Different ways of illustrating biomacromolecular 3-D structure

The 100 aa SH2 (Src Homology 2) domain
Alberts et al., (2002). Molecular Biology of the Cell, 4th ed., pp. 138-139. Garland Science.




HEW lysozyme (129 aa, M, 14.9 kDa)

http://lysozyme.co.uk/lysozyme-structure.php




THE PROTEIN DATA BANK
at the turn of the Millennium
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PDB growth curve through mid 2014

100,000 structures in May 2014

- S
s
o2
Z:
S 3
L:
—
n =
-—
=3
>
}_E
- B
©3
gi
o3
St
>
- =
-
@S
>3

Doubling time ~ 4 years




PDB grows to 100,000 structures in mid 2014
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Growth Curve for Membrane Protein Crystal Structures

2013
n =440

Stephen White Lab at UC Irvine
http://blanco.biomol.uci.edu/mpstruc

— n =exp(ay)
a=0.224
r-X2 = 3.54

expected growth at year 20 (2005) | ;
a=0.244,r-x2=042
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Membrane proteins represent ~30% of known genomes but only ~2% of known structures.
Some 60% of pharmaceuticals target membrane proteins




Architectural elements of structural molecular biology
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Architectural elements of structural molecular biology

Ning cels are filed with complex molecular machinery, a millon MEMBRANES
times smaller than familiar machines like computers or auto- Cell are surrounded by a meambranc made of liids, like the phospholipid and cholesterol malecules shown at the top. Membrancs ke the celluar 4
imchiney imide s ted il wt. Manyprotcins st b i his membeae, pearing  vrcyof otk ATF sy s 3
moblles. Cell use these tiny molecular machines to perfom al of S5 et L s o el i S TP e
the Jobs needed for Ife. Some are molecular scisors that cut food into e ATF sy, and the i s lcaons beween i Rhdosi s found in sacmbesncs o dhe e Toc sl o
calsized pieces. Some bull new molecules when cells grow or when dan- el i o i i, comig e e i o o bk, ey b o f o ¢
aged tissues are repaired. Some are molecular bones and muscles that e T o ight s e o poes e ey e Apahe bt
support cells and help them move and crawi. Some fight off attackers, g
defending against infection. 5
Researchers around the world are studying these molecules and determin- {
ing thelr precise atomic structures. These structures are avallable on the
Internet through the Proten Data Bank (tty://www.pdb.org), the central 4
storehouse of blomolecular structures. A few of the thousands of struc
tures held In the Proteln Data Bank are shown here. In
Weo these pictures, the molecules are all drawn at a magnifi- 5
Guse & cation of 3,000,000 times, and each atom Is shown a5 3
M g Small sphere. Many of these siructures are composed of "
. several subunits, which are indicated by different colors. \
An enormous range of sizesIs shown here: the water mok
ecule a the lefthas only three atoms and the rhinovirus shown below has y
hundreds of thousands. J
By David S. Goodsall, The Scripps Research lnstitute, La Jolla, California, USA
3
Grapic desgn by Gol W, Bamber, San Diego Spercompater Conter
S :
N Of course, a perfectly sealed membrane would be of little use to cells, becanse nutrients could not get in and wastes could not get out. ¥,
o b The e s+ b e on. Fe proscis hat o channds hrough e o e Tosthe it of
H Jobi axygen. Ferritin forms 2 hol. ,
g oo as. Serum albumin carries many different molecules in the blood. 7
2 3
g &
4
4
&
4
OUTSIDE THE CELL ¢
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e o ek e of ton 3 &
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e e e o e e Cell boild  bewikdering varicty of cazymes—protcins that perform chemical reactions. At the top are the ten enzymes that perform
i, he beckdown of o o form ATP. Blow that s v cntymcs dht peiores et howskecpiog racion.
Dyl rdocas acivs by cfacior molecle s kabol dbydropenme breks dow alchel. Rt bispheshate cubesy :
ey th it ot e et Bk s psiren L s  the copre o b dlckle by plen te e g
Tt s s the e ke il buldin ek o Gaing o e, Nirogenss pefores o emcnt ol I
e ecomtem by conmetiog o gt o that lvin cle can .
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oto e Many procin s wed 4 o Gl

= e nfmtion RNA peymerme o he
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Architectural elements of structural molecular biology

Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines  Energy Production:
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when  powering the processes
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and othersare  of the cell

motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures
are freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures.
Afew examples from the ~ 100,000 structures held in the PDB are shown here, with each atom repre-
sented as a small sphere. The enormous range of molecular sizes is illustrated here, from the water
molecule (H20) with only three atoms (shown at the left) to the ribosomal subunits with hundreds of

thousands of atoms.

Digestive Enzymes: breaking food
into small nutrient molecules
An 5. Pepsi

Blood Plasma Proteins: transporting nutrients
and defending against injury
Factor X 11 Fibrin
mbin 1 Albumin

Viruses and Antibodies: engaging in
%, constant battle in the bloodstream
ntbody 4. Rhinovirus

Hormones: carrying molecular
messages through blood

Channels, Pumps and Receptors: getting
back and forth across the membrane

Photosynthesis: ¢
harvesting
energy from

Storage: containing nutrients
for future consumption

utting and joining the molecules of life
- xoki )

Infrastructure: g Protein Synthesis: building DNA: storing and reading &

. supporting and new molecular machines genetic information

moving cells



The protein crystallography challenges

There are four key challenges in o
crystallography:

9
1 No material - no crystal - no k '
crystallography —
Not all materials are sufficiently soluble and not
all lend themselves to self-assembly into
periodic structures - that is, protein crystals.

h k1
DD | Fl -expl-2rithx + ky +1z — )]
“h —k -1

<\

U ‘-::i',fi"’"'J‘

N

plx..r.:n —

2 The Phase Problem

The major component for the Fourier f -%
transformation of the data into electron”
density is missing - needs strategy.

The Crystallographic
Phase Problem

3 Nonlinearity in Refinement atoms iy
Each and every atom in the whole structure (hkl) Z Pn€
contributes to each and every data point (measured

reflections or structure factor amplitudes) X

11 2xi(hx+ky+iz)
Pz =V ZF(hkz)e

4 Low determinacy of Refinement —hkd
The data to parameter ratio is often poor - T
stereochemical restraints required that o

: : : =|F, Wl = Vs
bias the model towards prior expectations. = Fu e Fl p(x.y:2)




The crystallographic phase problem

Diffraction spot intensity alone does not suffice to reconstruct
the electron density of the molecule

Figure 1-7 The crystallographic phase | h k

problem. In order to reconstruct the X. V.2 )=— Z Z expl-2xi(hx + +/z

electron density of the molecule, two p( >Y> ) 4 _ A p[ ( ky )
quantities need to be provided for each -h -k -l

reflection (data point): the structure
factor amplitude, F;,, which is directly
obtained through the experiment and

is proportional to the square root of the

measured intensity of the diffraction
-

spot or reflection; and the phase angle
of each reflection, a,,, which is not
directly observable and must be supplied
by additional phasing experiments. The
methods and mathematics of electron
density reconstruction by Fourier
methods are extensively treated in
Chapter 9.

Biomolecular Crystallography B.Rupp (2010)

The crystallographic
phase problem

The exponential and dominating term in the Fourier reconstruction
of the electron density - the phases of each reflection - must be
provided by additional phasing experiments



The “fundamental theorem” of structural crystallography

The fundamental theorem of arithmetic
Every nonzero integer has a unique expression as a product of primes.

The fundamental theorem of algebra
Every univariate polynomial of degree n has exactly n zeros.

The fundamental theorem of the calculus
If the derivative of f(x ) is g( ), then the integral of g(x) is f(x).

—f( (x) = J x=f(x)] = f(b)-fla) = [g(x)dx=f(x)+C.

The “fundamental theorem” of structural crystallography

The crystal structure factors F,,, in diffraction or reciprocal 4kl space and the
unit-cell scattering density distribution p(x,y,z) in crystal or direct xyz space are
related by Fourier transformation,

Fyyq :|Fhk1|el§0hk1 ;: p(x..2)

F|F.]=p(x.y,z) Fourier synthesis
F [ p(x,y,z) ] F,. Fourier analysis

where the ‘Fhkl‘ and ¢,,, are, respectively, the amplitudes and phases of the Laue-Bragg
scattered beams of radiation diffracted by a crystal.




The “fundamental theorem” of structural crystallography

l
Fhkl _|E1k1|e

f

hkl @_1 p(x,y,z)

|

F|F.|=p(x,y,z) Fourier synthesis

f[pxyz:l Fiu

Fourier analysis

-

+oo0 400 oo
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h k1

cell

v ZZZ‘E@H‘ exp[lahkl 27i(hx + ky + lz)]
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Structure determination involves a large
array of different techniques

LRAN Figure 1-4 Overview of protein
s vw.. TARGET GENE structure determination. The bar on
7R the left side of the figure lists major
stages of a crystal structure determinaton
5 project. The dark blue shading indicates
experimental procedures while the
SOLUBLE light shading indicates work performed

Expression o 1 | | PROTEIN in-silico on computers. The results of
Purification IR Bia. & the structure analysis frequently feed
— i

Initial
bioinformatics

back into the design of a refined study,
particularly in structure guided drug
CRYSTAL discovery. VLS: virtual ligand screening;
SGD: structure guided drug discovery.
Consult Figure 1-8 for a more detailed
Data - 1 diagram of key steps in structure
collection 1 determination and the corresponding

TSN Chapters in this book.

Structure i .
Q PHASING RO .

Crystallization

determination

Validation

Analysis STRUCTURE
N~ DRUG
Bioinformatics LEAD

VLS, SGD



Major steps in course to be covered

Definition of study

objective

6 Comprehensive

and bioinformatics

literature search -

4
New protein Obtain DNA and New protein
construct, tag, etc. clone into vector construct, ortholog
‘ y
Express and purify
soluble protein
'
Initial crystallization
and optimization
M___ v
Native single Harvestand flash- o Anomalous or
wavelength data cool, collect data derivative data
! ‘ '
Molecular Experimental
replacement phasing
'
New data, crystal, or Heavy atom
protein construct substructure
'

Analysis of
structure, fold
——{ family, annotation,

binding sites,
docking studies

e

e

Density averaging
and modification

. o

A4

Automated model building

v

Restrained maximum likelihood refinement

v

alidation, model correction, polishing

v

{ Model deposition |

Figure 1-8 Key stages in the
structure determination process.

The flow diagram provides an overview
of the major steps in a structure
determination project, labeled with the
chapter numbers treating the subject

or related general fundamentals. Blue
shaded boxes indicate experimental
laboratory work, while all steps past data
collection are conducted in silico. Protein
production is discussed in Chapter 4,
once we understand the process of
crystallization and the requirements

a protein must meet to be able to
crystallize (Chapter 3).

Biomolecular Crystaliography B .Rupp (2010)
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Biomacromolecular Crystal Structure Analysis
Phasing

Diffraction

Measurements

Structure-
Function
Analysis

Only a small part of
the electron density
map is shown here.

SIR,

SAS,
SIRAS,
MIR,

MAD,

MR, or

DM phases

myoglobin

Model Refinement



Hierarchy and organization of protein

\ J
b i

Secondary structure

Primary structure

Tertiary structure

structure

Quaternary
structure

Figure 2-3 The hierarchy of protein
structure organization. From a chain of
defined amino acid sequence or primary
structure, secondary structures form
through distinct backbone interactions.
Several secondary structure elements
combine through side chain interactions
into smaller structural motifs, which
together with other secondary structure
elements form distinct, independently
folding structural domains. From the
same protein chain, several domains with
different functions can fold, assembling
into the complete tertiary structure.
Finally, several protein chains can form
functionally important homo- or hetero-
oligomeric assemblies, defining the
quaternary structure.

1° aa sequence

2° a, B, loop fragments
and motifs

3° domain folds
4° domains assembly



Molecular geometry is determined by
distances, angles, and torsions

Figure 2-4 Definition of bond length,
bond angle, and torsion angle. A

ball and stick representation of the
amino acid alanine is labeled with atom
names and shows the definition of

bond lengths, bond angles, and torsion
angles. The color scheme applied to
distinguish atoms is a common default
scheme used by protein model display
programs (carbon atoms yellow, oxygen
red, nitrogen blue). Hydrogen atoms in
riding positions are explicitly shown only
in the top left panel (gray atoms) and are
normally omitted. Because the torsion
angle can be interpreted as the angle
between two planes, torsion angles are
also called dihedral angles.

Biomolecular Crystaliography B Rupp (2010)

T(N-C,-C-0)

Peptide bond Average length (A) Single bond
Co-C 1.525 + 0.021 c-C
C-N 1.329 £ 0.014 C-N
N-C 1.458 + 0.019 -0

Average length (A) Hydrogen bond Average length (A)
1.540 + 0.027 O-H---0-H 28x0.2
1.489 + 0.030 N-H - - - 0=C 29+0.2
1.420 = 0.020 O-H---0=C 28+0.2

Table 2-1 Common bond lengths. Mean values and standard deviations of some covalent bond lengths and hydrogen bonds commonly occurring
in protein structures. The average or mean values are derived from accurate small molecule X-ray structures and high resolution protein structures.
Because they also serve as the basis for stereochemical restraints in macromolecular refinement (Chapter 12), the mean values are also known as

restraint target values."



Ca -chirality - the CO-R-N rule

Sidebar 2-2 Hydrogen atoms
in protein structure models. In
protein crystallographic work,
the hydrogen atoms are gen-
erally only visible in electron
density at ultra high resolution
(about 1.2 A or better). Because
their so-called riding positions
are known and can be calcu-
lated when needed, they are
normally omitted in crystallo-
graphic models (the presence
of hydrogen atoms is, however,
implicitly and fully accounted
for in crystallographic dis-
tance and energy restraints).
The remaining panels of Fig-
ure 2-4 therefore show alanine
in a representation typical for
a crystallographic model, sans
hydrogens. We will generally
omit hydrogen atoms in riding
positions in protein structure
models, unless they are needed
to emphasize a structural or
stereochemical feature.

CO

Biomolecular Crystallography B.Rupp (2010)

Figure 2-5 The CORN rule. The CORN
rule is a practical aid for determining
the configuration of chiral Co centers
of amino acids. When the central
Co-atom is viewed with the H atom
pointing toward the observer (or out of
the paper plane), the ligand sequence
reads “CO-R-N" in clockwise rotation
for a L-amino acid.

With exception of
non-chiral glycine,
all proteinogenic
amino acids are
chiral with 25
configuration -

L- amino acids



Primary structure, sequence, peptide bond

Figure 2-19 Definition of L--amino

O
. : x 2 R Q R R
acid, residue, and polypeptide chain.
Hydrogen atoms at the chiral Ca atom -
are omitted. Top left: L-a-amino acid Ce OH NH+ 0 . O
3

in uncharged state. In solution, the NH NH3
functional terminal groups are charged, 2_ ) . o )

and because of resonance the two L-a-amino acid L-a-amino acid in solution, pH 7
oxygen atoms are equivalent. Bottom

row: a residue of an L-a-amino acid. A e P RYL
residue lacks the second carboxyl oxygen o o
and the second hydrogen atom on the R R 5t
amide group, which are lost during

; R H 9
formation of the peptide bonds. The \/ \: /L v,N.\/U\O-
R

bottom right panel shows the formal .NH L [N T/
0
0

composition of a polypeptide chain of n LA NH ;

-
polypeptide chain

N

residues, with the blue boxes containing L
the planar peptide bonds. b

99.9% non-Pro trans

Figure 2-8 Trans- and cis-peptide
bonds. The trans-peptide bond,
recognizable by the two sequential Ca
atoms opposed, has an w-angle of 180°
while the cis-peptide bond with an
w-angle of 0° can be easily recognized
by the Ca atoms located on the same
side of the peptide bond. In both cases,
the peptide bond is planar and contains
the same atoms, but in ¢is conformation
(right panel) the torsional freedom is
much more limited because of side
chain collisions. The Ca~Co. distance in
a cis-peptide is ~2.9 A, while the Ca-Ca
distance across a trans-peptide bond
is~3.8A.

trans cis



Protein backbones prefer trans geometry

Figure 2-8 Trans- and cis-peptide
bonds. The trans-peptide bond,
recognizable by the two sequential Co
atoms opposed, has an w-angle of 180°
while the cis-peptide bond with an
w-angle of 0° can be easily recognized
by the Ca atoms located on the same
side of the peptide bond. In both cases,
the peptide bond is planar and contains
the same atoms, but in c¢is conformation
(right panel) the torsional freedom is
much more limited because of side S ,,,‘y‘,/:’
chain collisions. The Ca~Ca distance in
a cis-peptide is ~2.9 A, while the Ca-Ca
distance across a trans-peptide bond

is~3.8A

-/,
,0

A

trans

q’l"r‘;‘,'lf' e

) /

7
%/
v

,,.-

Flgure 2 9 C;s peptlde bond and |ts
electron density. A cis-peptide bond
between Gly and Ala in a connecting
loop is shown in experimental electron
density (blue grid). Both the clear
electron density and the fact that the cis
conformation is structurally conserved in
this particular fold family allow making
this particular cis assignment with
confidence. PDB entry 1upi.™




Secondary structure is defined by van der Waals
repulsion and backbone torsion - not side chains!

R1 R2 R3 Figure 2-7 Backbone torsion angles.
i ke S The N-terminal 3-residue stretch of a
peptide Ala-Ala-Ala- containing three
trans-peptide bonds is shown. Three
torsion angles for each residue,

o (phi), v (psi), and ® (omega), define
the conformation of the peptide
backbone. While combinations of torsion
angles @ and y are only restrained by
van der Waals repulsion and fall into
several allowed, energetically favored
regions, the trans omega-torsion around
the partially delocalized, planar peptide
bond (short red arrow) is highly
restrained to 180°,

CBs

+180°

« Ramachandran energy surface

L
o081+

« outliers indicate points of

e high local energy
8 « ~2-5% high energy conform-
> .
ations are normal
. ] * not restrained in refinement -
£ dg s g e will reliably reveal errors
-180° ¢ torsion angle +180° them energetically less favorable



Protein secondary structure

QRPLRVLCLAGFRQSERIWG
\ J

Y
Primary structure

Tertiary structure

o)

Quaternary
structure

|

-~

Secondary structure

Figure 2-3 The hierarchy of protein
structure organization. From a chain of
defined amino acid sequence or primary
structure, secondary structures form
through distinct backbone interactions.
Several secondary structure elements
combine through side chain interactions
into smaller structural motifs, which
together with other secondary structure
elements form distinct, independently
folding structural domains. From the
same protein chain, several domains with
different functions can fold, assembling
into the complete tertiary structure.
Finally, several protein chains can form
functionally important homo- or hetero-
oligomeric assemblies, defining the
quaternary structure.

1° aa sequence

2° a, B, loop fragments
and motifs

3° domain folds
4° domains assembly



Secondary structure elements - helices, sheets,
turns and loops

-180° 0 +180° Figure 2-11 Protein a-helices. Left
3 e ~ + panel shows a polyalanine stretch
@ L = > in a-helical conformation. Note the
T [ - 2 hydrogen bonds (green dotted lines)
| ' ‘ _ from the backbone carbonyl oxygen of
@ - . 'J_I o= r residue n to the backbone nitrogen of
b4 [ ri - [ residue n+4. The residues are labeled
e 1= at the Ca carbon atom. Center panel.
8= 3= S Atypical 4-helix bundle is the 22 kDa
g ! 1 p— fragment of apolipoprotein E4, an allelic
; o ! J isoform of apo-E implicated in late onset
i g — familial Alzheimer's disease.?* Note that
I —1 5 e ; in the Ramachandran plot®* (right panel)
|‘ ’ ‘ q | — practically all residues except those few
| — ~dQ located in the connecting loops and

-180° 0 +180° turns are sharply clustered in the
@ torsion angle right-handed a-helical region.
PDB entry 1b68.%*

Figure 2-15 The [-sheet sandwich
structure of concanavalin A. Left
-180° 0 +180° panel: a magnification of the hydrogen
bond pattern in the large antiparallel
sheet continuing across the dimer
interface in the ribbon diagram. The
dimer interface between the green and
cyan monomers is formed through inter-
molecular continuation of the antiparallel
p-sheet between the two molecules (two
o of the depicted dimers finally form an
active tetramer). In the Ramachandran
plot (right panel) the large majority of
B-sheet torsion angle pairs are clustered
| in the left side of the B-region. The
s s smaller, second cluster in the right
part of the B-region results from the
significant number of B-turns present in
-180° 0 +180° this structure. The remaining turns and
RS : loops contain helical torsions (but do
@ torsion angle not form complete helices), and a few
torsions fall into the left-handed helica
region. PDB entry 1gkb.*

+180°
<081+

Wy torsion angle

-180°

081~




About helix handedness and screw axes < §5i%*

B R

Figure 2-12 Helix orientation. A succession of counter clockwise rotations by 90° in a
projection with the helical axis pointing upwards plus translation along the helical axis leads
to a right-handed helix (left drawing). The sense or handedness of the helix is determined
by looking along the helical axis (right panel) and following the sequence of the points (it
does not matter in which direction one looks along the helix- or screw axis, the handedness
remains the same). In crystallographic plain axes as well as screw axes, the rotation is
exactly 360/n degrees, with n = 2, 3, 4, and 6. The depicted helix is compatible with a
crystallographic 4-fold (4,) screw operation, indicated by the symbol Qabove it. The right-
handed protein a-helix in contrast has a non-integer number of ~3.6 residues per turn,
corresponding to ~100° counter clockwise rotation between residues. Screw operations are
further explained in Chapter 5.



\kﬁ‘ofkl‘llep%
Other helices: the 3, helix and the PP-IT helix ~§38"
B

Figure 2-13 The right-handed 3,,
helix and the left-handed trans-
polyproline-Il helix. The residues of
the helices are numbered at their Co
positions. Note the n+3 backbone
hydrogen bonds in the 3,, helix. No
hydrogen network can exist in the
proline helix because of the absence of a
hydrogen atom on the proline nitrogen.
The right panel emphasizes

the cis and trans conformation of a
proline dipeptide. Note the similar
trans conformation of the proline rings in both

cis and trans conformation. PDB entries

2d2e* and 1vz).*
Biomolecular Crystallography B.Rupp (2010)

310 helix polyproline-Il helix

Strictly speaking the PP-IT helices are not secondary structure elements because they
lack the structure-stabilizing hydrogen-bonded backbone interactions



Pleated p-sheet structures are mostly parallel = .
Or anti-parallel, sometimes irregular B

!

7

ofkrl.?{%

2

*

R

Figure 2-14 Formation of }-sheets
from individual -strands. Left pair:
the extended conformation of the
B-strand viewed in the sheet plane, and
viewed across the sheet plane. Note
that the carboxyl groups alternate in
extending in the plane of the sheet,
while the residues protrude alternating
above and below each strand. Also
visible is the typical pleat of the sheet
in cross section. Right two pairs: inter-
strand hydrogen bond arrangement in
parallel and antiparallel B-sheets.

Figure 2-16 Ribonuclease A contains
irregular §-sheets and a f-bulge. The
left panel shows the interruption of the
antiparallel B-sheet through an insertion
of an additional residue in one strand.
In contrast to the near-perfect regularity
of the sheets in concanavalin A (Figure
2-15), the B-strands are irregular and
show crossovers and a bifurcation.

PDB entry 7rsa.*



Secondary structure elements - helices, sheets,

Figure 2-17 Types I’ and II’ are the
most frequent 3-turns. In -turns,

two residues separate the hydrogen
bonded residues, while in the a-turn
three residues are located between the
hydrogen bonded residues. Note that the
B-sheet with the ¢-turn in the right panel
has also a bulge after residue number
five. PDB entries 1gkb® and 1upi."

Figure 2-18 Solvent-exposed

loops. In the left panel, the backbone
conformation of the loop can be
reasonably well traced, and the general
location of the loop is still reasonably
well defined. In the right panel, the
situation is much worse, and the tracing
of the entire loop is uncertain.

turns and loops

type l' (C) Barmtand Fougp 2010 type “' .u-tum
p-turn f-turn with bulge

_4537.. S R

! B

AV wAZsy I8
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Protein structure hierarchy

QRPLRVLCLAGFRQSERIWG # \
L2 J
D 4

Primary structure Secondary structure

. Qugternary \
Tertiary structure stricture &

Figure 2-3 The hierarchy of protein
structure organization. From a chain of
defined amino acid sequence or primary
structure, secondary structures form
through distinct backbone interactions.
Several secondary structure elements
combine through side chain interactions
into smaller structural motifs, which
together with other secondary structure
elements form distinct, independently
folding structural domains. From the
same protein chain, several domains with
different functions can fold, assembling
into the complete tertiary structure.
Finally, several protein chains can form
functionally important homo- or hetero-
oligomeric assemblies, defining the
quaternary structure.

1° aa sequence

2° a, B, loop fragments
and motifs

3° domain folds

4° domains assembly



Peptide formation by amino acid condensation

~H,0
H,N*-C°HR-CO; + H,N*-C°HR'-CO; -

H N"-C*HR-CO-NH-C”"HR"-CO;

Trans, planar —-CO—-NH- peptide link

:(3 :("):_ W
I |
—C*~C-N-C*- & —C*-C=N*'-(C*-
| |
H H

Canonical resonance structures




Valence geometry in the trans, planar peptide link

12352
Peptide bond

122>




Polypeptide backbone

conformation angles and v, and valence angle 7, at Ca
trans, planar —CO-NH- peptide links with conformation angle =~ 180°







What is a crystal - formal view

Definition: A 3-dimensional Unit lattice Motif Unit cell
translationally periodic
stacking of unit cells

A very useful mathematical
concept for computation
but it ignores the minutiae
of protein self assembly
and details of crystal
contacts.

Figure 5-24 Assembly of a primitive
triclinic 3-dimensional crystal

from unit cells. In analogy to the
2-dimensional case, the unit lattice is
filled with a motif, and the crystal is built
from translationally stacked unit cells.
The basis vectors form a right-handed
system [0, a, b, c].




Bernhard Rupp’s generic protein molecular structure motif

used in his various crystal structure illustrations
7N

a TIM barrel structure
o helix Bstrand psheet turn loop



Triosephosphate isomerase (TIM barrel)
Ribbon cartoon as hand-drawn by Jane Richardson (ca. 1980)

Jane Richardson




Triosephosphate Isomerase Monomer, TIM Barrel

Ribbon cartoon colored by N = C sequence direction

blue = green = > = red

N-terminus C-terminus

http://en.wikipedia.org/wiki/Triose_phosphate_isomerase




Human acid-B-glucosidase

Bernhard Rupp’s generic protein molecular structure in his various crystal structure illustrations

PDB ID logs

C222,
a=107.74A a=90°
b=285.23 8=90
c= 91.68 y=90
Z7=16

~ 500 aa
~ 4000 protein atoms

M. = 56 kDa
V,, = 2.9 A3Da!
V, =0.58

Colored by N = C sequence direction

Gaucher’s disease results from accumulations of glucosylceramide due to inherited acid-B-glucosidase mutations.



Human acid-B-glucosidase (PDB ID 1logs)

Bernhard Rupp’s generic protein molecular structure in his various crystal structure illustrations

4 Strand coming up
b Strand geing down
QO Helix going down
' Helix coming up

Colored by domains |, I, il Domain lll is a TIM barrel structure

http://embor.embopress.org/content/4/7/704




What is a crystal - formal view

Definition: A 3-dimensional Unit lattice Motif Unit cell
translationally periodic
stacking of unit cells

A very useful mathematical
concept for computation
but it ignores the minutiae
of protein self assembly
and details of crystal
contacts.

Figure 5-24 Assembly of a primitive
triclinic 3-dimensional crystal

from unit cells. In analogy to the
2-dimensional case, the unit lattice is
filled with a motif, and the crystal is built
from translationally stacked unit cells.
The basis vectors form a right-handed
system [0, a, b, c].




What is protein crystal - biocrystallization view

Protein-protein contacts are mediated by weak and sparse, non-bonded
intermolecular interactions

Figure 3-5 Protein crystals are formed by a sparse network repeating intermolecular interactions. The interactions are both
of weak intermolecular interactions. The example shows sparse and weak, and as a consequence protein crystals are fragile
protein molecules assembled into a primitive 2-dimensional lattice, and sensitive to mechanical stress and environmental changes.

connected by three different types (red, green, blue) of periodically



Crystal as network of protein molecules

Figure 5-5 Two-dimensional “crystal”
in primitive plane group p1. Three
different types of periodically repeating

Note that also all of the three st it b
different infermolecular interactions o et i
repeat periodically - a few wrong PR S

molecules can disrupt the lattice




Energy range of non-bonded interactions

protein-protein

Figure 2-29 Typical ranges for bond dipole interactions | .

energies of side chain interactions. Interactions are
RT denotes the thermal energy at 1 _ 8

room temperature (293 K). Note the USUGHY weak,
logarithmic energy scale. The numbers in non-bonded and

the red boxes give the approximate radial lonic interactions

distance dependence for charged and

polar interactions, and an approximate 3 - 10

interaction range for the directionally

dependent hydrogen bonds. The van der Waals covalent C,N,O bonds

numbers left and right of the red boxes
flank the approximate bond energy 0.5 - 1.5 40 - 130
range. In contrast to the weak non-

covalent interactions, covalent bonds

have specific and discrete bond distances RT hydrogen bond
and bond angles.

reversible

covalent S-S bond

C) Bemband Rupg 2010

B e
| |

0.5 1 5 10 50 100
Bond energy (-kcal/mol)

Conclusion: Small changes in environment can have significant impact on
protein crystallization



Interactions between molecules

Preciously few weak interactions that must be in the right place for
self-assembly into in a fragile protein crystal

‘Hydrogen bonds

-Salt bridges (charged interactions)
*Hydrophobic contacts

*VdW contacts

-Solvent mediated

/A7 (C) Bernhard Rupp 201(@ 3
ro - oS N as =/




What is a crystal - formal view

Definition: A 3-dimensional Unit lattice Motif Unit cell
translationally periodic
stacking of unit cells

A very useful mathematical
concept for computation
but it ignores the minutiae
of protein self assembly
and details of crystal
contacts.

Figure 5-24 Assembly of a primitive
triclinic 3-dimensional crystal

from unit cells. In analogy to the
2-dimensional case, the unit lattice is
filled with a motif, and the crystal is built
from translationally stacked unit cells.
The basis vectors form a right-handed
system [0, a, b, c].




Plane lattices, motifs, and unit cells

Figure 5-3 Assignment and
nomenclature of plane lattice
vectors. A plane square unit lattice
exemplifies the assignment and
nomenclature of plane unit lattice
vectors a and b, the corresponding scalar
lattice parameters a, b, and the enclosed
angle y. Table 5-1 lists the remaining
plane lattice types.

Figure 5-4 Crystals as translationally
periodic arrangements of unit cells.
Filling the oblique unit lattice with

a motif creates an oblique unit cell.

The unit cells can be stacked to form
an extended, translationally periodic
arrangement of unit cells—the actual
crystal.

0 b
Y
a —>
a=b,y=90°
Square unit lattice Square lattice

Unit lattice Motif

/>




Different unit cell origins

Figure 5-7 Different unit cell origins.
Left: the unit cell chosen with the
origin so that the whole molecule
happens to fit completely within the
until cell boundaries, which is rarely
possible in reality. Middle: a different
choice of origin, with the molecule
displayed in fragments within the unit
cell boundaries. The origin shift vector
00’ is indicated in blue in the left
panel. Right: the same origin as in the
center panel, but this time the intact
molecule is displayed, preferably, but
not necessarily, close to the unit cell
origin. For crystallographic purposes,
the three different representations of

Differ'enT Or'igin ChOiCCS mCly be pOSSible, the molecule are equivalent and contain
. . . the exact same information. For ease of
Regar‘d|eSS on Wthh Or‘lgln we p|ace The visualization, a representation containing

an intact molecule is preferred.

primitive lattice, a unit cell will always
contain the same ‘amount’ of molecule.
Some choices are more handy than
o’rhgrs. Onoly in primitive pl is the origin
choice entirely arbitrary. %




Lattice
origin shift

Equivalent
lattices



Symmetry in the unit cell:
2-fold rotation

b b

A 4
A

Figure 5-8 Two-fold rotation
operation applied to a molecular
motif. The 2-fold rotation axis is
perpendicular to the paper plane, and
its location is depicted by the black dyad
symbol (#). By definition, rotations are
applied counterclockwise.

Figure 5-9 Translation of unit cell
contents. The translational
arrangement of the molecules related

by a 2-fold axis perpendicular to the
paper plane generates additional 2-fold
symmetry axes (depicted by the red dyad
symbol §).




Different unit cells and origins

of a plane p2 crystal

Figure 5-10 Different choices of

unit cell and unit cell origins.

A crystal belonging to plane group p2

is superimposed with two different

unit cells with different origin choices.
Note that additional symmetry elements
generated by the unit cell translation
are located on the cell edges and
corners. The crystal packing is very tight,
with many intermolecular contacts

and narrow solvent channels. Such an
unusually well-packed crystal with low
solvent content often diffracts well 2

[
\

The two unit cells have different origins but
have the same volume. Each p2 unit cell contains
two molecules.



Symmetry in the unit cell:

Figure 5-11 Rotation around a 4-fold
rotation axis. The tetragonal unit cell is
generated by rotation of the molecular
motif around a 4-fold axis, depicted

by the tetrad symbol (®). Note that

the 4-fold operation has generated

a molecular assembly with a distinct
solvent channel in the center in the
direction of the 4-fold axis.

4-fold rotation

Figure 5-12 A p4 plane structure.
Additional new 2-fold (#) and 4-fold
() rotation axes are created by the

unit cell translations. The structure has
extensive solvent channels, quite typical
for crystal structures with high order
rotation axes.




The asymmetric unit suffices to
reconstruct the unit cell

_24 covers one fourth of the unit cell.
The asymmetric unit to the left would

. be ideal for producing a tile (or in
“ N ‘ crystallographic computations of the unit
Ny ; ) cell contents), but the representation

to the right is much better suited for
displaying the molecule.
Biomolecular Crystallography B Rupp (2010)

b/2 Figure 5-13 Asymmetric unit of the
‘ P4 structure. The asymmetric unit of
a/2

The contents of the asymmetric unit
together with the unit cell symmetry
allows reconstruction of the entire unit
cell (and the entire crystal structure).




Consequences of a crystal being a network
of sparse, weak, and specific interactions

Sensitive to mechanical stress
Sensitive to environmental changes - AT, ApH, Ay
Contain large fraction of solvent

Contain solvent channels |
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Crystallographic point groups of protein homomultimers

Dihedral

Goodsell & Olsen (2000). Ann. Rev. Biophys. Biomol. Struct. 29, 105.



What is a ‘stable’ protein crystal ?

A) How many contacts and B) how strong ?

A) ~ 15 contacts/molecule
B) contact surface area 100-500 A?
obligate dimers: ~ 800 A2 and up
in between gray area

Free energy of crystallization
AGC — Af{c - T(ASprotein IASsolvent)

Not much Decisive term

Crystallization is strongly entropy driven |
rationale for surface (entropy) engineering



Protein solubility and solubility diagrams

—

will

solubility
line

Protein concentration

stable

metastable
solution

eventually decomposition
separate
into protein-rich
phase (maybe in

clear protein solution
single phase

precipitate + protein solution
two-phase region
unstable, spontaneous

form of crystals)
plus saturated 4

solution - gecomposition-
or instability-
line

7

Pure water

Precipitant concentration —»

Figure 3-7 A basic solubility phase
diagram for a given temperature.

The diagram visualizes the general
observation that the higher the
precipitant concentration in the solution,
the lower the maximal achievable protein
concentration in the solution and vice
versa. Between the solubility line and the
decomposition line lies the metastable
region representing the supersaturated
protein solution, which will eventually
given the necessary kinetic nucleation
events—equilibrate and separate into

a protein-rich phase (often in the form
of precipitate or crystals) and saturated
protein solution

Protein crystallization is a special case of phase separation from
thermodynamically metastable (supersaturated) solution under the control

of kinetic parameters

Thermodynamics determine whether it can happen, kinetics whether it does

actually happen



Protein solubility and nucleation regimes

stable « <= metastable > < unstable
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Figure 3-10 The location of nucleation zones in a protein crystallization diagram.
Precipitant molecules are represented as dark blue ovals and water molecules as light blue
circles. As a rule of thumb, higher supersaturation is necessary for spontaneous formation
of stable crystallization nuclei (homogeneous nucleation), while at low supersaturation
nucleation requires external seeds in the form of microcrystals or other particulate matter
(heterogeneous nucleation). The zone of homogeneous (spontaneous) nucleation is
occasionally referred to as the “labile” zone, but this term should be avoided because it
leads to confusion with the different concept of labile or neutral equilibrium used in physical
chemistry and thermodynamics.

Free energy AG, =—»

metastable

super-
saturated 2-phase
solution, equilibrium
single crystal
phase +
saturated
solution

Critical nucleus radius r =

Figure 3-9 Nucleation energy. To
achieve crystallization, nucleation must
overcome the kinetic barrier that exists
for phase separation (crystallization)
from the metastable solution (left). At
the critical size, it is equally likely for

the nudleus (symbolized by the small
aggregate) to fall apart again (left red
arrow) or to grow into a crystal (right red
arrow). Once a nucleus above a critical
size defined by the critical free energy of
nucleation AG? is formed, additional gain
of binding enthalpy overcomes entropic
loss during crystal growth, and the
system can proceed towards its 2-phase
equilibrium state (right side of image)



Protein crystals are not perfect inside

Figure 3-11 Atomic force microscope
images of crystal growth. (Panel A)
The atomic force microscope images of
the 001 surface of glucose isomerase
show the two most common growth
patterns observed in crystal growth:
step growth starting from 2-dimensional
nucleation islands (A, left image) and a
double-spiral growth pattern (A, right
image). Panel B shows formation of
supercritical 2-dimensional nuclei on the
001 surface of cytomegalovirus (CMV),
a member of the herpes virus family.

As indicated by the arrows, in this case
only two virions (B, left image) suffice to
generate a critical nucleus from which
new step growth commences (B, right
image). Images courtesy of Alexander
McPherson and Aaron Greenwood,
University of California, Irvine.
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Figure 3-12 Growth of a real mosaic
crystal. The schematic drawing shows a
crystal growing in a solution of protein
molecules (blue spheres). Small impurities
(red) and some larger detritus (green
squares) are also present in the solution
New molecules attach preferentially to
steps and edges (red arrows) and we

can recognize a growth defect in the
form of a hole; impurities are enclosed

at the domain boundaries; and a larger
piece of detritus is incorporated at a
domain boundary. Individual domains
can be substantially misaligned, in this
case about 6°; such a highly mosaic
crystal would not be useful for diffraction
experiments

Phenomena of mosaicity and twinning
complicate Bda’ra collection




