Principles of protein structure
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Fundamentals of protein structure
Basics of molecular mechanics and dynamics
Reading assignment: Chaps 1 &2, Appendices A, B, D & E

all successfully adapted to their different environments and in this sense, perfect.
Cell biology:
not yet biochemistry!
However, some of them may not be perfect tomorrow and can thereby become

FIGURE 1.3  A schematic picture of an animal cell showing sub-cellular structures, such as
nucleus, membrane systems (ER), mitochondrion, etc. (Made by Michael W. Davidson, Florida
State University.)
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FIGURE 2.3  The peptide bond. The top left figure shows the definition of a torsion angle. The
middle figure, where we look along the bond between atoms B and C, shows how we can determine the angles between the bonds AB and CD. The top right drawing shows the names of the
torsion angles. In a trans peptide ω ≈ 180°, since the atoms of the peptide bond tends to form
a plane (the amide plane). Bottom: The distances and angles between the atoms of a peptide
bond.

There are twenty common side chains
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The 20 different side chains of the amino acids.
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Ramachandran plots: sidechain torsional potentials

FIGURE 2.4  Ramachandran plot. Top: allowed regions based on steric clashes according to
Ramachandran’s original analysis for alanine (left) and glycine (right). Bottom: Observed angles
based on about 1000 experimentally determined protein structures, non-glycine residues (left)
and glycines (right). The β region is split into two sections. Note that the observed distributions
differ considerably from the expected distributions from the steric clashes, especially for glycine
residues. (Reprinted with permission from Hovmöller et al. (2002) Conformations of amino acids
in proteins. ( Acta Cryst D58: 768–776. Copyright (2003) Elsevier.)

Secondary structure: the α -helix
20  A Textbook of Structural Biology

FIGURE 2.7  The α-helix. Left: The main chain and Cβ atoms (gray) of an α-helix. The pitch
(rise per turn) is 5.4 Å. Right: The same α-helix showing the side chains. The backbone is drawn
schematically, with the Cβ atoms pointing towards the N-terminus of the helix (down).

(rise per turn) is 5.4 Å. Right: The same α-helix showing the side chains. The backbone is drawn
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FIGURE 2.8  A 310 helix from Aplysia limacina myoglobin (PDB: 1MBA) and a π-helix from
methane monooxygenase hydroxylase from Methylococcus capsulatus (PDB: 1MTY).
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FIGURE 2.9  The hydrogen bonds in a mixed β-sheet. β-sheets are always more or less twisted.
FIGURE 2.9  The hydrogen bonds in a mixed β-sheet. β-sheets are always more or less twisted.
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FIGURE 2.13  Two of the most common types of reverse turns, type I’ and II.

special type of left-handed triple-stranded helix (Fig. 2.12; see Sec. 13.1). This type
of structure is also found in rare cases in soluble proteins such as C1q in the com-

Motifs, topologies, folds: antiparallel β sheets
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FIGURE 2.14  A β-hairpin and a four-stranded up-and-down sheet.

FIGURE 2.14  A β-hairpin and a four-stranded up-and-down sheet.

FIGURE 2.15  Two up-and-down sheets, the open sheet in the coat protein subunit of phage
MS2 (PDB: 2MS2), and the closed cylinder in a bacterial porin, a protein from the outer membrane of E. coli (PDB: 2OMF).

Motifs, topologies, folds: Greek key
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FIGURE 2.17  A schematic drawing of a Greek key motif and the same motif in a protein
(Micrococcal nuclease, PDB: 2SNS). The 5-stranded sheet and the helix in the loop connecting
strands 3 and 4 is an example of the OB (oligonucleotide/oligosaccharide binding) fold found
in many proteins.

(Micrococcal nuclease, PDB: 2SNS). The 5-stranded sheet and the helix in the loop connecting
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strands 3 and 4 is an example of the OB (oligonucleotide/oligosaccharide binding) fold found
in many proteins.
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FIGURE 2.18  Left: A jellyroll topology (top) can be seen as a β-hairpin rolled up. Right: The
coat protein of the plant virus STNV, a simple jellyroll fold (PDB: 2BUK).

A special type of a Greek key structure is an extended version called jellyroll.
This is an eight-stranded arrangement that mostly forms a β sandwich of two fourstranded sheets (Fig. 2.18).
Proteins mainly composed of β structure normally have antiparallel sheets,
but one exception is proteins with β -helix topology, where the chain forms short
β -strands in a helical manner into a triangular prism (Fig. 2.19).

2.1.5.2 The βαβ unit

Motifs, topologies, folds: β αβ structures
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A β-helix protein: pectin lyase from Aspergillus niger (PDB: 1IDK).
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NAD-binding domain of Sulfolobus solfataricus alcohol dehydrogenase, a typical Rossmann fold

(order of strands 654123). The first βαβαβ motif of the domain is in blue, the second in red and
the connection in yellow. The nucleotide is bound at the C-terminal ends of the β-strands at the
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center of the sheet. The phosphates of the NAD molecule are located at the N-termini of two
Motifs,
topologies, folds: TIM barrel
helices where their binding is favored by the helical dipoles (PDB: 1R37).

FIGURE 2.22  The TIM barrel of triose phosphate isomerase from Plasmodium falciparum. The
order of the strands is 12345678. The active site is occupied by a transition-state analog, phosphoglycolate. In all TIM barrel structures, the active site is found at the C-terminal end of the
β-strands (PDB: 1LYX).

Another very common fold is the TIM barrel, which got its name from the
enzyme, triose phosphate isomerase. This fold is formed by eight β -α units form-
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helix axes. A common type of helix packing is the four-helix bundle, where two pairs
of antiparallel helices are arranged with their helix axis at about 20°. Four-helix bundles are found in many proteins. A simple form is the up-and-down bundle (Fig. 2.23),
but there are many other forms of bundles formed of helices from one, two or four subunits. The globin fold is an example of the other main type of helix packing (Fig. 2.24).
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FIGURE 2.24  The myoglobin structure where most of the helices pack with an approximately
50° angle between helix axes. The protein binds a heme group (PDB: 1MBA).

Proteins often consist of modular domains
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FIGURE 2.27  Domain organization of two typical multi-domain proteins, tissue plasminogen
activator (top) and a receptor tyrosine kinase (bottom) as presented in the Pfam database
(http://pfam.sanger.ac.uk), where the cylinders are links to the corresponding family.
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from sequence patterns. Each module is a separate unit in the sequence and folds
as a separate domain. An example is tissue plasminogen activator, which is composed of five modules of four kinds, one fibronectin type I module, one epidermal
growth factor (EGF) module, two so-called kringle modules, and the main enzymatic portion, a serine protease module (Fig. 2.27). Plasminogen is also a mosaic
protein, with five kringle modules preceding a serine protease domain. In some
proteins, the number of similar modules is very large. Some of these modules, like
the EGF and the fibronectin type III modules, are found in a large number of proteins, and appear
to fulfill a similar function in all of them (see Chaps. 11 and 13).
FIGURE 2.25  A two-domain protein, transducin α, with one domain (red) as an insertion in the
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Mosaic proteins are formed by recombination of genetic elements during evolution and by different splicing events. Each domain may correspond to a single

Common protein folds
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FIGURE 2.31  Schematic drawings of a number of common protein folds. Top left: α /β domain
with Rossmann fold (3α, 20β-hydroxysteroid dehydrogenase, PDB: 1HDC). Top right:
Immunoglobulin constant domain (PDB: 1AQK). Bottom left: TIM barrel (triose phosphate
isomerase, PDB: 1YPI). Bottom right: Jellyroll (satellite tobacco necrosis virus coat protein,
PDB: 2BUK).

Post-translational modifications: glycosylation
544  A Textbook of Structural Biology

FIGURE E.7  Some types of sugar residues that can be attached to proteins. The top left shows
the more extensive formula for fucose where all hydrogens are included. Below is the same
fucose without showing the hydrogens directly attached to the ring carbons.

FIGURE E.7



Some types of sugar residues that can be attached to proteins. The top left shows
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FIGURE E.8  An example of how an asparagine side chain becomes attached by N-linked
oligosaccharides in the form of a 14-mer of three different types of sugar moieties. The oligosaccharide is reduced to a 10-mer in several steps before further specific modifications are made.

In all N-linked oligosaccharides, N-acetylglucosamine is bound to the side
chain nitrogen of the asparagine (Fig. E.8). The modification here involves a large
branched oligosaccharide, which is prefabricated attached to dolichol, a long lipid
that is firmly bound in the membrane. The oligosaccharide has the composition
(glucose)3(mannose)9(N-acetylglucose)2. After the transfer to a protein, the three
glucose residues are removed as well as a specific mannose residue. These

phatases. They can be composed of one or several domains. These domains can

Post-translational
belong to a large rangemodifications:
of families, and somephosphorylation
of the phosphatases are attached to
Active site

Docking site

FIGURE E.4  The regulatory role of kinases and phosphatases requires extensive control of the
protein interactions. The enzymes (blue) partly need to be activated but also need to identify
structures other than the part that will be phosphorylated or dephosphorylated. This is due to
substrate (green) interactions with a docking site that can be part of the kinase domain or belong
to different parts of the enzyme.

Vitamin K-dependent proteins have uniquely modified residues, γ -carboxyglu-

Post-translational
acetylation
tamic acid (Gla). They modifications:
are formed by post-translational
carboxylation of glutamic
acid by gamma-glutamyl carboxylase. The proteins to be modified require a

FIGURE E.6  Left: An acetylated lysine. This modification is important in the modifications of histones. Middle: A carbamylated lysine, which has been found in several enzyme active sites with
two metals. The elongated residue can bridge between the two metals. Right: A γ-carboxyglutamic acid (Gla) residue. This modification is abundant in the blood clotting system.

Post-translational modifications: disulfide bonds
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FIGURE A.1  The preferred conformation of a disulfide bond with a 90° angle between the
S–Cβ bonds viewed down the S–S bond.

A.2 Charge Interactions
Electrostatic interactions are very important in biological systems, but they
are also more abstract. It is not possible to cover electrostatic theory in this
appendix, and we will just mention a few subjects. If we look at a globular protein or at the surface of a lipid membrane we see that charged groups, such as
in lysine or arginine residues on proteins and phosphate and ethanolamine or
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Metals in proteins: “blue” copper

+

Aspects of Metal Sites in Biology

+

Chemical Reviews, 1996, Vol. 96, No. 7 2241

Figure 1. Expanded views of geometric and electronic structure of the active sites of plastocyanin (left) and rubredoxin (right). The expanded plastocyanin site is rotated
such that the Met‚S-Cu bond is out of the plane of the page. Contour values are set to (0.16, (0.08, (0.04, (0.02, and (0.01 (e/µB3), with positive contours in solid red and
negative values in dashed blue.
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proteins. The high quality of the classifications has made this database into a stan-
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FIGURE B.5  SCOP classification. The example shows the hierarchy for immunoglobulin
domains. The number of different subdivisions of a group is shown in parentheses.

Due to the differences in classification procedures, some proteins are grouped
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FIGURE B.6  CATH classification. The immunoglobulins are used as an example again. Note
that prealbumin (transthyretin) is classified as part of the immunoglobulin-like topology in CATH,
but is a separate fold in SCOP (Fig. B.5).

1901 (and earlier?) ball and stick models

1950s: wire models of proteins

- separate nuclei and electrons
- polarisation, electron transfer and correlation
- can specify electronic state
- can calculate formation energies
- can do chemistry (bond breaking and making)
- variationally bound

Electrons

- computationally expensive
- typically ~10-100 atoms
- dynamics ~1 ps
Nuclei

QM MOLECULE

- no explicit electrons, net atomic charges
- no polarisation, electron transfer or correlation
- conformational energies for ground state
- no chemistry

Bonds

- semi-empirical force fields
- not variationally bound
- solvent and counterion representations
- typically ~1000-100000 atoms
- dynamics up to ~100 ns

MM MOLECULE

Atoms

Some force field assumptions
1

Born-Oppenheimer approximation (separate nuclear and
electronic motion)

2

Additivity (separable energy terms)

3

Transferability (look at different conformations, different
molecules)

4

Empirical (choose functional forms and parameters based on
experiment)

What does a force field look like?
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AMBER parm94 H atom types

C
CA
CB
CC
CK
CM
CN
CQ
CR
CT
CV
CW
C*

sp2 C carbonyl group
sp2 C pure aromatic (benzene)
sp2 aromatic C, 5&6 membered ring junction
sp2 aromatic C, 5 memb. ring HIS
sp2 C 5 memb.ring in purines
sp2 C pyrimidines in pos. 5 & 6
sp2 C aromatic 5&6 memb.ring junct.(TRP)
sp2 C in 5 mem.ring of purines between 2 N
sp2 arom as CQ but in HIS
sp3 aliphatic C
sp2 arom. 5 memb.ring w/1 N and 1 H (HIS)
sp2 arom. 5 memb.ring w/1 N-H and 1 H (HIS)
sp2 arom. 5 memb.ring w/1 subst. (TRP)

AMBER parm94 C atom types

Force fields in Amber
ff94: widely used (“Cornell et al.), pretty good nucleic acid, too
much α -helix for proteins
ff99: major recalibration by Junmei Wang and others; basis for
most current Amber ff’s
ff99SB: recalibration of backbone potentials for proteins by Carlos
Simmerling (“SB”)
ff02r1: polarizable extension for ff99
ff03: new charge model (Yong Duan) + backbone torsions for
proteins
ff03ua: united atom extension

Periodic boundary conditions

Example of explicit solvation setup

Minimization and simulated annealing

Molecular dynamics algorithms

1

x (t + h)

= x (t ) + v (t )h + a(t )h2 +

x (t − h)

=

x (t + h)

=

x (t + h) − x (t )
1
v (t + h)
2
x (t + h)

1 d 3x

h3 + O (h4 )
6 dt 3
1 d 3x 3
1
x (t ) + −v (t )h + a(t )h2 −
h + O (h4 )
2
6 dt 3
2x (t ) − x (t − h) + a(t )h2 + O (h4 )
(1)
2

= x (t ) − x (t − h) + a(t )h2 + O (h4 )
1

= v (t − h) + a(t )h + O (h3 )
2

1

= x (t ) + v (t + h)h + O (h4 )
2

(2)
(3)

Eq. (1) is the original Verlet propagation algorithm; Eqs. 2 and 3 are
the “leap-frog” version of that. Remember that
a = d 2 x /dt 2 = F /m = (∂ V /∂ x )/m. See pp. 42-47 in Becker &
Watanabe.

Regulating temperature
“Temperature” is a measure of the mean kinetic energy. The
instantaneous KE is
T (t ) =

Ndof

1
kB Ndof

∑ mi vi2
i

(cf. classical rule of thumb: “kB T /2 of energy for every squared
degree of freedom in the Hamiltonian”)
Suppose the temperature is not what you want. At each step, you
could scale the velocities by:


λ = 1+

h
2τ



T0
T (t )

1/2
−1

This is the “Berendsen” or “weak-coupling” formula, that has a minimal
disruption on Newton’s equations of motion. But it does not guarantee
a canonical distribution of positions and velocities. See Morishita, J.
Chem. Phys. 113:2976, 2000; and Mudi and Chakravarty, Mol. Phys.
102:681, 2004.

Go model for protein folding

Gaussian network model

Knowledge-based potentials

