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Figure 3.11. Amino acid residue within a polypeptide chain.

Textbook of Biochemistry With Clinical Correlations, Sixth Edition, Edited by Thomas M. Devlin. Copyright © 2006 John Wiley & Sons, Inc.

Three distinct bond types along the backbone of a protein:
the “rigid” peptide bond and the rotatable
phi (¢) and psi () bonds involving C,..



~___o~Carbon

Side group

Amide plane
¢ = 180°, y =180°

Overhead transparencies to accompany Garrett/Grisham: Biochemistry page 140
Transparency 15 Figure 5.3 ©1995 Saunders College Publishing




Predicting
protein
secondary
structure

Ramachandran ¢/ plot for proteins calculated from
analyses of van der Waals radii in proteins
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Ramachandran diagram of Gly residues
in a polypeptide chain; normally allowed areas are shown in blue.
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Figure 3-7a-c Molecular Biology of the Cell 5/e (© Garland Science 2008)

Different representations of the a-helix (3.6,3)
secondary structure



Number of
Residues/ Atoms in
Structure Type Turn Rise (nm) H-BondedRing ¢(°) w(°)

Antiparallel B sheet 2.0 0.34 —A -139 +135
Parallel 3 sheet 2.0 032 - —“ -119 +113

3,0 helix 3.0 0.20 10 -49  -26
a helix (3.6,3) 3.6 10.15 13 -57 —47
7 helix (4.4,¢)® 4.4 0.12 16 -57 =70

“Bonding is between polypeptide chains.
bSterically permitted but not observed in protein.




35 helx o helix

Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with perimssion.

Structural comparison of 3, 3.6,5 (o) and 4.4,¢ () helices



Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with perimssion.

The hydrogen bonding patterns of several polypeptide helices



Stereo space-filling representation of an a-helical segment of sperm
whale myoglobin (E-helix) determined by X-ray single crystal structure
analysis: R-groups shown in yellow
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(a) The dipole of a peptide bond showing approximate fractional charges. (b) Individual peptide dipoles
of the helix are aligned parallel to the helix axis, creating an overall dipole moment, positive at the

amino end and negative at the carboxyl end. (¢) Phosphate H-bonded to the NH end of the helix - binding
is facilitated by the helix dipole.
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Figure 3-7d-f Molecular Biology of the Cell 5/e (© Garland Science 2008)

Different representations of the p (pleated) sheet
secondary structure




Overhead transparencies to accompany Garrett/Grisham: Biochemistry
Transparency 19 Figure 5.9

- Another view of the
side-by-side arrangement
of B-sheet secondary
structure (antiparallel).

Note the up/down .
orientation of the R-groups
~shown in yellow,

page 146
©1995 Saunders College Publishing




(a) Antiparallel

Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission.

B pleated sheet: antiparallel orientation



(b) Parallel
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Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission.

f pleated sheet: parallel orientation
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Stereo space-filling representation of the 6-stranded antiparallel 3
pleated sheet in jack bean concanavalin A as determined by crystal

X-ray analysis; p structure in a globular protein




‘Stacking of side-by-side
B-sheet structures showing
“registry” of their R-groups.
Spacial complementarity
produces protein strength
(illustrated for the silk
protein)




Polypeptide chain folding in a globular protein illustrating the
right-handed twist of § sheets: bovine carboxypeptidase A



Connections between adjacent polypeptide segments in f-pleated
sheets: hairpins are sufficient for antiparallel -sheet formation;
crossovers are minimally required for parallel -sheet formation



(@) Typel 3 bend (b) Type Il 3 bend
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Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission.
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Reverse turns in polypeptide chains: two (2) residues per
turn for a p-bend, stabilized by a single H-bond



FIGURE 6.19

A yturn. Only one residue is out of the hy-
drogen bonding sequence. In this case it is a
proline, which cannot make such a bond in

any case.




Courtesy of George Rose, Washington University School of Medicine

Another backbone bending motif: Space-filling representation of
an {2 (omega) loop comprising residues 40 to 54 of cytochrome ¢
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A fibrous protein: The structural organization of a-keratin
What stabilizes the formation of the coiled coil?



The two-stranded coiled coil: view down the coil axis showing the
interactions between the non-polar edges of the a-helices. The a-helices
have a repeating heptameric sequence a-b-c-d-e-f-g in which residues
a and d are predominantly non-polar.



The two-stranded coiled coil: side view in which the polypeptide
back bone is represented by skeletal (/eft) and
space-filling (right) forms.




Another fibrous protein

Collagen is an extracellular protein organized
into insoluble fibers having great strength;
a major component of connective tissue,

Its amino acid composition is distinctive:
~33% Gly and 15-30% Pro and 4-
hydroxyproline (Hyp). 3-Hydroxyproline
and 5-hydroxylysine (Hyl) are also
present.

Collagen has a triple helical structure.
The individual polypeptide chains
(polyproline-like helices - left-handed)
are parallel and wound around each
other with a right-handed rope-like twist
to form the triple helical structure.

Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with perimssion.

The right-handed triple
helix of collagen



SRR — Arg S BIO S -

Ser -Lys — Asp
Leu -Pro — Ile

REEOR— Arg Arg — Thr

~Pro— Ala SIETOS

SEroks SRrots Hyp

The amino acid sequence at the C-terminal end
of the triple helical region of the bovine a1(1)
collagen chain. Note repeating triplets Gly-X-Y
where X is often Pro and Y is Hyp.



View along helix axis showing inter-chain
H-bonding that stabilizes the triple helix
structure (Gly N atoms and Pro O atoms
in adjacent chains).



A schematic diagram showing
inter-chain H-bonding in the
Gly-containing regions of the

triple helix of collagen.

Collagen is also glycosylated
at Hyl residues with a Glc-Gal
disaccharide (a post-translational
modification / O-glycosylation).




Collagen (tropocollagen units)
is organized into fibrils;
the fibrils are covalently crosslinked,

A biosynthetic pathway for

cross-linking Lys, Hyl, and

His side-chains in collagen;
crosslinking is enzyme-catalyzed.
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Figure 6.21. Collagen structure, illustrating (bottom to top) the regularity of primary sequence in a left-handed
polyproline type II helix; the right-handed triple helix; the 300-nm molecule; and the organization of molecules in a
typical fibril, within which collagen molecules are cross-linked.

Textbook of Biochemistry With Clinical Correlations, Sixth Edition, Edited by Thomas M. Devlin. Copyright © 2006 John Wiley & Sons, Inc.
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Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission.

X-Ray diffraction photograph of 98-residue
a single crystal of globular protein

sperm whale myoglobin



(@) 6.0-A resolution () 2.0-A resolution (¢) 1.5-A resolution (d) 1.1-A resolution

Sections through the electron density map of a small organic
molecule, diketopiperazine, calculated at the indicated resolution.
As atomic resolution decreases, the ability to measure accurate bond
lengths, angles and torsions also decreases (implications for structure/
mechanism work, determination of substrate structure/conformation in a
co-crystal).



After Wuthrich, K. Science 243, 45 (1983)

2D 'H NMR spectra of proteins: a 2D NOESY spectrum of a protein presented as
a contour plot with two frequency axes w, and w,.
NOESY provides information about the relative internuclear distances between

specific proton pairs in a molecule



NMR data can be collected in
3D and 4D dimensions using
isotopically labeled protein.
These multidimensional NMR datasets
allow signal assignments in,
and 3D structure determinations of,

larger proteins.

2D NMR structure of a 64-residue
polypeptide comprising the Src
protein SH3 domain.



Some generalities about globular protein structure



~ \
Irving Gels/Gels Archives Trust. Copyright Howard Hughes Medical Institute. Reprociced with perimssion, Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with perimssion.

X-ray structure of horse heart X-ray structure of horse heart
cytochrome ¢: hydrophobic cytochrome c¢: hydrophilic
residues (red) are largely buried residues (green) are largely
solvent exposed (on surface)




8 helices:

4 -
Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission.

X-ray structure of sperm whale myoglobin identifying the H-helix



X-ray structure of sperm whale myoglobin: a computer-generated
ribbon drawing



Residues
facing
protein
interior

Residues
exposed
to surface

The H helix of sperm whale myoglobin. A helical
wheel representation in which the side chain
positions about the a helix are projected
down the helix axis onto a plane.



Large percentage of
anti-parallel B-sheet:
no a-helix

red = nonpolar
purple = polar

The X-ray structure of jack A space-filling model of

bean protein concanavalin A an antiparallel  sheet
from concanavalin A



Human carbonic anhydrase



e, and eg differ (cir
polarized light); measur

Only chiral
molecules give
a CD spectrum,

Circular dichroism (CD) spectra of polypeptides:
o = a-helix; p = f-sheet; rc = random coil



two domains

One subunit of the enzyme, glyceraldehyde-3-phosphate
dehydrogenase, from Bacillus stearothermophilus



NHj — terminal

Antigen- —~ 7 Antigen-
binding binding
site ite

Papain splits — -
Hinge region
Papain splits — -

Variable
region

Constant
region

Complementarity
determining
region

COOH COOH terminal

Figure 9.2. Diagrammatic structure of IgG. From Cantor, C. R. and Schimmel, P. R. Biophysical Chemistry,
Part I, San Francisco: Freeman, 1980. Reprinted with permission of Mr. Irving Geis, New York.

Textbook of Biochemistry With Clinical Correlations, Sixth Edition, Edited by Thomas M. Devlin. Copyright © 2006 John Wiley & Sons, Inc.
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(d) N C Greek key




ribbon form

X-ray structure of the C-terminal domain (83 residues) of bovine y-f3
crystallin: a topological diagram showing how its two Greek key
motifs are arranged in a 3 barrel.






(b)

(c)

Figure 8.9 The helix-turn-helix motif in lambda Cro bound to DNA (orange) with the
two recognition helices (red) of the Cro dimer sitting in the major groove of DNA.
The binding model, suggested by Brian Matthews, is shown schematically in (a) with
connected circles for the C, positions. (b) A schematic diagram of the Cro dimer with
different colors for the two subunits. (¢) A schematic space-filling model of the dimer
of Cro bound to a bent B-DNA molecule. The sugar-phosphate backbone of DNA is
orange, and the bases are yellow. Protein atoms are colored red, blue, green, and white.
[(a) Adapted from D. Ohlendorf et al., J. Mol. Evol. 19: 109-114, 1983. (¢) Courtesy of
Brian Matthews.]

A structure-
function
correlation:
Role of a-helices
in the binding of
Cro dimer
To DNA

B-Structure
at a protein dimer
interface:
The stretch of
sequence
at the C-terminus
of each
Cro monomer
participates
in a -sheet
secondary
structure, which
‘promotes
dimerization
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Figure 7-14 Molecular Biology of the Cell 5/e (© Garland Science 2008)

A zinc finger protein: Cys-Cys-His-His family



Finger 2

Finger 3
H

Figure 13-17

A Graphic Illustration of the
X-ray Crystal Structure of the
Zinc Finger Protein Zif268
Bound to DNA. Each zinc
finger consists of an a-helix,
shown as a cylinder, and a f3-
strand, shown as an arrow
ribbon, held together through
coordination to zinc. [After N.
P. Pavletich and C. Pabo,
Science (Washington, D.C.) 252
(1991): 809-817, Fig. 2.]










The columns of the table are based
on domain architectures as defined
by the CATH hierarchical classifica-
tion. Each cell provides information
on an interesting fold group within
that architecture and highlights a par-
ticular structural domain from that
group. The first row of each column
typically contains the most basic fold
group for that architecture followed
by fold groups with more complex
structures. The population given as
a percentage for each architecture is
calculated from the 527 genomes
present in Gene3D version 6.0.
Known functions have been auto-
matically assigned to one of eight cat-
egories in the Gene Ontology (GO)
molecular function classification (see
legend). These categories are repre-
sented as a coloured octagon around
the structure and are based on a clas-
sification scheme devised by Christos
Ouzounis. For each fold group, the
GO categories are those identified for
all structures within that fold group,
excluding electronically inferred an-
notations, as well as all annotated se-
quence homologues to those structu-
res (at 60% sequence identity, 80%
overlap of the larger domain) in
Gene3D. Functions are assigned
based on the whole structure to which
the domain belongs and may there-
fore not always represent a specific
functional attribute of that domain.
A white octagon tile means that no
proteins in that fold group have that
function. The incremental filling of
the tile (by 1/4, 1/2, 3/4, 1/1) indicates
the presence of the respective func-
tions in the fold group and their rela-
tive importance (i.e. up to 25 / 50 /
75 | 100% of all proteins in that fold
group have that function). For the
fibrous proteins the functional map-
ping is simply that of the particular
structure shown and its 60% sequen-
ce identity homologues. A completely
blank octagon reflects the fact that
currently no function can be auto-
matically mapped to that fold, but not
necessarily that no known function
exists.
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Basic topologies of secondary structure

1l

The B-hairpin and the
B-meander are exam-
ples of the simplest
type of up-and-down
antiparallel B-sheet
topologies. The latter

Michael Rossmann as
a motif observed in lac-
tate dehydrogenase.

It is common in a/f
proteins with open -
sheets and particularly

N-type Greek key

C-type Greek key

Il

The Ig fold is one of
the most well-known of

in nucleotide binding
proteins. It is composed
of two topologically

—

e —

i)l

The jelly roll, a-solenoid
and a-plait topologies
are surprisingly similar
despite their different
secondary structures.
All are based on a giant
hairpin which is subse-
quently rolled up to
form a compact domain
in which the secondary
structures form two lay-
ers (the B-sheets in the
case of the jelly roll).
The latter is probably
the most well-known of
the three folds and
takes its name from the
topology diagram of its
B-strands, which resem-
bles a slice of a jelly roll
(Swiss roll).

The kringle takes its
name from the topolo-
gy imposed by its three
disulphide bridges,
which in two dimensi-
ons resembles a Danish
pastry of the same name.
It is a common modu-
lar element in proteins
of the coagulation path-
ways.

Important structural motifs

The helix-turn-helix
and EF-hand motifs are
both characterized by
two orthogonal a-helices.
The former is a specific
example of an a/a corner
and is found in DNA
binding proteins, where
the second (recognition)
helix inserts into the
major groove. The EF-
hand is observed in Ca*
binding proteins, where
the Ca* is bound by a
loop between the two
helices.

Both the leucine zipper
and the helix-loop-helix
are dimerization motifs.
In the former case this
occurs via the formation
of a classical left-handed
coiled coil, with leucines
at every 7" position (the
d position of the coiled
coil). In the case of the
HLH, the two helices of
the motif come together
with those of the second
monomer to form a 4-he-
lix bundle.

1) it

right-handed left-handed

| pppmotit |
Most connections between
parallel B-strands are right-
handed, but exceptions
are to be seen in the left-
handed B-helices of the
main table. The BaBp
motif includes an addi-
tional intervening anti-
parallel strand.

Leucine rich repeat

The Greek key and the in-
terdigitated B-arches are
two of the most commonly
observed motifs (or sub-
structures) in B-proteins.
The former is predominan-
tly observed at the edges of
antiparallel B-sheets where
the motif is often divided
between two such sheets.
The latter has been descri-
bed as the most common
sub-structure observed in
B-sandwiches.

Zinc fingers are metal
binding motifs involved

in DNA recognition. They
differ in their Zn* ligands,
3D structures and DNA
binding modes. The exam-
ple shown is a ‘classical’
Zinc finger involving two
His and two Cys ligands.
The P-loop is a glycine rich
motif involved in nucleotide
binding, where it interacts
directly with the a and B
phosphate moieties.

The Leucine rich repeat
(LRR) is characterized by
a sequence motif which
typically contains 6 leuci-
nes. They form a structural
motif of a B-strand, a-helix
and connecting loop.
Several examples of pro-
teins, containing different
numbers of repeats, can
be seen in the af-horses-
hoes of the main table.




4° structure (quaternary structure)



(a¢) —Lys—Ala-His - Gly—Lys — Lys —Val — Leu — Gly - Ala —
Primary structure (amino acid sequence in a polypeptide chain)

'

Tertiary structure: Quaternary structure:
one complete protein chain the four separate chains

(B chain of hemoglobin) of hemoglobin assembled
Secondary into an oligomeric protein
structure
(helix)

Illustration, Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute . Reproduced with permission.

The structural hierarchy in proteins: 4° structure
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identical subunits

‘ J AN W\
tetramer of neuraminidase protein
Figure 3-21 Molecular Biology of the d Sci
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(a) Cyclic symmetries

Some possible symmetries of proteins with identical
protomers. Assemblies with symmetries C,, C;, and C,,



A dimer of transthyretin as viewed down its
two-fold axis (red symbol).



Courtesy of David Eisenberg, UCLA

X-ray structure of glutamine synthetase from Salmonella
typhimurium - view down 6-fold symmetry axis
(contains 12 subunits)




Courtesy of David Eisenberg, UCLA

X-ray structure of glutamine synthetase from Salmonella
typhimurium - view down one of the 2-fold symmetry axes
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(c) Tetrahedral Octahedral (cubic) Icosahedral
symmetry symmetry symmetry

N |

Some possible symmetries of proteins with identical
protomers. Assemblies with T, O, and / symmetries.



= three dimers
: free dimers

incomplete
particle

7 viral RNA X

projecting domain
shell domain

connecting arm
RNA-binding domain

180 copies of a 386 aa capsid
protein subunit

RNA genome
of 4500 nucleotides

capsid protein intact virus

’ monomer particle
& sh%v;n as (90 dimers)
| G ribbon 1 |

model 20 nm

Figure 3-31 Molecular Biology of the Cell 5/e (© Garland Science 2008)




A structural representation of the
tobacco mosaic virus (TMV):

A single long RNA molecule (6395
nucleotides) is enclosed in a
cylindrical protein (helical coat)
composed of 2130 identical protein
subunits each containing 158 amino
acids,




Legend
PDB code for
reference structure

A Protein name

Point group Point group
symmetry symmetry
(Schoenflies (International
nomenclature) nomenclature)

1 Multiple sites, cross-linking,
membrane association

2 Cooperativity/allosterism

3 Cavities, channels and pores

4 Functional (active) site formation

5 Size and stability

6 Economy of genetic material

7 “Rulers” (exact separation
between binding sites)

8 Multiple functions (in hetero-
oligomers)

Yellow background indicates X 7 : 60 1g3k 2%

b il | 7 TR I na ISBN 978-3-527-31963-3
Gray background indicates cubic/ ; : £ S

icosahedral symmetry ‘

F T 62 9li78352711319633
Phosphofructokinase ;'WI Ferritin mp:h‘;m HsIUV ;1:“ desgendent




dehydrogenase

— )
5nm

aspartate
transcarbamoylase

Figure 3-23 Molecular Biology of the Cell 5/e (© Garland Science 2008)




l‘\IH I‘\IH
(CH,),—NH, + H,C—0—C—(CH,);—C—O0—CH,

Do

Lys Dimethylsuberimidate

i\> 2CH,OH

NH, 1\|IH2
(CH,),—NH—C—(CH,);—C—NH—(CH,),—

0 0
|
(CH,),—NH, + HC—(CH,),—CH

O ©

Lys Glutaraldehyde

e

(CH,),—N=CH—(CH,),— CH=N—(CH,),

(0

Characterization of oligomeric proteins: Some chemical
cross-linking agents (bifunctional reagents) used to
stabilize protein quaternary structure






