
educational, scientific
and cultural
organization

JU the

international centre for theoretical physics
,, ... abdus saiam

international atomic
energy agency

SMR1329- 14

COLLEGE ON BIOPHYSICS:
FROM MOLECULAR GENETICS TO STRUCTURAL BIOLOGY

1 - 12 OCTOBER 2001

PROTEIN STRUCTURE AND FUNCTION:

An Introduction

Sandor PONGOR
ICGEB - Protein Structure and Function Group

Padriciano, 99 - 34012 Trieste, Italy

These are preliminary lecture notes, intended only for distribution to participants.

strada costiera, I I - 34014 Trieste italy - tel.+39 0402240! ! I fax +39 040224163 - scMnfo@ictp.trieste.it - wwwjctp.trieste.it





Protein structure basics
Basic facts about proteins

Amino acids, side-chains, H-bonds

Secondary structure, cc-helix, (3-strands

Tertiary structure: motifs, folds

Quaternary structure in brief

An example: The IgG molecule

Introduction to Protein Structure 2nd edition.
Carl Branden and John Tooze, Garland, 1999

Proteins in brief

Natural polymers of the 20 natural amino acids

Sometimes more than 1000 residues (titin=25,00Q). Below
30-40 aa are called peptides.

Most proteins have little regular structure, strand-like or
fibrillary, and form macroscopic structures together with
other molecules. Skeletal proteins, hair and wool.

Most biologically active proteins do have a structure in
solution, like enzymes, repressors etc.. These are typically
100-700 amino acids long so-called globular proteins..

Protein structure is held together by H-bonds that are in
dynamic equilibrium with water. Disruption of the
equilibrium (and of the H-bonds) is denaturation.



Fibrillary proteins
Hair

G-hclix

Keratin

Silk

Fibroin
SkdcLal proteins

Globular proteins

Irregular segments

Disulfide bridge

E.g^ cnxymcs

3-sheet (made of (3-strands)



Denaturation of proteins

Native state Unfolded state

ts: heat, extreme pH, salts
Reversible at some smaller globular proteins.
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The building blocks:
The 20 natural amino acids

Side-chain

Amino

I
- A H N-CH-COOH
the scaffold is always the
same.

- The side-chain R
determines the type.

Examples ofamino acid side-
chains

Ionizable (ionic, hydrophilic): _

Basic (positive charge): -NH,—*-NH^

Acidic (negative): -COOH-+ -COCF

Hydrophobic:

-CH -CH -CH, aliphatic ~ ( O )

Polar (non ionic, hydrophilic):

/ // -CH-OH
/ amide -C 2

(H-bond forming) -sri
1

(amino group)

(carboxyl group)

aromatic

alcoholic
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"Particular" amino acids
H
|

-N-CH-COO-

CH,
/ \*

CH, CH,
N-CH-COO-

/

-HN-CH-COO-

Glycine is mobile

Proline is rigid, breaks chain
direction

Cystein, forms S bridges
upon mild oxidation

C H , -^Oxida t ion (-H)
I ^ ^

S H Reduction (+H) " ^ ^ ~ * c Inter-residue or inter-chain eovalent
^"~~ "i bonds

S CysUn)).

The covalent or primary structure L

H

T
Amino- and carboxyl groups
form a peptide bond by
water elimination.

...-̂ •""" Peptide bond

" J^> The backbone is a
^T_J^ series of peptide-

bonds
< • : • - ; . Main chain,

backbone



The covalent or primary structure IL

Amino- or N-
tcr minus

Terniini, -;c

MSISSRVKSKRIQLGLNQA
ELAQKVGTTQQSIEQLENG

KTKRPRFLPELASALGVSV
DWLLNGT SDSNVRFVGHVE
PKGKYPLISMVRAGSWCEA*
CSPYDIKDIDEWYDSDVNL
LGNGFWLKVEGDSMTSPVG

CIPXt'uKRCGPKMDGVPCCSPYTCTSDYYGNCS
1 1 LJ i i

A simplified
representation of
the primary
structure i.e. .
The amino acid :

; sequence
(one-letter code)

C
Carbo^yl- or C-tcnninal

The primary
structure includes
the SS-bridges

The backbone is flexible due to free
rotation around the bonds flanking the

a-carbon atoms

One peptide bond is planar
and rigid.

Two peptide bonds can
freely rotate around the
bonds indicated



H-donor

H-accepTor

A longpeptide chain has
many degrees of freedom

* Small side-chains increase backbone-
flexibility, esp. at Glycine, R=H

* Large or fixed side/chains(proline)
decrease flexibility

* The final conformation is of course
influence by the fact that natural amino
acids are of the L conformation.

__>>t*V .^W>,,

D

The 3D structure of a protein is largely
held by non-covalent bonds L

Conceptually the most important is the H-bond, especially those forming between
main/chain carbonyi and amide groups (these bonds form the secondary structure).
It is also common between amino acid side-chains. The energy contribution of H-
bonds is modest.

One part of the
backbone

Another part of the
backbone

H-bonds can also form between the protein and water. If there are only such H-
bonds the structure is disordered, denatured. In an ordered structures main chain H-
bonds form between main chain atoms mostly. The ordered structure allways
fluctuates -some H-bonds open and H-bonds to water-form.



The 3D structure of a protein is largely
held by non-covalent bonds II.

Ionic side-chains may form salt bridges

^L/-\/^< o

^oO
-̂ ^^^L

Aliphatic and aromatic side-chains may engage in weak,
hydrophobic interactions , but these also contribute to protein
stability—

Water is very important informing the
structure

Native (ordered, folded) state ^K Denatured (unfolded) state
A protein chain can be considered a scries of hydrophobic and hySBhilic parts. In a correctly folded
structure hydrophobic parts arc inside, Le. they can interact with each other but not with the water mo'ccules
of the outside environment. H-borsds arc also formed. For the equilibrium each segment of the chain "has to
choose" between binding water {H-bond} or binding another chain segment. Since salts also bind water, this
equilibrium is salt dependent, some proteins can be precipitated by adding salts (or urea, guanidine). Once
destroyed, the native state can not a!ways be restored.



The hydrophobic effect

In the unfolded protein, the
exposed apolar sidechains
force water molecules into
an ordered cluster. Upon
folding, this ordering
disappears, so folding is in
part driven by entropy

Levels of protein structure representation

Ami no acid sequence
and SS bridecs

Prima:y

• * • . • • • - » • •

-m • • •

Regular, repetitive H-
bonded smictBies of

the tuckbone

3-D suuCEurc bui 11 by
secondary structures

and their motifs [ Subunit structure |

Motifs, domains
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Secondary structure = local regular
conformations of the backbone

1. Alfa-helix

2. Beta-sheet

What holds them together?

Regular H-bond patterns
of the backbone. Side-
chains do not participate

n i !

H
(2 or more, parallel or
antiparaitel beta- strands)

Th<s« are really regular..
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Secondary structure = local regular
conformations of the backbone

3. Turns What holds them together?

Bends I***™, Nearby s t ruc tu res ,
rtRuJar segments

Ss/bridges... Can contain
H-bonds between side-
chains

There arc not strictly regular

4. The rest is irregular

The a -helix is spanned by backbone El-
bonds between n and (n+ 4)

Uniform curvature,
H-bonds between
sequentially near
amino acids

At times n-(n+3) or
n-(n+5) bonds are also
formed - leads to a
kink in the helix

,A c.s.

C'7

3.6a.a I

Above
each
other

3.6 a.a |
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The dipole moments of peptide bonds
add up in a-helices

< . * - • •

• The peptide bond has a small dipole * Helices like to stack in an antiparallel
moment

* Peptide dipoles are parallel in cc-
helices.

way (charge neutralization).

Hydrophobic and hydrophilic amino acids
often cluster on opposite faces of the a-helix

a-helix is often on the surface, with one face is toward the
aqueous environment, the other face is toward the hydrophobic

_ . - inside of the protein.
Top view of an a- Schematically

helix
Aletnyl

hydrop
hobie

Hydrophilic
(ionic, polar(
side-chains)

hvdrophilii:

O Hydro phobic
(apolar,
aliphatic,
aromatic) side-
chains
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Hydrophobic and hydrophilic amino acids
often cluster on opposite faces of the a-helix

Such amfiphilic helices can stick together vie their hydrophobic faces.
One pair is not stable, but the soxalled 4-helix bundle is

(This is a
secondary
structure
motif))

°Psr

Reminiscent of micelles formed by
soap molecules.

Helices are antiparallel so the dipoles
fit well (charge neutralization)

Z?one H-bonds

* The chain is elongated and the H/bonds form between
sequentially distant amino acids.

* The H~bonds are the same as in a-helices:

* The sequence of the strands ("(3-strands") is either parallel
or antiparallel

13



1. In the antiparallel p-sheet the bends
between the strands are short turns

1. P -strand

Bend
(turn) •

2. p -strand

The based unit is the a (J-hairpin

N

10
N—H ••.•()—=C

6 n—i•H —o—e o

N

H-bondi
X N+k
N+L.N+k-1

N

2. In the parallel p-sheet there are longer,
structured segments between the strands

^

The simplest clement is the p-ot-^ unit
The helix is the simplest connecting
segment, it is stable in itself

N N

&'-.

6 <

H-bonds
N N+k

14



Bends (turns) are not stable in
themselves, they occur between, a and/or

j3 elements

* • * ;

&->• • •

S;rjnc! i Strani 2 Strand 2

The protruding positions are often taken by
glycin (small space), proline (chain-breaker) or
ionic and polar residues (they face the
solution..)- Two typical j3-hairpins

Loops are not very regular
elements. Long, irregular
loops occur especially^-*.
between helices

Recognition of secondary
structures: 2. geometry

+ 180

$ . 0

•-^,.:a;

-ISO
-ISO +180

Ramachandran plot

\

a

Why No 2? ...No 1 is by eye.
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Recognition of secondary
structures: 3, H-patterns

* Recognize H-bonds by energy/geometry
calculation

* A turn is a single H-bond between residues n
and and n+i, 1=3,4,5

* An cc-helix is a series of 4-turns, 3/10 helix is a
3-turn.

* A bridge is a series of 3 H-bonds, between 1-1,
i, i+1, and j -1 , j , j+1, respectively, parallel, or
antiparallel

* (3-sheets are series of bridges..

^ b^sis of trios; current meth
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Tertiary structure is the 3-D or space
structure

The units of 3-d structures are the "folds" - these are
independent structures, typically 50-200 aa long, one
protein chain may contain several of these that may form
"domains"..

A fold consist of a-helices and/or ^-strands (sheets)
and motifsbuilt up of these (e.g. [3-hairpin-, |3-a-|3- and
helix-Ioop-helix elements). Folds are connected usually
via noncovalent bonds, often between side-chains.

Types of folds
basic motif cxatnpl

- Alpha (only cc-helix)

- Beta (only fi-sheet)

4-heIix« bundle

I vi

g-barrcl

- Alpha-beta (a-helix and
P-sheet)

o/p-barrel

17



Further fold types
Basic motif

irregular disulfide knots X-S-S-X

disulfide

Esamp

e.g-. insulin,
snake toxins

- And combinations of the above. Several hundred,
to 2000 different folds are expected, based on
theory

A clearly beta structure: the ^-barrel
Antiparallel strands., why?

Strand-structure can be complicated

A series of ^-hairpins. One hairpin
can not stand alone - only if the
sheet is folded into a cylindrical
barrel

18



An alpha-beta structure: the a//3-barrel

A series of [3aP-eIemems. One unit
does not stand alone, only if folded into
a barrel shape

Hydrophobic residues inside the barrel form
good ligand binding sites or enzyme active
sites....
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The quaternary structure
Subunit-structure, contact of separate protein

molecules

Dimeric, trirneric, tetrameric,
homo- and hetcrodimer,
homo- and heterotetramer
etc.

* Submits are bound by non-covalent bonds, typically by
hydrophobic contacts, H-bonds (e.g. between strands of a "shared"
[3-sheet), sometimes by covalent SS bonds.

* In solution, the non-covalently bound subunits can be dissociated
by salts )changing the (water-binding equilibrium)

* Very complex assemblies occur in nature o
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The IgG (immunoglobulin) molecule is
the guardian of the blood stream

Appear upon antigens entering the blood stream

Two chains (H, L),
similar to human arms.
Each arm has an
"forearm" (C) and a
"hand" part (V) - these
are the domains
The "finger" parts of the
"hands" serve to bind the
antigen

C L

Antigen
Hipcrvariable
"fingers"

-Hi
The antigen-binding specificity of IgG depends on the
araino acid sequence of the fingers. There are many
finger sequences known.

One chain of the immunoglobulin
molecule

Hipervariable

Variability refers to the
hipervariability of the
finger regions. The
underlying genes are very
variable in the finger
regions. A flexible
combination of the finger
regions makes it possible
for the organism to
produce IgG molecules
against almost any
antigen....

Variable ^
domain Z^^SSM ~\

V

Constant
domain
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Summary of protein structure elements
cc-helix >sheet_

Secondary
structure

Structural
motifs

Fold
examples

3-hairpin

t l
t I

only |3

4-helix
bundle cc/ft-barrel fi-barrel

Biophysics seminars for PhD students

* S- Pongor: Course introduction, Elements of protein structure
November 17, 12:00

* A. Pintar; Protein NMR
November 23, 2000, 9:00

* K. Viahovicek: Elements of DNA structure
Decembers, 2000 12:00

* D. Lamba Protein crystallization
December 18, 2000, 14:30

* O. Carugo: Structural bioinformatics of proteins
January 19,2001 12:00

* D. Lamba: Macromolecular X-ray diffraction
January 17, 2001, 14:30

22


