydrates Proteins

Macromolecular
Structure

CH3z
- o HsN—CH—C—0H
nucleotide = nucleoside + phosphate 7% ||
A :
x ~ N N-acetylglucosamine O‘
o NHp (GlcNAc)
i) <L -
ase
m ) O@
: |
U) ’3‘/ = C=—=0
C acyl |
—— chains
galactose
Q (Gal) CH,
= " |

nucleoside = sugar + base

mannose O
13 = (Man)




=PFL " carbohydrates - Intro

« Carbohydrates, glycans, sugars or saccharides are a diverse group of biomolecules that represent 2-10% of
dry matter in humans and as high as 60-90% in plants (depending on the source).

* They serve many roles in cells:
- energy metabolism and storage (e.g., glucose, glycogen, and amylose)
- markers of cellular identity (e.g., glycolipids and glycoproteins),
- structural components (e.g., cellulose in plants),
- constituents of nucleotides (e.g., ribose in RNA, deoxyribose in DNA)

» General Formula: CnH2nOn
(due to the 1:1 ratio of C to H,O, the name carbohydrates was proposed)

* Like nucleic acids they also form polymers from smaller building blocks (monosaccharides)

Monosaccharide Disaccharide Polysaccharide

14 =



=PFL " Monosaccharides

» Smallest groups — building blocks for larger carbohydrates

» Chain of 3 or more carbons, one carrying a carbonyl (C=0),
and others with hydroxyl groups (OH)

» Their names carry the extension “ose”

* There are 2 primary chemical groups: aldehyde and ketone

aldose ketose

glyceraldehyde dihydroxyacetone

H 0} H

N _

H—— C——OH

H—— C——OH
CcC=—=0
H—— C——OH

H— C——OH

H

H

 Aldoses have an aldehyde group: HC=0
» Ketoses have a keto group: C=0

» Categorized based on the length of sugar chain and the primary chemical group:

Triose Tetrose Pentose Hexose
CH->O0OH
A0 R :
q o C CcC=0
~C= H——OH
H———OH HO——H
—_— H OH
H OH H——on H—oH
CH,OH H—t—OH
? CH,OH Lo H——OH
2 CH,OH

o= Aldotriose Aldotetrose Aldopentose Ketohexose

Hexose

CH,OH

Aldohexose
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Monosaccharides — Some important examples

» For most of them historic names have been preferentially used, rather than the exact chemical names

» Glucose

* The most abundant monosaccharide
* Important in metabolism, energy
storage, structural assembly etc.

16 m

H< 20

H—C—OH

H—C—OH

H—#—OH

H—C—0H
¥

* Fructose

CH,OH
=0
HO—C—H
H—C—OH
H—C—OH
CH,OH

* Building blocks of nucleic acids
* Also important for intracellular
signaling and metabolism

* Fruit sugar
» Component of sucrose

H\C¢O
H—(IZ—H -
H—C—OH
H—(II—OH
H—(IS—OH

’

» Galactose

H—¢—OH
HO—C—H

HO—C—H
H‘?—OH
CH,OH
« Component of lactose (milk sugar)

* Present in glycoproteins and
glycolipids (e.g., blood group antigens)



=PFL " Chirality of monosaccharides

Mirror
O 0O
" &
H=C H=C
HTGOH;  IHORCR The main chiral s al he fi
&Hon &H,0H € main chira center is awayst e first
asymmetric carbon from the distal end (*).
o—Glyceraldehyde L—Glyceraldehyde
[
 Chiral Center appears when there are 4 different H—rls“'
substituents H=C—~OH
HD—(IJ—H
* D and L mirror images (nomenclature based on H—*"fjﬁﬂ_‘
rotation of polarized light, D=dexter, L=laevus) H=C 0N,
CH.OH
» Glyceraldehyde has a single chiral center, while o-Glucose

longer sugars have multiple.

» Sugars defined with respect to glyceraldehyde D-glucose also called
(defined by asymmetric carbon) dextrose in the clinic

* Most human sugars are D

17 m



“PFL " Stereoisomers and epimers

O o o
H—l:"=r H—l:"=r H—l:l'Er
HCO=C-=H HCO=C=H HD—{E—H
H=C = OH H-{::-GH HO=C—H
H—tli—GH H—{IJ—'DH H—{IJ—DH
CH.OH CH.OH CH.OH
o—Glucose o—Mannose o—Galactose

» Stereoisomers: same formula (CeH120s in this example) but differ in position of OH at one or more
chiral carbons

» Epimers: stereoisomers that differ at only one chiral carbon (compare glucose-mannose with glucose-
galactose)

» Epimers interconverted by enzymes called epimerases (i.e. the OH changed to other chiral position)

18 m
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, -
HO=C—=H HO=C—=H
a!
H= C OH H= E OH

HC—@-I HC@-I

|ZH,,I:ZJH CH 50H
o—Glucose o—Fructose
& CH «+OH

5 D\H 2 H'DH,,G /D \CH

Hg\:::nH H.r’DH H H HO C,H
4

OH H

x—0-Glucopyranose —0—Fructofuranose

19 =

Formation of cyclic structures in solution

* In solution monosaccharides form ring structures (C=0 group
attacked by the OH group of the chiral carbon)

* C=0 becomes anomeric carbon (i.e. a stereo center)
* This is only possible for sugars with 5 or more carbons

« At anomeric carbon, OH below ring=alpha, above ring=beta

Naming scheme based on:

0 0
4
) )
Pyran Furan

Although note that there are no double bonds in actual sugars
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Different representations of glucose

* Please learn how to convert from linear to simple cyclic representation

H—C20H CH,OH

D oH
HO—C—H *
OH OH
H—C—OH
OH

» Anomeric carbon denoted by asterisk

* H’s not always shown

« Wedges represent view (toward and away)

20 m

* Due to the lack of double bonds the
structure is not planar

* Predominant structure is the "chair”
(lowest energy)

boat

N
twisted

chair 5.3 Kcal/mol A10.8 Kcal/mol

5.5 Hcala‘muli Y




=PFL " Mutarotation around the anomeric carbon

o
o
H-g
CHzOH H—-C—0OH
] I
H/H H HO-C—H
. -+ I
HONOH  H/OH! H=f=on
H=C=0H
H OH [
CH,OH
E-LJ-'.{—D—EIumpjrrﬂ nose c—Glucose [.’H- o—Glucopyranose
{36%) (< 0.1%) h (B3%)

* In solution there is an equilibrium between 3 forms (alpha, beta and linear)
* Note how the H and OH groups around the anomeric carbon swap places
» Mutarotases: enzymes that catalyze mutarotation (i.e. speed up reaction)

* Enzymes often react with only one stereoisomer (alpha or beta)

21 =



“F*L " Formation of larger carbohydrate chains

CH,OH CH,OH
. ' ' H OH H
« Monosaccharides may be covalently linked to form longer chains S 0
HO
HO H OH CH,OH
* This reaction is catalyzed by an enzyme group called synthases H  OH oH H
glucose fructose
« Water molecule is generated from the leaving H and OH groups Ho
* The linkage between glycans is called “glycosidic” ., GH.OH ] CH,OH ) )
I(EI!|H H o H HO
- The inverse reaction (sugar breakdown) is called hydrolysis Ho H CH,OH
H OH OH H
sucrose
6
Glycosidic bond naming: CHAH o
H /5 O H  HOH,
4 H r=——"7"77 |
OH H AL (o) : HO
al -> B2 O-glycosidic bond HO (s 1T _ CH,OH
H OH Glycosidic
or linkage
Al a-D- Gl -
a(1-2) O-glycosidic bond ! Glucgse B B-Ffuerese—’
Anomer of the Carbon #in the Carbon #in the Anomer of the

2 = 1st sugar 1st sugar 2nd sugar 2nd sugar
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Categories of larger carbohydrate chains

 Disaccharide: 2 monosaccharides linked by O-glycosidic bond (e.g. sucrose lactose)

* Oligosaccharides: 3-12 monosaccharides linked by O- or N-glycosidic bonds (e.g. glycoprotein or

glycolipid moieties)

» Polysaccharides: very large number of linked monosaccharides (e.g. starch, cellulose)

Disaccharide

(Maltose)
CH,OH CH,OH
ol o)
OH OH
OH O OH
OH OH

Linear polysaccharide
(Amylose)

23 m

CH,OH

OH

OH
OH

Oligosaccharide
(Oligofructose)

OH

CH,OH

OH

- 300-600

OH

Branched polysaccharide
(Amylopectin)

CH,0H

CH.OH

Components of starch

CH.,OH

CH.OH

OH

HO

OH

al,6 linkage between
two glucose residues

OH

a1,4 linkage between
two glucose residues HO



=PFL " Ccommon disaccharides

HOCH 0

2 HOCH OH
¢ SHy0H Glucose + Fructose
H .
N /=0 a(1-2) linkage
H H
Glucose + Fructose
Sucrose
HO?H2 HOIGH2
/ / OH
Lo o on ' Galactose + Glucose
OH .
" . _ch B(1-4) linkage
Galactose + Glucose
Lactose
HOCH2 HOGH2
/ / 0. OH
|
ANl g / Glucose + Glucose
o on a(1-4) linkage
Glucose + Glucose

Maltose

Table sugar

Milk sugar

Malt sugar
(breakdown product of starch)
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Starch

 Poly-glucose found in plants

 Storage of energy, source of carbon

for photosynthesis

e 2 components:
- Amylose: alpha(1-4) glucose linkage

- Amylopectin: alpha(1-4) and alpha(1-6) glucose linkage

o
Ho.
cHoH
oH
o
HO
cHOH
CHOH OH Q
. o
‘o ¢ HO'
HO
o o
on )y
o
Ho
on
o

al.4 linkage between
two glucose residues

Common polysaccharides

Glycogen

* Poly-glucose found in animals

» Storage form of glucose created
in the liver under insulin control

» Glycogenolysis is controlled by
the glucagon hormone

 Similar to amylopectin but with
more alpha(1-6) linkages

CH,OH
o

? H

o\ OH
a-1,6-glycosidic linkage
H  OH
CH,OH CH,OH CHy
o) o) %
H e H H H
"\ OH o\ OH o\ .OH o

OH \H OH / H OH

a-1,4-glycosidic linkages

Cellulose

* Poly-glucose found in plants where
it assembles the cell wall

 The most abundant biomolecule on
- the planet

* Glucose linked by beta(1-4) bonds

OH




=PFL " Other important sugar molecules

Glucosaminoglycans Glycoproteins Proteoglycans

. Heparin

o
OI O
P 0
Q %)
. <7
Ho>" 0 1o Nt > on%g

 Glycoproteins with very large amounts of
sugar attached (negatively charged)
« Components of extracellular matrix

3o
Og /S\O L X\ CH,0505~
Op Hyaluronate \§ ¢ ___Chondroitin sulfate OHGJAOG !
. . - . i 00 6-S
Used as anticoagulant in clinic ;s & 2 2 i, gt
f}g’ y /15 o 4 (G)I:‘UA 17 NHCOCH3
¢ 0”” Chondroitin
i i I
 Hyaluronic acid sulfate
CH0H CHy0503~
i HO 0, o o7
[ ] | Gal k...
OH OH ! Carbohydrate Glycolipid { AINGH GleNAc
E Globular - OH NHCOCH3
O : % ) Protein i Keratan sulfate
~ H ycoprotein
\O O HO O E erog
HO O - i - v 7 ., GlcNAC w(l)_
i 3 ; &
OH NH H 8 & Gcua N\l NHCOCH3
1 OH
O :< ' Phospholipid Hyaluronate
Bilayer OH
n E Keratan sulfate Link protein Repeating units of several
- — . common GAGs
H H - Hydrophobic | ; :
Connective tissue, extracellular matrix Tails : Copyright © 2009 Pearson Education, Inc.

Integral

Protein Protein  Alpha-Helix

Channel Protein
Surface B

Note that monosaccharides can incorporate | et

amino, sulfate and carboxylic acid groups Glycoproteins and glycolipids serve as cell biomarkers

2% = (but can have other roles)



=FFL Carbohydrates in bioengineering

Vaccines and adjuvants Glycoproteomics

Bacterial glycolipids (LPS) Identification of biomarkers Al in food and nutrition
ﬁ 4 OH
Ho—2- & -Galactosylceramide o
w% & " v ; Track your individual response to food and help
o o m i e advance science
o o é ; : /‘\ﬁa/\ 2 weeks @ b
Glycoproteomics Glycomics ¥
= g:l‘ 3 #*  Glycoproteins O $28n orkiad
aOH ZO P,qw"‘ y g %"'7-.,,'“ X 1YYy
cis wh)d |« ] E1%
Ci14 clé HO' i N-f m- d glycopeptides N-linked glycans
Ci4 i CH4 \ gj} ogésb’
e O-linked glycopeptides O-linked glycans
E. Coli Lipid A Citizen Science Nutrition Blood Sugar Microbiome Lifestyle
Fu"y Synthetlc glycan VaCCIne for Shlge"a Slu-ﬂpocd:::::d O-linked = smuom:tyanu o-un:o::;:an structural
| lycosylation characterization
sl . o e o -
- & EZEhé T LT
E" ‘E ‘
72 months - |
@ " ﬂ J
kwﬂim Aaxfufdelhmglhulu. /

Bioorthogonal chemistry of sugars

https://research.pasteur.fr/fr/team/chemistry-of-biomolecules/ https://bertozzigroup.stanford.edu/ https:/iwww. epfl.ch/labs/salathelab/

27 m Nobel Prize in Chemistry, 2022
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28 m

Carbohydrates - Take home messages

Carbohydrates are a diverse family of biomolecules with primary function in energy storage
and metabolism.

Monosaccharide represent the smallest building blocks of carbohydrates with the general
formula of ChnH2nOn but can include other groups (e.g., sulfate, amino, and carboxylic acid)

Monosaccharides with 5 or more carbons exist as cyclic molecules in solution

Longer carbohydrate chains are built from monosaccharide units connected via glycosidic
bonds

Polymers are very dynamic and lack a structured 3D assembly

They can also be conjugated to proteins and lipids and presented on cell surface (signaling
role) or as part of extracellular matrix (structural role)



=P*L " The molecules of Life

Nucleic Acids Carbohydrates Proteins

Macromolecular
Structure

HQ
Q
HO
Ho HsN—CH—C—0H
H 0 OH
nucleotide = nucleoside + phosphate 7% ||

: C ~ N N-acetylglucosamine O‘

o NHy (GlcNAc)

@) ¢ HQ
— A base OH
28] q

= 2
([@)] N HO.
C 3 HO OH
acyl

— chains
© galactose
— (Gal)

-] "
m nucleoside = sugar + base HO 240

HO.
OH
mannose
(Man)

29 m




=PFL " Genetic code is translated to protein sequence

Central Dogma of DNA

H

s
w

DNA

replication

5’a

Transcription

— 3

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

(A) ' B)

o BB AR ANuARANE AN
S T ]

Translation

|

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

Protein
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major groove major groove
@ 0 ® O ce o 0
©]
©o@ 4 O 9% 00
o p— iy H N—H---0 R M
: NN N
w-helix S \N( - ”W” H%j(\(N-"H_N Y T
>~ _ n— = C
@“\N_{ NNNNN C{>_ \‘?/ W ‘@\\‘OMH_N\ @
7 H
> s 4 0 c ¢ ® 6
00 ) Q o0
minor groove minor groove
(C) . D) .
" DNA major groove major groove
'\ | double o0 o o 00
N, | helix
9% ®© 0 Q Q@ fH-@ ®

H /5 “Ne—Hes o\ HC TH, /»0___H_N H H
\4;/ \N_< }_ Y \4?,

A & @ T T ® 6 A
@ 00 @0 o

minor groove minor groove

Helix-loop-helix ¢

@ H-bond acceptor @ H-bond donor (O hydrogen atom 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

'

eplicatio

‘l 3‘
1]
1
- 1
Y
5 a

DNA |

Transcription

o BN BEE AR ANuARANE AN
S T ]

Translation

e
e e

|

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

‘\/

Protein
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v

Genetic code is translated to protein sequence

* MRNA moves to the ribosome where it is translated
into protein sequence
* 3 nucleotides = 1 codon -> 1 amino acid

peptide bond

polypeptide —» 0

ribosome —

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

» Recognition is driven by base complementarity
between codons in mMRNA and anticodons in tRNA



1nm (nanometer) = 106 millimeters
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Protein d

Extracellular Membrane Intracellular/Cytosol Intracellular/Nucleus



=PFL " Amino acids are the building blocks of proteins

* Protein building blocks are the amino acids encoded by the DNA. d

» The general structure of an amino acid is : . _0
. . . . . . . . Amino Side Carboxyl

 Note that the amino acids are zwitterionic possessing positive and negative charge | _Group ||Chainj|  Group

(net charge is a function of the pKa value of the acid/base group and the pH of the solution)

* Amino acids are chiral and genetically encoded amino acids have the L form
(Note that L amino acids can’t be converted in D just by rotation )

Zwitterionic form in solution

[
®

R

amino | o
group H

»

o

Ui of
@ @ carboxyl

L-Amino acid D-Amino acid group

33 [ | . .
amino acid
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H H
HaN~ ~“COOH

Glycine (Gly, G)
MW: 75.07

HaN~ ~COOH

Valine (Val, V)
MW: 1171

&

HzM~ “COOH

Phenylalanine (Phe, F)
MW: 165.2

HYDROPHOBIC

o]

KI\NHE

HzN COOH

Asparagine (Asn, N)
MW: 132.1

CHg

HaN~ “COCH

Alaning {Ala, A)
MW: 89.09

Q

HzN~ ~"COOH

Leucine (Leu, L)
MW: 131.2

: OH
H,N~ “COCH

Tyrosing (Tyr, Y)
MW: 181.2

?/NHE

HzN~ ~"COOH

Glutamine (Gln, Q)
MW: 146.1

OH

L

H,N~ “COOH

Serine (3er, 5)
MW: 105.09

X

HoN”~ ~COOH

MUCLEOPHILIC

Isoleucine (llg, 1)
MW: 1312

H
N

)

HoN~ "COOH

Tryptophan (Trp, W)
MW: 204.2

HN %

NHF
o
= f\/

g HoN™ ~COOH

Histidine (His, H)
MW: 155.2, pK, = 6.04

X
H,N" “COOH

Threonine (Thr, T)
MW: 119.1

S/

(

H,N“ “COOH

Methionine (Met, M)
MW: 149.2

o)
fLOH
H,N~ “COCH

Aspartic Acid (Asp, D)
MW: 1331, pK, =39

NH St

HaoN~ “COOH

Lysing (Lys, K)
MW: 148.2, pK, = 10.79

SH

L

HaN" “COCH

Cysteine (Cys, C)
MW 121.2,

A

Proline (Pro, P)
MW: 1151

COOH

a OH

{

HoN~ ~COOH

Glutamic Acid (Glu, E)
MW: 147.1, pK, = 4.07

HsM \FNH;

NH

HzN" ~COOH
Arginine (Arg, R)

MW: 174.2, pK_=12.48

Amino acids are the building blocks of proteins

20 kinds of
R groups

amino
roup H
J carboxyl
group
amino acid

* There are 20 primary amino acids that
assemble all proteins

« Amino acids have the same scaffold but
differ only in the side chain group (R)

* Note 3- and 1- letter abbreviations for each
amino acid

* 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
34 = Pylare encoded by UGA and UAG codons, respectively, which normally serve as stop signals. But these are not very common among proteins.



=FFL " Different groups of amino acids based on side-chain

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

| residues with polar groups | f amide nonpolar, hydrophobic residues
amide ,,’ /" NHy X
< ,'« NH, \ thiol '8 \\C=‘O”,
\\C|=O’,' b 3 \?H‘, ey | e . THZ
! : CH, cle T“z CH; f
asparagine  yN—CH—C—oOH  Cysteine yn—cH—c—oH glutamine  y,N—cH—c—oOH HzN—lH—C—OH glycine  y,N—CH—c—oH
Asn I Cys ” Gln ” Gly
N ) C 0 Q 0 o G o
imidazole imidazole
NH™ /=N hyd—r_t_)xyl
w /N - (on
N A/ LN e CH;
5 7 : : o, |
- CH—CH;
CH, CH, serine H;N— CH—C—OH
Ser ” CH, CHy
neutral HN—CH—C—OH HN—CH—C—OH 3 o
:I-Stldlne L H;N—CH—C—OH methionine y,N— CcH—c—O0H phenylalanine y,N— cH—c—oH
H" o 9 <o | Met I Phe
" oH o M F
PP ._indole l o 9
. ‘V \|I \
CHz hydroxyl R < c|:H3
CH—OH ) : ‘ CH, CH, HN CH—CH;
threoiiliié MN—CH—C—oN  ‘tiyitophian. H .N—CH—C—OH i H,N—CH—C—OH proline C—OH i H,;N—CH—C—OH i
o 2 tryptophan H: tyrosine 2 < | | :{Iallme 2 Y ophan IHN—Q=c—sou
r Trp Tyr & Trp
T o w o Y 0 P (o} \' 0o w o
Figure 1.29 (part 1 of 4) The Molecules of Life (© Garland Science 2013) Figure 1.29 (part 3 of 4) The Molecules of Life (© Garland Science 2013)

Note the H-bond donors (blue) and acceptors (red) Similar to lipid tails, largely hydrophobic
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=P Hydrophobicity of amino acids

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

(A) (B)

A §

Hydrophobic Qn Q? c% W Q Hydrophilic

* Relative scale of hydrophobicity:

Water/Octanol transfer free energy kJ/mol

-88 -7/1 50 45 =29 -29 21 00 +04 +04 +08 +2.1 +2.1 +3.3 +3.8 +45 +/5 +95 +11.7 +15.0+15.0
Hydrophobic Hydrophilic
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Different groups of amino acids based on side-chain

» 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

arginine
Arg
R

histidine

Figure 1.29 (part 2 of 4) The Molecules of Life (© Garland Science 2013)

imidazolium

H,;N—CH—C—OH

[0 F——

ammonium

o)

negatively charged, hydrophilic residues

carboxy,!,_‘ \ carboxy}\ S ’{ T@
y S 00 J % c=o0

T, L

%Hz %Hz

aspartate  {y,N—CH—C—OH

pKa values:

37 m

12.48

6.04

What about His?

10.79

glutamate  y,N—CH—Cc—oOH
Asp | | Glu
D 0 E o
Figure 1.29 (part 4 of 4) The Molecules of Life (© Garland Science 2013)
3.90 4.07

pPH > pKa ->
pPH < pKa =

Deprotonated group (e.g., COO-)
Protonated group (e.g., COOH)



=P Interesting 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
C|H2 NH |C|.|2 NH | ondatnon
- — - %
SN ™ +
" CH " /CH +@ \ reductlon
HC HC
By cysteine

\@ N i cysteine cystine
Figure 1.33 The Molecules of Life (© Garland Science 2013)

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
GLY
O COOH PRO/\ ,(
é \j‘Z(Hl) (l+2)
HZN_ —H P oxygenQDoO"'4 Ammogroup
on B o a@g

% = NH
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Proteins are polymers of amino acids

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

(0] (0]
® ® ? Y
|-|3|\|—cq—c/ 4 H3N—Cq—c/
| N i AN O
H H
amino acid amino acid
H,0
carbonyl hydrogen-bond
carbon\ donor
amino acid residue | f amino acid residue
(0]
® | r4
HsN— Cq —C—T-N—— C,—C
[PIPN [ e
(o]
H /O H

SR

hydrogen-bond nitrogen
acceptor

amide (or peptide) bond

39 - Figure 1.30 The Molecules of Life (© Garland Science 2013)

* 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)



=P7L " Proteins are 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 COO")

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

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

CH;
sidechain i

| sidechain
CH,
| backbone

backbone cH; H O CH,
@
I |l I ®
----HN—ca—c—NH—cl,, —C—NH—Cla —lcI
H o CH—CH; H O
CH; Met, M Val,V Phe, F

Figure 1.31 The Molecules of Life (© Garland Science 2013)
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*F*L " Hierarchical organization of protein structure

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

Primary

structure Quaternary
structure

local folding into
regularly repeating
units

Pro
Ala
Asp
Lys
Thr
Asn
Val
Lys
Ala
Ala ) - IS s .
Trp | > | el
Gly
Lys a Helix
Val

Amino acid Polypeptide chain Assembled subunits
residues

Secondary Tertiary
structure structure

‘1 =« Biological role of a protein is determined by its structure which is encoded through the sequence



=PrL

42 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

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

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



=PFL " sSecondary structure elements: a-helix

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

a-helices

@ carbon * In the a-helix, the carbonyl oxygen of residue “i” forms
O Hydrogen a hydrogen bond with the amide of residue “i+4”.
@ Oxygen
© Nitrogen
7 @ Rgroup . . :
-3 | » Although each hydrogen bond is relatively weak in
1 Ala isolation, the sum of the hydrogen bonds in a helix
oo o makes it quite stable.
' Arg
% v Lys
— Gln
, Glo * A helical dipole is thus developed
e
Trp
Ser
FTK; « Amino-acid side chains face towards the outside
Val
Tsr
Hi : , : :
-» Cy'ss » The propensity of a peptide for forming an a-helix also
i TemiE ﬁzg depends on its sequence (see scale on the left).
G.Iy

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



=PFL " sSecondary structure elements: B-strands and sheets

{

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

Side chains
Carbon

Nitrogen

Oxygen

O @0 @ 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

* 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.
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Secondary structure elements: B-strands and sheets

Parallel

Top view ©

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

@ 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)
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* Loops follow the backbone geometry rules but do

not have any regular assembly

» Often used to connect different helix- and strand-

based domains
a1 = « Sometimes called “random coils”

Secondary structure elements: Loops and Turns

B-turns 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

écoming peptide chain

» Turns are there to change direction to connect two
other elements of secondary structure.

Glycine frequently
found at position 3

Proline frequently
found at position 2

» Key residues are Pro and Gly

» Hydrogen bond between the C=0 of residue 1 and
the N-H of residue 4



=FFL " 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
i T@
e c\N/ ~— _~ C\N/
| ks
H H
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

48 m




=FFL " 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

B-strands

5L

(¢3’ lIJB) —180—180 (] +180

9 = Loops



=FFL " Backbone torsions and secondary structure

* The backbone torsion angles ¢ (phi) and (psi) determine that conformation of the protein chain
 The Ramachandran diagram defines the restrictions on backbone conformation. It is a map of energetically

favored and unfavored regions

collision

»
>

increasing energy

low energy high energy low energy high energy

Figure 4.22 The Molecules of Life (© Garland Science 2013)

-180 -140 -100 -60

¢

« The values will be different for every amino acid due to unique steric restraints

G.N. Ramachandran

50 m (1922-2001)
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Backbone torsions and secondary structure

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

(A)
+180

-180

-180

0
b

+180

(B) Non-GLY
+180;
s
=
¥ 0 - :
-180 ™
-180 0 +180
b

Figure 4.20 The Molecules of Life (© Garland Science 2013)

GLY

(C)
+1801.. k) ° O }r.:
el .
Y 0 . Bty
o° .'.'.M
YR b
. ....:.... ..
‘e
-180
-180 0
b

COOH
H,N —J:—H
h



=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 \ groove
loo P \) Figure 4.34 The Molecules of Life (© Garland Science 2013)
Helix-turn-helix motif DNA-binding role
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=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

Coiled-coll

I

4 1 2 3

Figure 4.36 The Molecules of L

a/B domains

1 2 3 4 5 6 7 8 6 5 4 172 3

Figure 4.49 The Molecules of Life (0 Garland Science 2013}

53 = “Leucine zipper”

Sunsuinimigm, iom i



“PFL " Tertiary structure

primary structure secondary structure tertiary structure

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.

54 m
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structure building
blocks nature has
built many folds

* They serve as structural support,
biochemical catalysts, hormones,
enzymes, building blocks etc.

« Some are more abundant than others

Using the secondary A

a bundle (2CCY) a non-bundle (1CCA) B7 propeller (2BBK)

Z ® %

B ribbon (1TPM) B roll (1PHT) af roll (1STD) af barrel (4TIM)
B barrel (2POR) B clam (3BCL) af 2-layer sandwich af 3-layer sandwich
(1BRS) (1PYA)
N

B sandwich (2HLA) B trefoil (1AFC)  «ap 4-layer sandwich (2DNJ)  aff box (1PLQ)
T
B orthogonal prism B aligned prism aff complex (1PYP) o horseshoe (1DFJ)
(1MSA) (1VMO)

Figure 5.32 The Molecules of Life (© Garland Science 2013)
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primary structure secondary structure tertiary structure Q u at ern ary S t ruc t ure

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

hemoglobin

» 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).
Quaternary structure can also refer to complexes with DNA, RNA, lipids or any other biomolecule.
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The nuclear pore puzzle

constricted

dilated

B NUP205 ENUP93 [INUP62 [E NUP54 MENDC1 ENUP160 B NUP96 E NUP85 M NUP133 EINUP107 ENUP214 B NUP98 H NUP210
ENUP188 [CINUP35 M NUP58 [ENUP155 EALADIN ENUP37 [OSEC13 [0 SEH1 CNUP43 B NUP358 ENUP88 [MELYS

~456 different proteins



“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 & < : 3 Fo Id | n g p at hway

VOSLNPAADGAEVMIWSVGRDTLAS /ﬂ w
N Y £/

Primary \\West

sequence et
hydrophobic y
internal, lowest energy Ve ~
molten native state A
globule

Levinthal paradox (1969) Dill@UCSF

100 residue-long peptide

~10°* 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 St ru Ct ure

% = milliseconds thanks to thermodynamics
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Proteins - Take home message

* Proteins are formed from amino acids connected by peptide bonds

* The 20 genetically encoded amino acids are classed as either hydrophilic (charged, or polar but
neutral) or hydrophobic (nonpolar) 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



=P*L " The molecules of Life

Nucleic Acids Carbohydrates Proteins

Macromolecular
Structure

HQ
CHa
Q
HO
Ho HsN—CH—C—0H
Hi 0 OH
nucleotide = nucleoside + phosphate 7% ||
: C — S N-acetylglucosamine O‘
o NHp (GlcNAc)
@) ¢ HQ
- Sy b base oH 0O
o - : _
N HO
3 C=—=0
. HO OH
C acyl |
6 chains galactose
(Gal) C HZ
S " " |
al] — CH,
nucleoside = sugar + base 2Ha |
HO
HO.
" HzN—CH—ﬁ—OH
mannose
60 m (Man) 0
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