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A working machine

Figure 0.1 Molecular Biology of Assemblies and Machines (€ Garland Science 2016)
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Transcription and translation
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An Overview of Protein Functions
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a-amino acid side chain
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a-amino acid side chain
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a-amino acid side chain

Pyrrolysine functions as a catalytic
amino acid in specialized enzymes,
particularly those involved in
methylamine metabolism.
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Physicochemical classifications of the 20 common aa

ALIPHATIC

AROMATIC

CHARGED

TINY

POSITIVE

Amino acid # Short # | Abbrev. # Avg. mass (Da) ¢ pl # {n-CP;:}H} %
Alanine A Ala B0.03404 6.0 2.35
Cysieine C Cys 121.15404 5.06 1.82
Aspartic acid D Asp 133.10384 2.85 1.99
Glutamic acid E Glu 147.13074 315 210
Phanylalanine F Pha 165.19184 549 2.20
Glycine G Gly 7506714 G.06 235
Histidine H His 155.15634 T.60 1.80
Isoleucine | lle: 131.17464 6.05 2.32
Lysine K Lys 146, 18834 8,60 2,16
Leucine L Leu 131.17464 601 223
Methionine M Mt 149.20784 574 2.13
Asparagine M Asn 132.118904 541 2.14
Pyrrolysine O Pyl 255,31
Proline P Pro 11513194 6.30 1.85
Glutamine o Gin 14614504 5.65 217
Arginine R Arg 17420274 10.76 1.82
Serine 5 Sar 105.08344 5.68 2.18
Thraanine T The 118.12034 5.60 2.08
Selenocysteine u Sec 168.053 547
Valine Vv Val 11714784 5.00 2.29
Tryptophan W Trp 204, 22844 580 2.46
Tyrosine Y Tyr 181.18124 5.64 2.20
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TABLE 1.2 Frequency of occurrence of amino acids in proteins

° ® ° ® Amino acid Frequency in Frequency in Number of codons
a-amino acid in proteins
proteins (%) proteins (%)
Ala 79 8.1 4
Arg 4.9 46 6
Asp 5.5 3.8 2
Asn 4.0 3.7 2
Cys 19 2.0 2
Glu 7.1 4.6 2
Gln 4.4 351 2
Gly 7.1 7.0 4
His 241 20 2
lle 52 6.7 3
Leu 8.6 11.0 6
Lys 6.7 4.4 2
Met 24 2.8 1
Phe 39 56 2
Pro 53 4.7 B
Ser 6.6 73 6
Thr 53 56 +
Trp 1.2 1.8 1
Tyr 3.1 33 2
Val 6.8 7.7 4

(Data taken from J. Cedano et al., J. Mol. Biol. 266:594—600, 1997.)

Table 1.2 How Proteins Work (©2012 Garland Science)



Peptide bond
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Dihedral angle
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Prohibited conformations

u T T * many @ (phi) and ¢ (psi) values are
o R R prohibited by steric interference

@

— @ and ¢ cannot both = 0 degrees

Carboxyl
terminus

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W, H. Freeman and Company
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Ramachandran Plot
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Table 2.5 Parameters of secondary structure?

Secondary structure ¢ (deg) 1P (deg) Residues/turn Rise per residue (A)
Right-handed «-helix -57 -47 3.6 L5
Antiparallel 3-sheet -139 +135 2.0 .0
Parallel B-sheet -119 +113 2.0 3.2
310-Helix -49 -26 3.0 2.0
Poly(Pro) Il, poly(Gly) Il -79 +150 3.0 3
Collagen 51 +153 3.0 31

9Data from Ramachandran GN & Sasisekharan V [1968] Adv Protein Chem 23:283-
437, and IUPAC-IUB Commission on Biochemical Nomenclature [1970] Biochemistry
9:3471-3479.

Table 2.5 Proteins: Concepts in Biochemistry (© Garland Science 2016)
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Levels of structure in proteins

Primary

structure Quaternary

Pro structure
Ala

Asp
Lys Secondary Tertiary

Thr structure structure
Asn

Val
Lys
Ala
Ala £
Trp ' A
Gly
Lys a Helix
Val

Amino acid Polypeptide chain Assembled subunits
residues

* four levels:
* primary structure = covalent bonds linking amino acid residues in a polypeptide chain
* secondary structure = recurring structural patterns
* tertiary structure = 3D folding of polypeptide
* quaternary structure = 2+ polypeptide subunits

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021

W. H. Freeman and Company



Protein sequences help elucidate the history of
life on earth

* bioinformatics:
— identifies functional segments in new proteins
— establishes sequence and structural relationships to
Known proteins

* essential amino acid residues = conserved over
evolutionary time

* less important amino acid residues = vary over
evolutionary time



Structure of proteins
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The a Helix Is a common protein secondary structure

Amino terminus

a helix = simplest arrangement,

Amino terminus

. @ Carbon
maximum number of hydrogen bonds &5 Eiydrogen @ Carbon
@ Oxygen O Hydrogen
— backbone wound around an . @ Oxygen
O Nitrogen O Nitrogen
imaginary longitudinal axis @R group @R zroup

— R groups protrude out from the
backbone

— each helical turn = 3.6 residues,
~5.4 A

between hydrogen atom attached to
the electronegative nitrogen atom of
residue n and the electronegative
carbonyl oxygen atom of residue n + 4

) Carboxyl terminus

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and
Company

confers significant stability
@) Carboxyl terminus (b)

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company



Handedness of the a Helix

Left-handed

right-handed: helix

— R groups protruding
away from the helical
backbone

— most common

extended left-handed:
theoretically less stable, not
observed in proteins

Right-handed
helix

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and

Company
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small electric dipoles in each peptide
bond align through hydrogen bonds

negatively charged amino acids often
found near the NH,* terminus
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a helix-Helical wheel

citrate syithase alcohol dehydrogenase
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amino acid residues have an intrinsic propensity to form an «
helix

interactions between R chains spaced 3—4 residues apart can
stabilize or destabilize o helix

1 1 h 1 traponin-C
charge, size, and shape of R chains can destabilize formation MR £ B % B B S

of ion pairs and hydrophobic effect can stabilize &0 00666060

19 GARLAND PUBLISHING INC
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Backbone lorsional angles Kesidues per lurm Translaton per residue (A)

@ (deg) ¥ (deg)
s-Helix -57 -47 3.6 1.5
Jin=Helix =~ -26 3.0 2.0
Antiparallel fi-sheet =139 +135 2.0 34
Parallel fi-sheet =119 +113 2.0 iz
Polvproline | 83 + 158 i3 1.9
Polyproline 11 -T8 149 3.0 il
Ry O Rs Q ; R o Ry ©
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Poly-proline c—x

Proline isomers
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* proline = introduces destabilizing kink in helix
* nitrogen atom is part of rigid ring

* rotation about N—C_ bond not possible




-"mltp irallel ,ri'—iht:ct

B sheet-two types

* antiparallel = opposite
orientation

* occur more frequently

* parallel = same orientation

* Hbonds form between
backbone atoms of adjacent
segments

=139 + 135 0
=119 +113 ol |

(b) Antiparallel 8 sheet

Top view

(c) Parallel B sheet

Top view

5
Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 202?\/\/_ H. Freeman and Company



b-hairpin

Figure 1.11 How Proteins Work (©2012 Garland Science)

Two residue beta-hairpin turns.
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forces holding proteins together

Hydrophobic interactions—

Pleated sheet structure water-free pocket
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3. Electrostatic interactions
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Typical energy (kJ mol ™)

Van der Waals

1

N

Hydrogen bonds 8-29
Electrostatic 17-50
Non-polar 60-80
Disulphide bond (S-S) 250
Single covalent bond 200-500




Water as solvent
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Figure 1.9.1 How Proteins Work (©2012 Garland Science)
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Water as solvent

* H,O dissolves salts and charged biomolecules by screening electrostatic
interactions

* theincrease in entropy of the system is largely responsible for the ease of
dissolving salts in water

Hydrated
Cl"ion

Note the nonrandom
orientation of the
water molecules

Ison & Cox, Lehninger Principles of Biochemistry, 8e, © 2021

W. H. Freeman and Company



Forces holding proteins together
electrostatic
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electrostatic interactions NH
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Figure 1.4 Molecular Biology of Assemblies and Machines (© Garland Science 2016)
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H-bound interactions
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Figure 1.5 Molecular Biology of Assemblies and Machines (© Garland Science 2016)
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formation of B-hairpin
IS cooperative
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Van der Waals interactions

VAN DER WAALS' FORCES (VDW) KEY
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Figure 1.20 How Proteins Work (©2012 Garland Science)
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Figure 1.22 How Proteins Work (©2012 Garland Science)



hydrophobic interactions

AG=AH-T*AS




Amphipathic Compounds in Aqueous Solutions

Hydrophilic
“head group”

* polar, hydrophilic region
interacts favorably with

LT
H,O and tends to \:&:@m{ &
dissolve g ;9@ \{

* nonpolar, hydrophobic @%,,
region tends to avoid G:% %;3 }

ContaCt Wlth H2O and “Flickering clusters” of H,0 e\
molecules in bulk phase / C&
CI USter tOgether Highly ordered H,0 molecules form

“cages” around the hydrophobic alkyl chains.

(a)

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

Hydrophobic
alkyl group



Dispersion of

lipids in H,0

Each lipid

molecule forces
surrounding H,0O
molecules to become
highly ordered.

[—
o
I

[SDS] fract mM

micelles

Clusters of lipid
molecules

0 5 10 15 20
[SDS] total mM

Only lipid portions

at the edge of

the cluster force the
ordering of water.
Fewer H,0 molecules
are ordered, and
entropy is increased.

* hydrophobic effect =
— nonpolar regions cluster together
— polar regions arrange to maximize
interactions with each other and with the

solvent

Micelles

All hydrophobic
groups are
sequestered from
water; ordered
shell of H,0
molecules is
minimized, and
entropy is further
increased.

* micelles = thermodynamically stable structures -
of amphipathic compounds in water



Binding of Water Molecules to Proteins

Structural analysis indicates that some water molecules are tightly
bound to proteins. This is illustrated for hemoglobin below in Fig.

Wate r I aye r 2-9, /eft. These water molecules have different properties from
those of the bulk water of the solvent. In certain proteins,
tightly bound water molecules play roles in catalysis and roles in
ligand binding.

ribonuclease Hemoglobin/myoglobin Cﬁ

Figure 1.27 How Proteins Work (©2012 Garland Science)



cysteine and disulphides

cysteine

cysieine

oxidation reduction

cysline

5 ]

disulfide bond /g

an | WA G LM s FRHESLISHING 17T,
s mimsabay of e Tugher o Frans Graap

It holds two portions of the protein together, biasing the
protein towards the folded topology.

The disulfide bond may form the nucleus of a
hydrophobic core of the folded protein

The disulfide bond increases the effective local
concentration of protein residues and lowers the
effective local concentration of water molecules.

Since water molecules attack amide-amide hydrogen
bonds and break up secondary structure, a disulfide
bond stabilizes secondary structure in its vicinity.



entropy/enthalpy compensation

Figure 1.29 How Proteins Work (©2012 Garland Science)

protein A

protein B

structural
rearrangement

Figure 1.30 How Proteins Work (©2012 Garland Science)
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Figure 1.28 How Proteins Work (92012 Garland Science)



structure prediction
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structure motifs

four-helix bundle helix—turn—helix coiled coil
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Four Greek keys (
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Figure 1.33 How Proteins Work (©2012 Garland Science)



B-barrel

Figure 1.12.1 How Proteins Work (©2012 Garland Science)
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Proteins with a helix

Collagen, a
ﬁbrm?: protein

(b)

Myoglobin, a globular protein

Charac-

teris-
tics

Globular Proteins

Fibrous Proteins

Shape

These are compact and spherical and
folded in nature

These are elongated and
have helical or sheet-like
structures

Struc-
ture

Most of their hydrophobic residues are
buried inside, and charged residues are
at the surface

Each site of these
proteins is exposed to
interact with other
particles

Func-
tions

Mainly involved in the metabolic
functions

Mainly constitute
structural element

Solu-
bility

Mostly soluble in water

Mostly insoluble in
water

Sensi-
tivity

Highly sensitive to changes in pH,
temperature, etc.

Less sensitive to changes
in pH, temperature, etc.

Exam-
ple

Lys. BSA, HSA, haemoglobin

Actin, myosin, collagen,
keratin



Proteins with a helix: The Globin Fold
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Ridges in grooves model



ridges in grooves model
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Four helix bundle

Proteins with a four-helix bundle structure
(B) include

? /.L\/o * growth hormones
o\/f _ * Cytokines

] ) Ferritins
| - —

| * ] e |
O&N : @/\,£ Hi The four helices may splay apart to generate a

(al

binding pocket for cofactors and metal ions
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amphipathic

sidechain of
hydrophobicity
n
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PGLa and magainin 2 (Mag2) are a-helical cationic antimicrobial
peptides from X. laevis, with lengths of 21 and 23 amino acids,
respectively.

They adopt an alignment on the surface of the bilayer, but PGLa
is able to tilt into the membrane core at high concentrations.

Gramicidin S (GS) from A. migulanus is a cyclic B-pleated
decapeptide, and it aligns preferentially on the membrane
surface, just like the a-helical designer-made peptide BP100 (11
amino acids).

The amphiphilic a-helical peptide TisB is part of a stress-
response system in E. coli and forms a transmembrane dimer.

The different alignment states and subsequent interaction with
the bilayer are in part a result of the differences in the
amphiphilicity of the peptides
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Coiled-coill
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coiled coll fibrous proteins

Characteristics

Examples of occurrence

Tough, insoluble protective
structures of varying hardness
and flexibility

a-Keratin of hair, feathers, nails

Soft, flexible filaments

Silk fibron

Nail Bone Structure
o Helix, cross-linked
. by disulfide bonds
|
Cartilage
\ T / 6 Conformation
Collagen triple helix

High tensile strength, without
stretch

Collagen of tendons, bone
matrix

/ / "/:/ COLLfGEN .

e

NCNY Ig

Derma
(degradation
collagen in the skin
leads to wrinkles)

Hair

Connective

tissue *H,0O insoluble due to high concentrations of hydrophobic

residues

*give strength and/or flexibility to structures
*simple repeating element of secondary structure



The Structure of a-Keratin in Hair

a-keratin helix is a right-handed o helix

two strands of a-keratin, oriented in parallel, wrap about each other to form a supertwiste:

coiled coil

supertwisted helical path is left-handed

rich in hydrophobic residues: Ala, Val, Leu, lle, Met, Phe

cross-links stabilized by disulfide bonds

Two-chain
coiled coil

Protofilament { 1% 2j| 20-30 A

Protofibril < ﬁ-d 8 : 8 |

(a)

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

----- - Cells
X S

Intermediate
filament
Protofibril

Protofilament

Two-chain
coiled coil

a Helix

(b) Cross section of a hair
Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company



The Structure of Collagen

collagen = found in connective tissue

Three amino acid
residues per turn

* secondary structure = left-handed,
repeating tripeptide unit Gly—X-Y,
where X is often Pro and Y is often 4-
Hyp

* tertiary and quaternary structure =
right-handed twisting of 3 separate
polypeptides

Gly

4-Hyp

——
250
nm Heads of collagen Cross-striations

molecules 640 A (64 nm)

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
Nelson & Cox, Lehnin,

Section of collagen molecule



Covalent Cross-Links in Collagen Fibrils

/ N
* cross-linked by covalent bonds involving H=N_ NH
) : CH—CH,—CH,—CH,—CH=N—CH,—CH—CH,—CH,—CH
Lys, HyLys (5-hydroxylysine), or His _ 2o T 2 N
o—c\ OH /C—O
— links create uncommon amino acid
. Polypeptide Lys residue HylLys Polypeptide
residues chain minus £-amino residue chain
*  scurvy is caused by a lack of vitamin C group (norleucine)

—  characterized by general Dehydrohydroxylysinonorleucine

degeneration of connective tissue

* vitamin Cis required for the hydroxylation

of proline and lysine in collagen
O

O
L\/\\ :

HO
C,-endo C,-exo
Proline 4-Hydroxyproline

Nelson & Cox, Lehninger Principles
of Biochemistry, 8e, © 2021
W. H. Freeman and Company



B-sheet fibrous proteins
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(-Gly-Ser-Gly-Ala-Gly-Ala-)n

- Ant|para|le|B sheet

Ala side
chains

(b) Tina Weatherby Carvalho/MicroAngela.

Gly side
chains

®* main protein in silk

?on & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

* predominantly 8 conformatiorg
* richin Ala and Gly

* stabilized by hydrogen bonding
and van der Waals interactions
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Silk Fibroin is strong, inextensible, insoluble and chemically inert

A. Papular silk sources B. B. mori silkworm and cocoons
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C. Compaosition of silk protein

D. Amino acid sequence E. semi-crystalline network
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Proteins in biological membranes

Anti-fouling surface

Cell releases antifouling chemical
signals to prevent biofouling. .

Hydrophilic Hydrophobic Hydrophilic
& Polar heads hydrocarbon chains Polar heads
S-layer proteins on the ik e
surface of cell outer membrane

show lattice structure.

Glycocalyx oligosaccharide chains
on the outer cell membrane surface
show antifouling properties.
Layer by Layer

assemble structure

Outer membrane

A L| -~ The zwitterionic groups present |
' 5,‘ e T\ on the lipid head group provide
resistance to protein adhesion,

I
—P=0_ .
| {I:_ Zwitterionic ionic pair |

P EE . - -

| Lipid bialyer allows

' for passive diffusion.
Inner membrane
Selective transportchannel
Membrana profeks facilinle. = "DP+F. AIP T @ Mambrane proteins facilitate
active transport using ATP. passive transport.
lonophores mediate transpor across 2
lipid bilayer by complexing specific ions. D=37,8 A
o]
Area/Lip= 63,5 A2
Lipid m E Membrane protein (channel} ﬁ lonophore
‘g’ Glycocalyx Membrane protein (transporter) o Antifouling signals

m S-layer protein w Membrane protein (pump)

@@ o P solutes



Membrane protein a Helix

rhodopsin

Figure 1.40 How Proteins Work (©2012 Garland Science)



hydrophobic/hydrophilic




potassium channel

pore helix
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selectivity —————— & —

filter ‘ T ‘
vestibule K+
cytoplasm negatively
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Figure 1.43 How Proteins Work (©2012 Garland Science)

Figure 1.42 How Proteins Work (©2012 Garland Science)



OmpX b-sheet
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