Summer term 2016
Nanobiophysics Module

Introduction to Molecular and Cellular Biology

LECTURE 2:

Introduction to cell chemistry and biosynthesis |




LECTURE 2: INTRODUCTION TO CELL
CHEMISTRY AND BIOSYNTHESIS |

» Building blocks of biological systems:
- sugars: polysaccharides
- hucleic acids: RNA, DNA
- fatty acids: lipids
- amino acids: proteins
» Chemical modifications

> Localization of biomolecules

» Biomacromolecules in the PDB



FOUR PRINCIPAL CLASSES OF
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MOLECULES=>MACROMOLECULES

building blocks larger units
of the cell of the cell

SUGARS I» POLYSACCHARIDES .
FATTY ACIDS |» FATS, LIPIDS, MEMBRANES .
AMINO ACIDS I» PROTEINS '
NUCLEOTIDES I» NUCLEIC ACIDS '

SUBUNIT MACROMOLECULE
sugar polysaccharide
amino protein

acid

T T

nucleotide nucleic acid



DISTRIBUTION OF MACROMOLECULES

PERCENTAGE OF NUMBER OF TYPES
TOTAL CELL WEIGHT  OF EACH MOLECULE

Water

Inorganic ions

Sugars and precursors
Amino acids and precursors
Nucleotides and precursors
Fatty acids and precursors
Other small molecules

Macromolecules (proteins,
nucleic acids, polysaccharides,
and phospholipids)

bacterial
cell

30%
chemicals

70%
H,0

70
1

1
0.4
0.4
1
0.2
26

1

20
250
100
100
50
~300
~3000

ions, small
molecules (4%)
phospholipids (2%)
DNA (1%)

RNA (6%)

MACROMOLECULES

proteins (15%)

- polysaccharides (2%)



CHARACTERIZATION OF MACROMOLECULES:
OUTLINE

» Chemistry of building blocks molecule
» Chemistry of biomacromolecule

» Structure

» Sources in nature

> Function




CARBOHYDRATES

Saccharides/carbohydrates: C (H,O) ; polyhydroxy aldehydes/ketones

H\ /O H\ /O

(|3/ OH c” OH
|
H—C—OH Ho _L 0 HO-C—H MO AP
|
CH,0H CH,0H

R S

D-glyceraldehyde (R, +) L-glyceraldehyde (S, -)




CARBOHYDRATES: ALDOSES/KETOSES

ALDOSES

KETOSES

H—C —OH
H—C —OH

H
glyceraldehyde

H—?—OH
H

dihydroxyacetone

H—C —OH

H—é—OH

H—é—OH

H—C —OH
Fi

ribose

H—?—OH
H—?—OH
H—?—OH

H

ribulose

H—?—DH
HO—?—H
H—?—DH

H—C —OH
H—C —OH
H

glucose

HO—C
H—é—DH
H—d —on
H—%—OH

H

fructose




CARBOHYDRATES: ALDOSE TREE

t‘i‘:H O
HCI:GH
CH.,OH
?H o / D-Gl?curlnuidahyd \ (l:Hﬂ
H LF OH HOCH
HCOH H#GH
|
CH.CH CH,OH
/ D-Erythrose / D-Threose \
(I'.:HD (IIHD (T'.‘HG (T'.‘HD
HCI..‘C'H HD(|3H HillDH HDIIZH
H(FDH H(IZD H HC-'('I.:H HD(:.: H
H'CI:DH H{T.:DH H'ZI.':DH H(IZDH
CH.OH CH,OH
D-ck:lll;lnzns? H nﬁf&ﬂﬂ D-Xylose D-Lyxdise
r'4 N Y\ g N Y\
(I':HG tl':HtD t‘i'.‘H O tl‘.‘H O t.FH O (I'.‘H o] (IZHO tT'.‘Ht'J
HIIZDH HD'fI:H H?DH HD{ISH HL';:DH HGC‘I.H H'.'.';.'DH HDEI:H
HCOH HCOH HOCH HOCH HCOH HCOH HOCH HOCH
H(If.‘DH HCI:DH H(i'.‘DH HI'.;:DH HDIIZH HD(‘I.:H HC-'(FH HO(FH
H{I'.:DH H(;:DH HCI:GH H(l'.:CIH H(;.:DH H(i“..DH Ht;:DH HtI:DH
CH,CH CH,OH CH,OH  CH,OH CH,OH CH,OH CHOH  CH,OH
D-Allosae D-Altrose D-Glucose D-Mannoze D-Gulose D-ldose D-Galactose D-Taloze



CARBOHYDRATES: KETOSE TREE

CH,OH
(I'.:=O
CH,OH
Dihydroxyaceton
}
‘.;:Hon
(I'..‘. =0
H(iTOH
ICH20H (I'.:H20H
¢=0 ¢=0
H?OH HO?H
HCOH HCOH
(I.':HZOH (IZHIOH
/ D-Ribulose \ / D-Xylulose \
(I:H20H (I:HzOH (I.‘-HZOH (I:H20H
(I:=O (I'J =0 (I: =0 (I'.:=0
H(FOH HO(.ITH H(i'.‘.OH HO(.I‘,H
H(IZOH H(;.:OH HO(FH HO(IZH
H(FOH H(I'JOH H(I:OH H(I'.ZOH
CH,OH CH,OH CH,OH CH,OH

D-Psicose D-Fructose

D-Sorbose D-Tagatose



GLUCOSE

CHO
H—C —OH
HO——C —H
H——C ——OH
H—C —OH

CH20H

: DIFFERENT REPRESENTATIONS

H 4
| ~© H
C
| OH
HO\|
C
I
H




CARBOHYDRATES: CYCLIC FORM

glucose Pyranose

rbose Furanose

CH ;OH
HDHC

H CH,OH
D-Glucofuranose
H ,fC CH,CH H /‘ 5 /

5 \ H
D- Glucose “OH
"HoTfon

D-Glucopyranose



CARBOHYDRATES: DIASTEREOMERS

H  OH
glucose mannaose



CARBOHYDRATES: a/B-FORMS

O O
OH

OH

a-D- B-D-

glucopyranose glucopyranose



CYCLIC FORMS: PYRANOSE RING
CONFORMATIONS
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CARBOHYDRATES: OLIGOMERIZATION

> Polymerization in general: A + A=A

> Reaction of condensation: A-OH + H-B = A-B + H-OH

O @)
+ o glucose CH,OH B fructose
O HOCH, O
OH HO
\ \ L | OH + HO
monosaccharide monosaccharide HO OH HO CH,OH
CONDENSATION HYDROLYSIS OH OH
- H,0
H,0 <_) e H,0 CH,OH .
water expelled water consumed O HOCH, O
‘ OH B HO
@) HO CH,OH

\

OH OH
\ Sucrose
/0

reactive bond

disaccharide



GLYCOSIDIC LINKAGE

Broad variety of combinations:

2 Glu => 11 disaccharides

B

a
—> 4Glc1 — 4GlcA1 — 4GlcA1 — 4Glc1 —
6 6

|
P T OAc




BRANCHED POLYSACCHARIDES

O—, OH
HO 0
0
HO 0
*,:%95/ o~ 156
CH,OH 0
. CH,OH HO
(H,OH HO O S HDW ndi%7 7o
HO O HO—" gH HO—~g
© o
OH 0 OH O Ho! o
HO ]
o
0
i ° . AR
= Cc=
? © CH; |
CH; CH

Polysaccharides can be either linear or branched



GLYCOLISIS: GLUCOSE AEROBIC CATABOLISM

Glucose G6P FeP F1,6BP
PO;32 PQO4? PO,2
on 5 5 ;
HK PGI PFK ALDO
HO,
Ko HO., HOw,
B o 2 P 3) " o 4
HO” ™~ "OH : 4
H HO H OH = 5
OH &n HO  6H OH HO oH 0—PO52

GADP DHAP

-2 -2
O/PO3 O"POB
Glycolysis 5
HO (@]
=0 1P| OH
& 2
/POS /PO3
HO o 0]
204R 204R
0] \O \O HO HO
1 7
o 0 O ° O 8 O o 6
o (o]
- PK - ENO ©. PGM . PGK O\
PO,

2 GAPDH
Pyruvate PEP 2PG 3PG 1,3PG
OH
HO,, 0
0 + 2 [NAD]* + 2 [ADP] + 2 [P} ——— 2 Oﬁ)LO‘ + 2 [NADH] + 2 H* + 2 [ATP] + 2 H,0
HOY ~¢""/0H
OH

> In glycolisis, glucose is catabolyzed to pyruvate and energy (NADH, ATP)

» Gluconeogenesis is a reverse process



CARBOHYDRATES FUNCTION

> Production and storage of energy (glycogen) o _ ro_ ow-0y  Ho_ oH
NSRRI O R
- T HO OHS --------- HO OH -0
» Mechanical support (cellulose, chitin) H H
"""""" ) HO OH-—Q _.~HO OH
O%O d O/%O d
. . . OH- T, OH oo
> Integration in the membranes (glycolipids) 7 i 7 H
........... (o) HO OH--0 HO OH
O%o d O/%O d
» Signaling (glycosaminoglycans) ™ HO™ O HO™ -0
H H
........... o) ~HO OH-Q HO OH
o o
......... HO OH- (o) HO OH - (o)
H H

Cellulose layers

CHs
o
OH
o NH
HO o)
NH
OH
O:<
CHs
L —n

Chitin



NUCLEIC ACIDS: BRIEF HISTORY

» Friedrich Miescher (1844-1895): discovery of DNA in 1869
- leucocytes => protein + unknown molecules
- existance in acidic and dissolvation in basic conditions
- HCI => nuclei
- Not a protein (proteases), not a lipid (ether)

-C,O0,H,P,N




NUCLEIC ACIDS: BRIEF HISTORY

»> Alexander Todd (1907-1997): composition of DNA in 1952
- sugar+phosphate+nucleotide

» James Watson, Francis Crick, Maurice Wilkins, Rosalind Franklin (1953):
- model of double-stranded DNA
- H-bonds between A-T, C-G

- potential molecule for genetic information




NUCLEIC ACIDS: BUILDING BLOCKS

> Base
> Sugar
»> Phosphate
T
O—P

o )




> DNA:A,G,C, T

> RNA: A, G,C,U

BASES

PYRIMIDINE PURINE

I
adenine/NmC/C\“c\\\N
HC | A
\N,c\_\ _~CH
b N
I
C
/N““"C"/ \NH
HC\ NG |
. C C
guanine N7 ~. Z
H NTT S,



PHOSPHATE

» Phosphate (ion of H,PO,), P. HD_TL)_O_
L
> Hydroxyl group + P, =
O O
—C—OH + Ho—ﬂ'—o' = —(|:—O—]|3|‘—C}' + H,0 _C—o—p
phosphate ester | & & |
» Carboxyl group + (P,) = . . H,0 .
—c”’? + HO—I|3|'—O' ‘J‘" —c’;/ o) |
- IR S SV S
anhydrids H,0 o~}
L
H,0

] —o—@&—@



PHOSPHATE IN NA

H NH'I
> asin ; =
O—p—0O—CH phosphoanhydride bonds
T © ? y AMP | | N Sy
O~ O O O < | )
R NN
O

“O—P—0—P—0—P—0—CH,

[ﬁ’ [ﬁ’ | |
: o O O
. as in
O T’ O f|’ O (|_:H2 ADP
O~ o OH OH
o o 0 ATP
| I | as in
O— T_G_T_D_T_D_?HI ATP
O~ O~ O~
» Mono-

> Di-

> Tri-



B-D-ribose
7> RNA
4 1
3 2
B-D-2-deoxyribose
Pentose DNA

»> DNA: deoxyribose (2'-position)

> RNA: ribose



GLYCOSIDIC LINKAGE

N-glycosidic

bond
BASE

N

O

RN

4 SUGAR C

-1
3 5 H

Cl-base glycosidic linkage



NUCLEOSIDES AND NUCLEOTIDES

BASE NUCLEOSIDE ABBR.
adenine adenosine A
guanine guanosine G @
cytosine cytidine C

BASE + SUGAR = NUCLEOSIDE

uracil uridine U
thymine thymidine T
AMP = adenosine monophosphate E
dAMP = deoxyadenosine monophosphate
UDP =uridine diphosphate

ATP = adenosine triphosphate BASE + SUGAR + PHOSPHATE = NUCLEOTIDE



NA BACKBONE

Backbone = Phosphate Group + Deoxyribose




NA POLYMERIZATION

O 5 end of chain

Cr

-

~O—P—0—CH,

phosphodiester
linkage

3" OH
3" end of chain



DNA STRUCTURE: COMPLEMENTARITY

» Complementary pairing
- A-T (2 hydrogen bonds)

- C-G (3 hydrogen bonds)




DNA STRUCTURE: SINGLE STRAND

i y Base " — . .
0=P—0—CH, ¢ .
 / e’ H H . -
3 Phosphodiester ¥
H

link O




DNA STRUCTURE: DNA HELIX

» Usual structures: A, B, Z double helix

» Unusual structures: mismatched pairs, circular, triple, supercoiled etc.



DNA STRUCTURE: NUCLEOSOME

PDB ID: 1A0I (2.8 A)



DNA STRUCTURE: HIGH ORDERS OF
ORGANIZATION

DNA The Nucleosome "Beads-on-a-String™ The 30nm Fibre

I I I I I I

Isolated patches. Genes under active transcription. Less active genes.

Add core histones. Add histone H1.

Active Chromosome The Metaphase Chromosome

I I I I

During interphase. During cell division.

| I I I

Add further scaffold proteins. Add further scaffold proteins.

N




RNA STRUCTURES

PDB ID: 1EHV (1.93 A)

» Complementarity: A-U, C-G

» High diversity



DNA vs. RNA

» Deoxyribose
>»A,T,G,C

» Double-stranded

»> Nucleus, mitochondria
» Less chemically reactive
> Self-replicating

»> Mostly in B-form helix, sensitive

to UV

> Ribose

> AU G,C

» Single-stranded

> Nucleus, cytoplasm, ribosome
» More chemically reactive

» Synthetized from DNA

» Mostly in A-form helix, more

resistant to UV



NA FUNCTION

NH;
phosphoanhydride bonds
[ I N \“N
.. : _ a
» Genetic information (DNA=>RNA) T <\,@
L] -I\'
‘0

i O~ o~ O
> Energy carriers
ATP OH OH
» Co-factors (RNA in coenzymes, ribosomes)
NH,
» Signalling molecules
R D A
H5—C —-C—N—C—C—C—N—C—C—C—C —D—F’—D—|F|’ Q
I T -
CoA
NH,
-~ =
4 N
CH <N’ | Nf)
[ ° .0
O/
O I" O OH
L

Cyclic AMP



LIPIDS

> Fatty acids

> Glycerolipids

» Glycerophospholipids
» Sphingolipids

> Sterol lipids

> Prenol lipids
» Saccharolipids

> Polyketides




FATTY ACIDS

O O hydrophili
; ydrophilic

carboxylic
acid head

GH,

hydrophobic
hydrocarbon tail

CH,

CH,

COO" group can be covalently linked to other molecules



FATTY ACIDS: CARBOXYL GROUP

/\/\/\/\/\/\/\/C\ ioni
- ionized
O
C//
YAVAVAVAVANVAV ANV forms esters
O—(li—
c”//o
/\/\/\/\/\/\/\/ .
\N— forms amides

COO" group can be covalently linked to other molecules




FATTY ACIDS: SATURATION

» Saturated

» Unsaturated: more energy, structurally different



TRIACYLGLYCEROLS

I
H,C —DKCMW H_’T_DH
ﬁ' Ht:|“_—t::1H
HC_D/CMWWW H,C—OH
'ﬁf glycerol
C —
TR K g g e 1 S g
POLYISOPRENOIDS
A
o=r:J—o—
o)

CH,
~
C—CH==CH,
4
CH,




STEROIDS

Cholesterol Testosterone

GLYCOLIPIDS

galactose
H OH o
| |~ H \sugar
/\MM/\/L%L’f(TEéJLH
| H
H
R P N N N N N N |
C—NH a simple
| | g glycolipid

hydrocarbon tails



SPHINGOLIPIDS

j\ Sphingomyelin
HN™ "R

Single sugar e 2
-m\ OH H \
Sahingosing backbone o, ° D;\P o : d o ; o
o ——0H ,-—nf o o T u'f j—o'{ |
HyM— ' —— WH=— . — “ NH—( — s
{\}} OH 0= \ oH § OH  _ \2_ o \} aH h: ) e OH \'} «OH o ~
< R {' R ,'-{‘ _I R S — R {(( l '
\ _"_' % \{\.\ e — Phosphoetharolam ﬁ o H
) = e A / / —
) \ ) \ ) -
¥

| | ) |
{:} I;-.:} g ‘\. {‘\ i} l‘llr 4

r _.f'l J

ri Kf Q
( { \ Q \ \ T
) ! / ! / } y
{ { : { { (
Y ) N\ ) ) Yy ~
{ { { { 4 { 3
{ ) ) ! )
/ A
: \ ( \ \ {
Y ) ) )
il

/ / / / / /

Sphingosine A Ceramide A Sphingomyelin A Sphingomyelin A Cerebroside A Ganglioside



LIPID AGGREGATES

000000000000000000000000
Fatty acids
O— micelle
_f_

‘ 200 nm Triacylglycerols
or more

Phospholipids/Glycolipids



LIPIDS FUNCTION

> Energy source (~6 x glucose; 1g ~ 2 g of carbohydrates)
> Energy storage: triglycerides

» Cell membrane structural components: phosphoglycerides, sphingolipids,

steroids
> Lipid rafts organization
» Neurons protection (sphingolipids)

» Signaling

g

» Components of vitamins (A, D, E, K)



PROTEINS: BRIEF HISTORY

»> XVIII centure. Fourcroy: gluten, fibrin, albumin, egg

white coagulate and flocculate under heat and acid.

> 1838. Mulder:C_ H_. N O..P.S

400" 620 "100 " 120 11

> Berzelius introduces the term 'protein’.

» XX centure, beginning. Hoffmeister, Fischer: protein

is a polypeptide.
Francois Fourcroy (1755-1809)
» 1926. Sumner: urease is a protein.

» 1930s. Pauling: first predictions of secondary

structures.
»> 1949. Sanger: sequencing.
> 1950s. First extractions of proteins.

> 1958. Perutz and Kendrew: first structures of

hemaglobin and myoglobin.



AMINO ACIDS

amino carboxyl
group group

H H

I + | _
H,N—C—COOH === H;N—C—COO

| PH7 |

CH;, CH,4

o-carbon /
side chain (R)

Neutral form Zwitterion

In nature L prevail




AMINO ACIDS CLASSIFICATIONS

> Polarity

- basic
aliphatic

- acidic

small
- uncharged polar ‘

- hon-polar

» Aromaticity/aliphaticity

. aromatic
- Aromatic (F, Y, W) / positive
non-polar charged polar
- Aliphatic
> Size

» Essential (F, V, T, W, M, |, K, H), conditionally essential (R, C, G, Q, P, Y)



lysine
(Lys, or K)
H O
|l
—N—C—C—
]
H CH,
l
CH,
l
CH,
l
{l_'.l 1)
NH,

AMINO ACIDS: CHARGED

Positive
arginine
(Arg, or R)
H O
|l
—N—C —C—
|
H CH,
l
CH,
!
CH,
|
NH
|_
C
AN

histidine
(His, or H)

HC = NH"

aspartic acid

(Asp, or D)

H O
I

—N—C—C—

Negative

glutamic acid

(Glu, or E)
H O
|

T

H <i'tH2
CH,

l
C
7N

O O~



AMINO ACIDS: HISTIDINE

COOH COo0O~ CO0O~ COO~

+ | + | + | |

H5N —(IZH HsN —(IZH HsN —ClH HoN —(|ZH
(IZHz " c||-|2 " (|ZH2 2 =.'|:|-|2 "
C N C——N Cc——N C N
g ~ N AN
” +,//CH PK; ” +J.~"’CH PKg ” »ffCH pPK> ” /CH
C——N —_—— C——N —_— C——N —_— C——N
H H < H H < H <— H
10| Histidine PK2 o

0 1.0 2.0 3.0
OH™ (equivalents)



AMINO ACIDS: POLAR

asparagine

(Asn, or N)

serine

(Ser, or S)

H O
|l

_N_(_ R
|
H (ier

OH

_— —N—C—C—

CH—CHj H CH,

glutamine
(Gln, or Q)
H O
|l

—N—C—C—

O NH,

threonine tyrosine

(Thr, or T)

(Tyr, orY)

O H O
I |

—N—C—C—

OH



alanine

(Ala, or A)

leucine

(Leu, or L)

proline

(Pro, or P)

T
—N—C—C—
/ AN
CH, CH,
N

CH,

valine

(Val, or V)

H O

—N—C —C—

isoleucine

(lle, or 1)

(Phe, or F)

AMINO ACIDS: UNPOLAR

methionine tryptophan
(Met, or M) (Trp, or W)

H O H O
|l |l
R R

CH,
- [
5_(,H3 I\J
H
glycine cysteine
(Gly, or G) (Cys, or Q)

H O H O
|l |l
—T—(i—(f— —J\ll—(i—C—
H H H (lj'H2

SH

Disulfide bond

— —CH/—S —S —CH,— -

Proline is IMINOacid



AMINO ACIDS: HYDROPHOBICITY

5 -

4 =

3 - -
2 L e

1-

0 -

e

Difference in stability, AAGY, | (kcal mol-1)

FLIPYVMWACEGTU SDOQNIZRHK

Index of hydrophobicity for amino acids: equilibrium constant between

water and nonpolar solvent.



PEPTIDE BOND

Reaction of condensation: AA -OH + H-AA,=AA -AA, + H-OH




PEPTIDE BOND STRUCTURAL
CHARACTERISTIC: RAMACHANDRAN PLOT

180




AA-PEPTIDE-PROTEIN

> AA - monomer
> Peptide - oligomer (2-20...40 aa)

> Protein — polymer

PROTEIN STRUCTURE

» Primary (sequence)

» Secondary (a-helix, B-sheet, 3. -helix, Tt-helix)

T 710

> Tertiary



CHEMICAL MODIFICATIONS OF PROTEINS

Formation or breakage of covalent bonds in proteins

> Disulfide bonds
» Addition of chemical groups:
- phosphorylation (phosphorylated Tyr)
- glycosylation (glycoproteins)
- methylation (elongated Ala)
- hydroxylation (hydroxy-Pro)
- carboxylation (carboxy-Glu)

» Truncation:

)-H—— Proline
:-.‘.;,"- }'}

il '

- intermolecular cleavage
- self-cleavage
» Ubiquitination

» Sel introduction (Selenocysteine, seleomethionine)



PROTEINS GLYCOSYLATION

Condensation reaction:

protein + carbohydrate = protein-carbohydrate + H,O
Asn

I w
_ AN
> N-glycosylation: Asn !

HOH,C \

» O-glycosylation: Thr, Ser, Tyr, HO-Lys, HO-Pro

N-linked GleAC

Ser

LK

- \C/ ~
PA %
HOH,C H,c! H
AN

ﬁ e )
OH \/ Glycosidic bond

HN CH;

g

o
O-linked GalNAC

B4



PROTEINS FUNCTION

» Enzymes Substrate  Enzyme Enzyme-substrate

complex
» Cell signaling and ligand binding Q)

» Structural proteins




LOCALIZATION OF BIOMACROMOLECULES

CARBOHYDRATES

/@

BIOMACROMOLECULES

\

\\\

Cytoplasm, extracellular matrix

/ //

| DNA: nucleus, mitochondria
RNA: nucleus, cytoplasm, ribosome

Membranes, cytoplasm
LIPIDS

Everywhere in the cell



BIOMACROMOLECULES IN THE PDB

Total (december 2015): 114526

> Proteins: 106293 (1059- membrane proteins)
» Nucleic acids: 2865

» Carbohydrates: ~102-10°

> Lipids: ?

-» I‘\ : [ ) An Information Portal to
l_“J 115306 Biological

PROTEIN DATA BANK Macromolecular Structures

Advanced Search | Browse by Annotations

¥ .. EMDataBank :
EEEH e B Resoures o 305 n@:":ﬁj DATRBASE. Knowledgebase 'i ¥y .’ 'ﬁ' O




LECTURE 2: INTRODUCTION TO CELL
CHEMISTRY AND BIOSYNTHESIS |

» Building blocks of biological systems:
- sugars: polysaccharides
- hucleic acids: RNA, DNA
- fatty acids: lipids
- amino acids: proteins
» Chemical modifications

> Localization of biomolecules

» Biomacromolecules in the PDB
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