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Protein Structure

1. Proteins are amino acid polymers.

Primary protein structure

Is sequence of a chan of amino acids

Amino Acids

proteins and macromolecules (DNA,

A Regulation: interaction with other
RNA, carbohydrates)

for the large variety in protein function:

A Catalysis (enzymes)

2. The functional groups of amino acids accour
A Structure

©2012W. H. Freeman and Company
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Amino Acids

L isomer D isomer

Figure 2.4
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company
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Peptide Bonds

R1 R> R1 (0]
Vo Vo VA
/o e ‘_—¥ ~\~~ + H o
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Peptide bond

Figure 2.13
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The Polypeptide Chalin
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Primary structure: the amino acid polymer



The Polypeptide Chalin
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The Peptide Bond

IS usually found in thé&ransconformation

has partial40%) double bond character

N partially positive; O partially negative

has a length of abo(t133nm - shorter than a typical
single bond but longer than a double bond

Due to the doublk®ond character of the peptide bond,
the six atoms of the peptide bond group define a glar
the amide plane




Due to the double bond character, the six atoms of the
peptide bond group are always planar!

The -NCUandC CU
sigma bonds are single
/ H / H bonds, can rotate

/C\C/\/<—>/\/\/

7,
7,
7
” /
. .
’ ’
O ’ '

Peptide bond resonance structures

The six atoms of the peptide bond
group define a planiethe amide
plane




Side chain

Figure 6-3. Extended conformation of a polypeptide. The backbone is shown as
a series of planar peptide groups. [Figure copyrighted © by Irving Geis.]
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Figure 6-5. Steric interference between adja-
cent peptide groups. Rotation can result in a
conformation in which the amide hydrogen of
one residue and the carbonyl oxygen of the next
are closer than their van der Waals distance.
[Figure copyrighted © by Irving Geis.]

A All amino acids side chains are in a
trans configuration to minimize
steric hindrance

Ahe -U(G, phiC )( G
psi) bonds can rotate.But only

certain conformations are sterically
stable

10



The Polypeptide Chalin

Steric hindrance between the chemical groups attached
to the h-carbon strongly favors the trans conformation.

Trans

Figure 2.20
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company



A polypeptide consists of a regularly repeating
main chain and variable side chains

A The repeat pattern ¢N-G;-G.-), called the main chain or
backbone, starting from the Merminal amino acid and
ended at eterminus (from NA C)

A is usually found in thdérans conformation, which means;
andR,, R, andR;, R; andR,, R, and R, are on different side
along the peptide backbone

0
H/ H i H/ TR H/
\/\/N\/C\/\/N\/C\/\/

H '(': C\ H ﬁ: C\ t ||
3 g H
0 o)
RZ i R4 O
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Rotation Around Bonds
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The Ramachandran Plot
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Figure 2.23
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Proteins

One or more polypeptide chains
A One polypeptide chair a monomeric protein.

A More than one- multimeric protein
I Homomultimer. one kind of chain
I Heteromultimer: two or more different chains

/) Ap G
Hemoglobin, for example, . 08
IS aheterotetramer. It has
two alpha chains and two
beta chains.




Proteins- Large and Small

Size of Protein Molecules*

Protein

Number of Residues per Chain

Subunit Organization
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Biological Functions of Proteins

Proteins are the agents of biological function
A Enzymes Ribonuclease

A Regulatory proteins Insulin

A Transport proteins- Hemoglobin

A Structural proteins- Collagen

A Contractile proteins- Actin, Myosin

A Exotic proteins- Antifreeze proteins in fish

17



Protein Structure

A Proteins are classed according to shape and
solubility

A Shape- globular or fibrous

A The four levels of protein structure are:
- Primary (LA ¢ amino acid sequence
- Secondary ZA - local structures- H-bonds
- Tertiary (A - overall 3-dimensional shape
- Quaternary @A - subunit organization



Protein Structure

Myoglobin, a globular protein Bacteriorhodopsin, a membrane protein

(a) Fibrous proteins tend to have relatively simple, regular linear structures.
They often serve structural roles in cells. Typically, they are insoluble in
water or in dilute salt solutions.l§) Myoglobinis a globular protein. (c)
Membrane proteins fold so that hydrophobic amino acid side chains are

Collagen, exposed in their membran&associated regions

a fibrous protein - Biochemistryby Garret and Grishamdth ed.

19



Levels of Potein Sructure

Primary Secondary Tertiary Quaternary
structure structure structure strueture
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Anmuno aed residues a Helix Polypeptide chain Assembled subunits
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Primary Structure
A The amino acid sequen

of a protein. :
A Is a unique characteristi +H3N@3 - 5
of every protein. Amino end

A Is encoded by the
nucleotide sequence of
DNA.

A Is thus a form of genetics
iInformation.

A Is read from the amino
terminus to the carboxy!
terminus.

Amino acid
subunits

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.



The Ramachandran Plot

A Restrictions of the -and- -
angles result in a limited set of

A Secondary structures are formed
by hydrogenbonds between the
peptide Nt Hand C=0O groups. T

-psi I ange

alpha-helix.
1 R () H /"

0

SeCOndary structures. 0 The Ramachandran Plot.

I Alphahelices -

I Betasheets

T Turns +psi Left

! LOOpS Ggﬁ:r:'ltgelix.
= =)

C N .C C 180 ™
\N/ ~c¢” o\/‘c/ SN \C/ 480  -phi 0 + phi 180
i ¢ [~ Y y [
O H R (o

A Nearone another in the linear
sequence

http://www.cryst.bbk.ac.uk/PPS6/course/3 geometry/rama.htm



What Are the Elements of Secondary Structure
In Proteins, and How Are They Formed?

A The atoms of the peptide bond lie in a plane.
A All protein structure is based on the amide plane.
A Peptide bonds are rigid with no rotational freedom.

A Rotation can occur about either of the bonds linkin
the alpha carbon to the other atoms of the peptide
backbone.

23



What Are the Elements of Secondary Structure i
Proteins, and How Are They Formed?

The rotation parameters are
G (phi) and y (psi). The
conformations shown
corresponds to (= 180° and
y =180° .

Amide plane

24
b =180°, ¢ =180°



Some Values afi andy Are Not Allowed

Nonbonded
contact
radius

Nonbonded
contact
radius
a
% b =—60°, Y = 180°
@ A further & rotation of 120°
removes the bulky carbonyl
¢b=0° ¢ =180 ¢ =180% ¢ = 0° group as far as possible b=0°¢=0°

from the side chain

Many of the possible conformations about an U-carbon
between two peptide planes are forbidden because of

steric crowding. .



Steric Constraints ol & Y

Unfavorable orbital overlap/steric crowding precludes
a2YS O2YOoAylamzya 2F . |\

> .180°Tis unfavorable.

18’ .0°islunfavorable.
>  0°islunfavorable.

26



Steric Constraints ol & Y

A G. N.Ramachandranvas the first to
demonstrate the convenience of plotting phi,
psi combinations from known protein
structures

A Thestericallyfavorable combinations are the
basis for preferred secondary structures



Steric Constraints ol & y

Ramachandramiagram showing =
the stericallyreasonable values  anivergiersanee
2F OUKS |y3ftSa ., ™rgst
regions indicate favorable values &
of these angles. Dots in purple

indicate actual angles measuredz

for 1000residues (excluding
glycine, for which a wider range
of angles is permitted) in eight
proteins.




The Alpha Helix

A Linus Pauling and Robert Corey explored which conformations

peptides are sterically allowed. ? w /
\N/ \ < / \ Sy / g el
H || ¢ |
AtNRLIZASR GKS aéinNdOldNB" 27 K
A Rodlike structure.
A Tightly coiled backbone forms the inner part of the rod anUe

A Sidechains extend outward in a helicalrray.
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The Alpha Helix

A Rodlikestructure.

A Tightly coiledbackbone.

A Sidechains extendoutward.
»

Figure 2.24a P—

Biochemistry, Seventh Edition Figure 2.24b lothemtity Seventh Eiton

©2012 W. H. Freeman and Company Biochemistry, Seventh Edition ©2012W.HF d Company
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The Alpha Helix

A Theh helix is stabilized by hydrogen bonds between

the N-H and C=0 groups.

A C=0 group of each amino acid forms a hydrogen bond with thel N
group of the amino acid that is situated four residues ahead in the

seguence.
R; 0 R, R, l
SN ”\ S I A o
) I SN B
H 0 B H O R:+3 H I;I 0 Riss L

Figure 2.25
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company



The Alpha Helix

A All the C=0and N-H groupsin the amino acids of thé -helix
chain arehydrogenbonded.

I Except the terminal amino acids.

A Each amino acid residus related to the next one by ase
(translation) of 1.5 Angstrom(A).

A Each amino acid make up a rotation H00°.
A 3.6amino acid residues per turn of the helix.

3.6aal/turn
5.4A

rise1.5A




The Alpha Helix
A AphaK St AESa OKIYY RSROG-KNAMRERS ® (i
A Lefthanded helices ar&ERYare.
A Basically ALL naturally fourft-helices are righthanded.

+180 N v
i
/ y
60 |- /
e ) I P @
0 —— X
¥

| D Left-handed
3 g -60 |- helix (very rare)

-120 - Right-handed
helix (common)
——
-180 B E—
-180 -120 -60 0 60 120 +180

¢ ——

Figure 2.26
Biochemistry, Sever

The righthanded helix is energetically
more favorable, due to more steric
hindrance in the lefthanded helix.



The Alpha Helix

A When thinking about the structure ofah-K St A EX A
AYLRNIOFYG 02 O0KAY]l Fo2dzi a
A Are all amino acids equally likely to be found in arhelix?

A Branched amino acidsaline, threonine, andisoleucine.

A Amino acids that can form hydrogen bonds on their side chains :
sering aspartate,and asparagine.

A Amino acids without an NH-group: Proline.
A Thering group oprolineLINE @Sy G a A G F NRheélix.d F A
A Do we know any proteins that consists mostly bfhelices?

(
4

Ferritin



The Hbonding pattern of severaéxisting helices

copyrighted © by Irving Geis.]

- Indication of how hydrogen bonded polypeptide helices may
be constructed.

- In the cases shown, the peptide chain curls around such
that the C=0 group on residue n, forms a Hbond with the
N-H groups on residues as indicated(2;, 3, U-helix and

" -helix).

35



alpha helix

3.10 helix

plhelix

10A

http://www.cryst.bbk.ac.uk/PP8course/sectior8/ss-960531 5.html
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The Beta Sheet

A Beta sheet is pleated (think a pleated skirt or a larspade).

A Consist of two or more polypeptide chains.
i Each known as a-strand.

A Thei -strands are more extended than dn-helix. A larger
range of extended structures are sterically allowed
(Ramachandran plot).

+180

Y

eta strands

@

120

60

————
-180 4 '
180 -120 -60 O 60 120 +180



TheBeta Sheet

A pleated sheet of paper with an antiparallel-sheet drawn on it.



The Beta Sheet

Al -strand.:

3.5A
between adjacent amino acids

A More spread out compared to ah-helix (1.5A between
adjacent amino acids).



The Beta Sheet

A Al -sheet consists of two or moré-strands (or
polypeptide chains).
I Hydrogen bonds form between the strands NOT within
them.




A i -strands within ai -sheet can run in parallel or
anti-parallel directions.

I Anti-parallel:] -strands run in theoppositedirection.
I Parallel:l -strands run in thesamedirection.

Anti-parallel
G¢CKS 2LJJ2aAd

Parallel
G¢KS alys




Anti-parallell -sheets

Hydrogen bonds betweetthe N-H group and theC=0Ogroup ofone

amino acid to the C=0 and Nl groupsof the partner amino acid
on the adjacentchain.

Figure 2.31
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company



Parallell -sheets

Hydrogenrbonding in the parallel -sheets are a bit more complicated:

A Foreach amino acidthe N-H group ish-bondedto the C=Ogroup of
anaminoacid on the adjacenstrand.

A The C=@roup ish-bondedto the N-H group on the amino acidwo
residuesdown the chain




Mixed!) -sheets

Figure 2.33
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company



TheBeta Rilge

A Thei -bulge mosiften occurs as an
irregularity in antiparallel -structures

A Ai -bulgeoccurs between two normal
I -structure Hbonds and comprises two
residues on one strand and one residus
on the opposite strand.

A The extra residue on the longside
causesadditional backbonéength. This e
is accommodated partially by creating ¢ = )7
bulge in the longer strand and partially
by forcing a slight bend in tHe-sheet

Classic bulge

45



The Beta Sheet

A Are all amino acids equally likely to be found
in al -sheet?

A Prolineis not favored in -sheets, since it cannot
form a hydrogen bond to another amino acid.

A So where iproline found?
A Turns and loops.

_______
.......

-
----------

http://lwww.google.com/patents/ER72558@B1?cl=en



Turns and Loops

Reverse turni(-turn, hairpin turn):

A Aturn is an element of secondary structure in proteins where
the polypeptide chain reverses its overall direction.

A Often found on the surface of proteins.

A The C=Q@roup of residusei in a polypeptide ish-bondedto the
N-H group of residud + 3.

http://www.google.com/patents/ER72558B1?cl=en



Turns and Loops

Omega loops:

I Them-loops are generally
longer than turns and less
structured.

I Lack rigid backbone angles ar
regular patterns of hydrogen
bonds.

Figure 2.37



Tertiary Structure

A Tertiary structurerefersto the spatial arrangement of amino acid
residues that are far apart in the sequence and to the pattern of
disulfide bonds.What does this mean?

A Assembly of secondary structures into a whole protein (or protein
subunit).

A Backbone angles and hydrogen bonding determine secondary
structures. What determines tertiary structures?

Primary Secondary Tertiary Quarternary
structure structure structure structure



Tertiary Structure

What determines tertiary structure?

A The chemical properties of the amino
acids:
A The distributionof polar and nonpolaresidues.

A In an agueous environmentprotein folding is
driven by the strong tendency of hydrophobic
residues to be excluded from water

A The protein is more thermodynamically stable
when hydrophobicamino acidsare clustered h
together ratherthan extended into the aqueous (S
surroundings.

A As a result, thepolypeptide chainfolds so thatthe
hydrophobic side chains are buriesh the inside
andits polar, charged chains are on the surface.



What determines tertiary structure?
A AlphaK St A OSa | y Roften andphipadhiy’ R
(a hydrophobic and a polar side).

I The hydrophobic side will point to the interior of the
protein.

I The polar side will point to the outside (aqueous
environment) of the protein

Arg An alpha-helix

Beta Sheet Structure
Hydrophilic side

hydrophilic ™

edge view

Ribbon Representation

|
&; Diagram of an alpha-helix

http://en.citizendium.ora/wiki/Protein structure



What determines tertiary structure?

A The main chain backbone is important too.
I Unpaired (no hydrogen bonds)-N and C=@roup prefers an aqueous
environment.

I Therefore all the main chain #i and C=0 must be hydrogen bondec
to be buried in the hydrophobic environment inside the protein.

i1 2¢ Aada OGKIFEG | O0O2YLX AAKSRK 52 4
the H-bonds?
i Alphahelices and sheets!




Tertiary Structure
What determines tertiary structure?

A Hydrophobic interactions (vader Waals) contributeto the
stability of proteins.Especially to the hydrophobic interior of the
protein.

A Disulfide bonds form between to cysteine residues that may be far
apart in sequence, but close together in

spatial arrangement.
A Stabilize proteins. 3
A Contribute to the overall structure

Bovine
ribonuclease



Tertiary Structure

What determines tertiary structure?
A Hydrophobic interactions (vader Waals) contributeto the
stability of proteins.Especially to the hydrophobic interior of the
protein.

A Now we know why nature has chose?0 different amino acids
with many different sizes, shapes and chemical properties
(charged, uncharged, polar, hydrophobic etc.).

A The20aa are like a palette from which you can choose to fill
the interior and exterior of a protein.

http://pixshark.com/artistpalette-and-brush.htm



Tertiary Structure

A s the protein interior always hydrophobic? And the exterior
always polar?

A No! Of course there are exceptions to every rule.

Membrane proteins have the
reverse distribution of amino
acids. Their exteriors are
hydrophobic and their interiors are
polar. Why?

-They are located in the
membrane, which is made out of
lipids (hydrophobic).

One example is the
porins, proteins found in th_e outer TP, . -
membranes of manyacteria. hydrophilic channel exterior




Which Noncovalent Interactions Stabilize the
Higher Levels of Protein Structure?

What are these weak forces?
What are the relevant numbers?
Avan der Waalsd.4- 4 kJ/mol.
A Hydrogen bonds12-30 kJ/mol.
A lonic bonds20kJ/mol.
A Hydrophobic interactions: 40 kJ/mol.

56



Which Noncovalent Interactions Stabilize the
Higher Levels of Protein Structure?

A Secondary, tertiary, and quaternary structure
of proteins is formed and stabilized by weak
forces

A Hydrogen bonds are formed wherever
possible

A Hydrophobic interactions drive protein folding

A lonic interactions usually occur on the protein
surface

A van der Waals interactions are ubiquitous

57



Tertiary Structure

A Certaincombinations of secondary structure are
present inthe tertiary structure of proteins:Motifs.

4
" Helix-turn-helix

A4
c

P




Motifs

Motifs are known assuper secondary structuresind involve the associatior
of secondary structures in a particular geometric arrangement.

aZUATa INB a2YSUAYSa NBFTSNNBR G2
they contain more than one secondary structural element (combination of
alphahelix, betasheet, turn and/or loop).

If we think of each secondary structure (alpHeelix, betastrand etc.) as a
'unit’, then a motif would be comprised of at least two 'units' of secondary
structure.

Some super secondary structures are known to have a specific biological
structural role, but for others their role is unknown. Secondary structures
are grouped to form geometric arrangementsptifs).

¢2 | g2AR O2yFdzaArA2y> ¢S gAftft NBTFS!
tertiary structure.



Motifs

Alphahelix motifs:
1. Helixturn-helix
2. Helixloop-helix
3. EF hand
4. Leucine zipper
Betasheet motifs:
1. Beta hairpins
2. Greek key
Mixed motifs:
1. Betaalphabeta
2. Rossmanrfold
3. Zinc finger



Alphahelix Motifs

1. Helixturn-helix: two alphahelices connected by a turn.

I Amajor structural motif observed in proteins capable of binding DNA.

I One helix contributes to DNA recognition
OaNBO23aAyAlGAR2Y KStAEEU i 02y R K
the interaction between protein and DNA. |

¥
¢

X1j|ay-0

Alphahelixturn-alphahelix

http://wps.prenhall.com/esm_freeman_bioscl/ 7/1949499117cw/index.html



Alphahelix Motifs

1. Helixturn-helix: two alphahelices
connected by a turn.

I Proteins having this motifs are generally involved in
bacterial operons {rprepressor, Lambd&ro and
initiation of transcription, cell proliferation,
developmental regulation.

Trprepressor



Alphahelix Motifs

2. Helixloop-helix: two alphahelices connected by a loop.

A A protein structural motif that characterizes a family of transcription factors.

A In general, one helix is smaller.

A The loop is flexible and allows dimerization by folding and packing against
another helix.

A The larger helix typically contains the DN#Anding regions.

A Examples of transcription factors containing :
helix-loop-helix are @yc (cell proliferation), < } :
MyoD (muscle differentiation) / o
and HIF (oxygen response). ,’\ oo

ARRRIIOER | o

GMyc

=—{ I\

s
UV Loa)
r~

VS & J
* 74
-~ [/ ¥
el < N
iy - -
A R

N
<4 ’ f\
N\ P
)
4 D
2 W

https://en.wikipedia.org/wiki/Myc



Alphahelix Motifs

3. EF hand: twd -helices connected by a loop that contains residue
to coordinate a calcium ion (@& ).
I Present in calcium binding proteins such parvalbuminand calmodulin

EF hand

Calmodulin calcium sensor and signal
transducer.

http://www.quora.com



Alphahelix Motifs

3. Leucine Zipper: Two alpHaelices (one
from each monomer of a protein) form ¢
colled-coil structure at one end.

I The two helices dimerize due to the leucines
present on each helix (the hydrophobic
leucines are buried between the two helices)

I Beyond the dimerization interface the alpha
helices diverge, allowing them to fit into the
major groove of the DNA double helix.

I The dimerization partner determines DNA
binding affinity and specificity.
I Found in fibrinogen (essential in blood

coagulation), DNA binding proteins-f€osc-
Jun), muscle protein myosin. Basic region

Transcriptiorfactor c-Fosc-Jun

http://ww.quora.com



AlphahelixMotifs Summary

Alphahelix motifs:

1. Helixturn-helix s NN
Gj\//( s/V"/ "
2. Helixloop-helix </,( . g (4 SE
3. EF hand \/ | 4 %
4. Leucine zipper N
Helixturn-helix Helixloop-helix
Leucine
? zipper

Basic region



BetaSheet Motifs

1. Betahairpin: two antiparallel betastrands cﬂonnectﬂed by a
GKFANLIAYE (dzZNY ONBYISNEBES (dzNY U «

Where is the
beta-hairpin?

Erabutoxin(snake venom)

Two antiparalleli -strands
Connected by a. reverse turn- http://curser.science.ru.nl/content

e/pub_NWI/BioinformaticsZ0Summerschool202008/a20light%200309200&locuments/do_4271htm



BetaSheet Motifs

2. Greek key: four adjacent antiparallel beta strands
linking loops that fold upon themselves.

I The Greek key motif consists of four adjacent antiparallel strands and their
linking loops.

I It consists of three antiparallel strands connected by hairpins, while the fourth
Is adjacent to the first and linked to the third by a longer loop

Three antiparallel strands

Connected by two hairpins

The first and fourth beta
strands are adjacent and
connected by a loop




BetaSheet Motifs

2. Greek key: four adjacent antiparallel beta strands v\

linking loops that fold upon themselves.
I Example of protein with Greek key motif: gamnzaystallin.

N
3 2 I 4 7 06 5 8 4

motif | motif 2

Gammacrystallinis found in the eydensof vertebrate animals, where it
maintains the refractivaeindex of the lens.Thecrystallinsare made during
development and are kept throughoutfe, making themvery stable proteins.



Mixed Motifs

N
(N
No

1. Betaalphao SGI 01 "i 0 Y2GATFY
connected by an alphdnelix.

I Two types of betaalphabeta: righthanded and lefthanded.

I In the righthanded motif the helix is above the plane.

I In the left-handed motif the helix is below the plane.

Helix above the plane Helix below the plane

(ar) /‘)
C
L
N >/
K 4 . | P
\ = > ) \ ‘L
oo oo 5 = C

The first loop is often evolutionarily
Right-handed Lafthandad conserved, and ofgen binds or
> 959% AONBO23AYAIlI Saé¢€ 20KS

(a) (b)




Mixed Motifs

2. Rossmanrtold:2x Betaalpha-beta motif.
A Two Betaalphabeta motifs combine to form theRossmanrfold.
A ¢ KS Y AdRdnd iSoftén shared between the two units.

A This type of motif is often found in proteins that bind nucleotides as-co
factors.

Decarboxylasavith bound
flavin mononucleotidecofactor.

https://en.wikipedia.ora/wiki/Rossmann fold



Mixed Motifs

3. Zinc finger: An alpha helix bound to a loop by a zinc ion.
A The zinc ion is held in place by tvaysteinesand two histidines

A Proteins with zinc fingers bind to DNA.

A The alpha helix lies in the major groove of the DNA double helix.

A Zinc finger motifs are often repeated in clusters.

EGR.: Transcription factor,
activates genes involved in
differentiation andmitogenesis



Motifs

Motifs can go together to form larger structures:

Helix bundle (two helixturn-helix):

A Long stretches of hydrophobic amino acids.

A Transmembrane alphelices.

A Exception to the rule (hydrophobic amino acids
A

on the exterior
Examples: Cell surface receptors, ion channels

and transporters.




Motifs

Motifs can go together to form larger structures:

Beta barrel (several betdairpins):

A Anti-parallel sheets rolled into cylinder.

A Membrane proteins.

A Again exception to the rule (interior is polar,
exterior is hydrophobic).

A Examples: Outer membrane of Gram negative
bacteria,porins (diffusion of small molecules).



