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John Kendrew
article in Nature, 1958

- Perhaps, the more remarkable features of myoglobin are

1ts complexity and its lack of symmetry. The arrangement
seems to be almost totally lacking in the kind of
regularities which one instinctively anticipates, and it 1s
more complicated than has been predicted by any theory
of protein structure.
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I'he three dimensional structure of
proteins

Chymotrypsin

3D structure

1. Determined by amino acids

Glycine
sequence

2. Function of a protein

3. Unique structure

4. Noncovalent linkage:
stabilization

5. Complex but common pattern

Protein architecture



Protein Conformation

Conformation: the spatial arrangement of atoms in a protein

Gibbs free energy: thermodynamically the most stable

— Having the lowest Gibbs free energy
Native protein: proteins holding their functional, folded conformation

Protein’s conformation is stabilized largely by weak interactions
Hydrogen bond vs disulfide bond, weak and noncovalent interactions
So numerous weak interactions predominate to stabilize protein structure

Hydrophobic interactions are important in stabilizing a protein
conformation

Solvation layer and entropy
Structural pattern
Hydrophobic residues are buried in the protein interior

Numbers of H-bond within protein is maximized.



The peptide bond 1s rigid and pla
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The carbonyl oxygen has a partial negative
charge and the amide nitrogen a partial positive
charge, setting up a small electric dipole.
Virtually all peptide bonds in proteins occur in
this trans configuration; an exception is noted in
Figure 4-8b. proline



The planar peptide group
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Protein secondary structure

- Local conformation of some part of a polypeptide
- o helix and 3 conformation

- Pauling and Corey predicted the structures in
1951

I8t complete protein structure
- 1959

— Myoglobin

- John Kendrew

- Max Ferdinand Perutz

— Nobel Prize for chemistry in 1962



o helix

a helix: 5.4 A, 3.6 residues/turn, helical structure
-y = -45° to -50°, ¢ = -60°
— Fibrous protein: predominant structure in a-keratin
- ¥, of all amino acids are found in a helices

— Hydrogen bond: between C=0 and N-H groups of
peptide bond

Optimal use of internal H-bonds
One stereoisomeric series: .- or D-amino acids

Extended left-handed helices have not been
observed 1n proteins.



Right-handed o helix
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Figure 4-4
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Ball-and-stick model
Space-filling model
van der Waals radii

(d)



1.8 Skl Idealized ¢ and y Angles for Common

Secondary Structures in Proteins

Structure i) 1/
a Helix —57° —47°
B Conformation
Antiparallel —139° +135°
Parallel -119° +113°
Collagen triple helix —51° +153°
8 Turn typel
i+ 1* —60° —30°
i+ 2% —90° 0°
B Turn typell
i+ 1 —60° +120°
i+2 +80° 0°

Note: In real proteins, the dihedral angles often vary somewhat from these idealized values.

*The i+1 and i+2 angles are those for the second and third amino acid residues in the
B turn, respectively.
Table 4-1

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Left-handed
helix

Right-handed
helix



o helix stability

Side chains can stabilize or destabilize the structure

— FElectrostatic repulsion (Glu / Lys, Arg)/attraction at pH 7.0
— Bulk and shape: Asn, Ser, Thr, Cys

Interactions between amino acid side chains spaced 3-4
residues apart

— 1on palr, hydrophobic interaction
Constraint (Occurrence of Pro and Gly residues)

— Pro: destabilizing kink, no H-bond (rarely found within o helix) Gly:

more conformational flexibility (coiled structure)

Interaction btw aa residues at the end of the helical
segment and the electric dipole inherent to the helix

— Use of internal H-bonds

— Positively charged amino acids at the amino-terminal end
- Stabilizing? destabilizing?



LIV 18X B8 Propensity of Amino Acid Residues to
Take Up an a-Helical Conformation

Amino AAG° Amino AAG°
acid (kJ/mol)* acid (kJ/mol)*
Ala 0 Leu 0.79
Arg 0.3 Lys 0.63
Asn 3 Met 0.88
Asp 2.5 Phe 2.0
Cys 3 Pro >4
Gin 1.3 Ser 2.2
Glu 1.4 Thr 2.4
Gly 4.6 Tyr 2.0
His 2.6 Trp 2.0
lle 1.4 Val 2.1

Sources: Data (except proline) from Bryson, J.W., Betz, S.F., Lu, H.S., Suich, D.J., Zhou,
H.X., O'Neil, K.T., & DeGrado, W.F. (1995) Protein design: a hierarchic approach. Science
270, 935. Proline data from Myers, J.K., Pace, C.N., & Scholtz, J.M. (1997) Helix
propensities are identical in proteins and peptides. Biochemistry 36, 10,926.

*AAG?’ is the difference in free-energy change, relative to that for alanine, required for
the amino acid residue to take up the a-helical conformation. Larger numbers reflect
greater difficulty taking up the a-helical structure. Data are a composite derived from
multiple experiments and experimental systems.

Table 4-2
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Interactions between R groups of amino
aclds three residue apart in an a helix




Helix dipole

. . , Amino terminus
Negatively charged amino acids

Carboxyl terminus

Figure 4-5
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W. H. Freeman and Company

Positively charged amino acids



The B contormation organizes
polypeptide chains into sheets.

B conformation (fibroin, p-Keratin)
— Second type of repetitive structure
— More extended conformation
- /1gzasg
B sheet: a series of pleats
Hydrogen bond between adjacent segments of polypeptide
chains

Parallel (0.65 nm) and anti-parallel (0.7 nm) conformation
— Similar but different in the repeat period and H-bonding pattern

Some protelin structures limit the kinds of amino acids
- Gly and Ala (p-Keratin: silk fibroin, spider webs)



Antiparallel

Top view

Side view

Figure 4-6a
Lehninger Principles of Biochemistry, Fifth Edition
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Parallel

Side view

Figure 4-6b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



B turns (beta bend)

» In globular proteins
- 1/3 are in turns or loops: reverses direction

- Link successive runs of a helix and B
conformation
- Reverse direction, 180° turn: 4 amino acid residues
- Hydrogen bond: 1st and 4tt
— Gly: small and flexible
- Pro: imino nitrogen (cis configuration: amenable to a
tight turn

+ v turn: less common, 3 residue turn
- H-bond: 15t and 379 amino acids
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Figure 4-7a
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Proline 1somer




Ramachandran plots showing a variety of structures. (a) The values of ® and ¥
for various allowed secondary structures are overlaid on the plot from Figure 4-
3. Although left-handed o helices extending over several amino acid residues are
theoretically possible, they have not been observed in proteins.
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(b) The values of ® and V¥ for all the amino acid residues except Gly in the
enzyme pyruvate kinase (isolated from rabbit) are overlaid on the plot of
theoretically allowed conformations (Figure 4-3). The small, flexible Gly residues
were excluded because they frequently fall outside the expected (blue) ranges.
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Figure 4-8b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company



Circular dichroism spectroscopy. These spectra show polylysine entirely as a helix, as 8
conformation, or as a denatured, random coil. The y axis unit is a simplified version of the
units most commonly used in CD experiments. Since the curves are different for a helix, f3
conformation, and random coil, the CD spectrum for a given protein can provide a rough
estimate for the fraction of the protein made up of the two most common secondary
structures. The CD spectrum of the native protein can serve as a benchmark for the folded
state, useful for monitoring denaturation or conformational changes brought about by
changes in solution conditions.
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Relative probabilities

o Helix (3 Conformation B Turn

Glu
Met w
Ala

Leu
Lys
Phe |
GIn |

p
lle |
Val |

Asp

His

g
Thr

Ser

Cys

Asn

Tyr

Pro

Gly




Protein tertiary and

quanternary structures

« Secondary structure
- Spatial arrangement of amino acid residues

- Tertiary structure

— Overall 3-dimensional arrangement of all
atoms 1n a protein

- Longer-range aspects of Amino Acids sequence
» Quanternary structure

— 72 or more separate polypeptide chains or
subunits in 3-dimensional complexes



Proteln classification

- Fibrous proteins
— Polypeptide chains arranged 1n long strands or sheets
— Single type of secondary structure
— Support, shape, external protection
— o~keratin,collagen, fibroin, elastin
— Insoluble in water (Why?)

» Globular Proteins
— Polypeptide chains folded into a spherical or globular shape
— Several types of secondary structure

- Different segments of a polypeptide chain (or multiple polypeptide
chains)

— Biological function

— Enzymes, transport proteins, motor proteins, regulatory proteins,
immunoglobulins:--



Proteln classification

- Fibrous proteins
- FAEY SRS e il Zast Vs
- & AA @EiAe] 1/3 (& AA9] 1/6)
- o8 (A4AS) He7, Ag, v s, £
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- protein®] native conformation2 of-% QA s}t
» Globular proteins
- = et A2 e 7]
— AF8.0| Dynamic (Enzymes, transport proteins, motor
proteins, regulatory proteins, immunoglobulins)



1.8 Bx W Secondary Structures and Properties of Some Fibrous Proteins

Structure Characteristics Examples of occurrence
a Helix, cross-linked by Tough, insoluble protective structures of a-Keratin of hair, feathers, nails
disulfide bonds varying hardness and flexibility
B Conformation Soft, flexible filaments Silk fibroin
Collagen triple helix High tensile strength, without stretch Collagen of tendons, bone matrix
Table 4-3

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Fibrous proteins

A. keratin

- o-keratin: Ax==9] HE HS
- W7, &5, AE, &5, Hl=, 7 A50] B4, oi9 95
- Evolved for strength
- Intermediate filament proteins
- a-helix®] polypeptide: right-handed
- Supertwisted coiled coil: rope, left-handed supertwist
- Rich in Ala, Val, Leu, Ile, Met, Phe
+ Cysteines residue t&F 22 (2§7?): rhino horn (18%)
- Supercoiled structure (2] 7}
- 2874 (27?) compared to globular protein

- moA A S



Keratin a helix

Two-chain
coiled coil

Protofilament { neeeeeee w“”@ .

Protofibril -

Figure 4-10a
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H. Freeman and Company



Cells
Intermediate
filament

Protofibril
Protofilament

Two-chain
coiled coil

a Helix

Cross section of a hair 3

Figure 4-10b

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company



Stretchability and disulfide linkages:
Basis of permanent waving

S—S SH HS Hs Hs
SH iy S<g
reduce [T°H H57 curl sy Hs./ oxidize ~S—¢
— —_— >
= SH HS SH SH
= H HS
+=3 SH HS > o
= H
SH HS o WS e

Box 4-2
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Fibrous proteins

B. Connective tissues (fibroblast: 23rA Al chondrocyte:
oI XAl osteoblast: i £ A1)

Connective tissue= =9] o2 Lx 2} XX = &5t @ 4

Tendon (%), ligament (Q1T}), cartilage (¥H=), bone?l] organic

matrix, @] x|A|A], MR 1xE
Collagen: 59U X] &=} (tendon)
Elastin: 594 (ligament: A2 ol 1 H A=)

Proteoglycan: th&f9] tig-Ret A3F9] protein, ground substance (a
type of glycoprotein: mucin 73 0] g_}g CHaR &)



Collagen

1. Collagen = 1A A8 = 7P Z2X5E Fibrilg LA (7F 4%, o] X2 70%)
Tendon: 50X K] Qt= QAUAF =7 20, Foie o1&
- 7 S YRR, =5 AT Z4ah +X 2 vl EH collage’d 52 T, Connective
tissue 20 BPELE G} A| RS o]3t 84
- =otof oI5t cross-linkage X &/0d-s=x2 A2 718t 7H5
- collagen?@] A4l
- When boiled, it yields gelatin (7}-8-d polypeptide?] &3I=)
- QoA &8 Lys-LysZ¢gt gelation (gelatin)
- collagen_J TR
Left-handed and 3 amino acids/turn
« Gly-X-Y (X is often Pro, Y is often 4-Hyp)
« o helix?} TH= collagen helix: 3 separate polypeptides, o chain
- Tropocollagen: triple-helical collagen molecules
- H-bond, covalent cross-link, triple helix

« -3}of 9]st covalent cross-link (Lys-Lys). @2}A] collagen fibril-&
Zo|x| 1 Hefx]7] Ack. (W7} Beix]7] 41 2etoli 5)



Left-handed a chain

glycine

Figure 4-11

Lehninger Principles of Biochemistry, Fifth Edition .
© 2008 W.H. Freeman and Company Flght ~handed Collagen



Structure of collagen fibrils

Mr, 300,000 o
3000 A long, 15 A thick

Cross-striations
640 A (64 nm)

nm Heads of collagen
molecules
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Rigid and brittle character
of aging connective tissue

H—N/ N—H

N\ /

/CH —CH, —CH,—CH,—CH=N—CH, —CIH —CH, —CH, —CQ
0=C\ OH /C =0
Polypeptide  Lysresidue HyLys Polypeptide

chain minus e-amino residue chain

group (norleucine)

Dehydrohydroxylysinonorleucine

Unnumbered 4 p128
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



Human genetic detects in collagen
structure

- Osteogenesis imperfecta (S84 28 E5)
— Abnormal bone formation in babies

- Ehlers-Danlos syndrome
— Loose joint

« Result from the substitution of an amino acid

with a larger R group (Cys, Ser) for Gly

— Substantial deleterious effects on collagen
structure



James Lind, Surgeon In the Royal Navy
British sailor @ Limeys

James Lind, 1716-1794;
naval surgeon,
1739-1748

Box 4-3
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company
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Prollne 4-Hydroxyproline

Box 4-3 figure 1
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



| H |
HC —C__ THz 2
CHy + (|:H2 L0y oo
—cC
c=0
H, |
COOH
Proresidue q-Ketoglutarate
<|:00|-| Ha2GoR
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COOH HO OH

a-Ketoglutarate Ascorbate

Box 4-3 figure 2
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

o=
|-|cI —Eli _OH foon
N_C/C\'-l + ?Hz + CO,
H, T"'2
COOH

4-Hyp residue Succinate

H2c|0H
| |/°\
(|:H2 + CO, + cC=0
\

CH, c—C

I |-

COOH O O
Succinate Dehydroascorbate



Fibrous proteins

2. Elastin: elastic tissued]| £E0|Ad o (2t e
=)

— Ligament (91T )1} Tlj-=THC] elastic tissue layer

— Subunit: tropoelastin, Mw. 72000, 2F 8007]2] amino
acids

- 449 lyso] AL E o] 9t R7|7} 2of & 0] OfhA
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Structure of silk

Silk fibroin
protein of silk

B-keratin:
- gzal Zjoje) el
fibroin
* B-conformation: B-keratin
(0.7 nm 7tA0 2 gi&,)
- Silk does not stretch
- Rich in Gly, Ala

— Close packing of sheet and
interlocking arrangement of
R groups

— Extensive hydrogen bonding

- Optimization of van der Ala side chain Gly side chain
Waals interactions




Structure of silk. The fibers in silk cloth and in a spider web are made up
of the protein fibroin. (a) Fibroin consists of layers of antiparallel (3
sheets rich in Ala and Gly residues. The small side chains interdigitate
and allow close packing of the sheets, as shown 1n the ball and stick
view.

Figure 4-13a
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



