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2 Abbreviations

53BP1 p53 Binding Protein 1
%(w/v) weight percent
%(v/v) volume percent
Å Angstrøm (10-10 m)
aa amino acid
AIDS Acquire Immunodeficiency Syndrome
AIR Ambiguous Interaction Restraint
AMP-PNP Adenylyl-imido-diphosphate
APS Ammoniaperoxodisulfate
ATP Adenosine Triphosphate
APAF-1 Apoptotic Protease-Activating Factor 1
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
Bid BH3-interacting death agonist
BPP Bipolar Pulse Pairs
BLAST Basic Local Alignment Search Tool
bp base pair
BMRB Biomagnetic Research Bank
BSA Bovine Serum Albumin
CCT Group-II-Chaperonins
CD Circular Dichroism
CDK Cycline-Dependent Kinase
Cpn Group-I-Chaperonins
cDNA complementary DNA
Caspace Cystein-Aspartate Proteases
CHK2 Checkpoint 2 Protein
COSY Correlation Spectroscopy
CON1x5 pentameric Consensus-1x5 p53 DNA-Oligonucleotide
CON2x5 decameric Consensus-2x5 p53 DNA-Oligonucleotide
CON4x5 dodecameric Consensus-4x5 p53 DNA-Oligonucleotide
CPD Composite Pulse Decoupling
CRINEPT Cross Relaxation-Enhanced Polarization Transfer
CRIPT Cross Relaxation-Induced Polarization Transfer
CSD Cambridge Structural Database
CSI Chemical Shift Index
CT Constant Time
CTD C-terminal Domain
CTRD C-terminal Regulatory Domain
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
Da Dalton
DBD DNA Binding Domain
DNA Desoxyribonucleic Acid
dNTP Desoxynucleotidetriphosphate
DOSY Diffusion Ordered Spectroscopy
DPC Dodecyl Phosphocholine
DPFGE Double Pulsed Field Gradient Echo
DQC Double Quantum Coherence
DSC Differential Scanning Calorimetry
DSTE Double Stimulated Echo
dsDNA Double-Stranded DNA
DTT 1,4-Dithiothreitol
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elec electrostatic (interactions)
ε Molar Extinction Coefficient
ECM Extracellular Matrix
E. coli Escherichia coli
EMSA Electrophoretic Mobility Shift Assay
f Femto
FAK Focal Adhesion Kinase
Fig. Figure
f.l. full-length
FID Free Induction Decay
FPLC Fast Protein Liquid Chromatography
FT Fourier Transformation
GA Geldanamycin
GdnCl Guanidiumhydrochloride
GCC Gradient Calibration Constant
GCSTE Gradient Compensated Stimulated Echo
GCSTESL Gradient Compensated Stimulated Echo Spin Lock
GST Gluthation-S-Transferase
h hour
HDM2 Human MDM2 Oncoprotein
HMQC Heteronuclear Multi-Quantum Correlation
HSQC Heteronuclear Single-Quantum Correlation
HTS High-throughput Screening
Hsp Heat Shock Protein
Hsp90 Heat Shock Protein, 90 kDa
Hsp12 Heat Shock Protein, 12 kDa
IAPs Inhibitor of Apoptosis Proteins
IB Inclusion Bodies
ILT Inverse Laplace Transformation
IPTG Isopropyl-β-D-thiogalactopyranosid
IUP Intrinsically Unfolded Protein
KD Apparent dissociation constant
kb Kilobases
LB Luria Bertani
LED Longitudinal Eddy Current Recovery Delay
LT Laplace Transformation
MAPK Mitogen Activated Protein Kinase
MCS Multiple Cloning Site
MDM2 Mouse Double Minute, murine oncoprotein
mRNA messenger RNA
mt mutant
Nhsp90 N-terminal domain of Hsp90 (residues 1-210)
NLS Nuclear Localization Signal
NMR Nuclear Magnetic Resonance
NOE Nuclear Overhauser Effecct
NOXA Latin for “harm” or “damage”
Np53 N-terminal domain of p53 (residues 1-93)
NTA Nitrilotriaceticacid
NTD N-terminal Domain
OD Optical Density
p53 Human Tumor Suppressor Protein p53
p63 Human p63, p53 homologous protein
p73 Human p73, p53 homologous protein
p.A. pro Analysis
PAb Polyclonal Antibody
PAGE Polyacrylamide Gelelectrophoresis
PASTA Protein Assignment by Threshold Accepting
pBS pBluescript
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PBS Phosphate Buffer Saline
PDI Protein-Disulfid-Isomerase
PCR Polymerase Chain Reaction
PDB Protein Data Bank
PG Polygrip, p53 specific DNA oligonucleotide
PFG Pulsed Field Gradients
PIGs p53-Inducible Genes
PPI Peptidy-Prolyl-cis/trans-Isomerase
PUMA p53-Upregulated Modulator of Apoptosis
ppm parts per million (=10-6)
rf radiofrequency
R1 Longitudinal Relaxation Rate
R2 Transversal Relaxation Rate
RMSD Root Mean Square Deviation
RNA Ribonucleic Acid
ROE Rotating Frame Nuclear Overhauser Effect
RT Room Temperature (20 – 25 °C)
RP Reversed Phase
S Signal (intensity)
SAR Structure-Activity Relationship
SH3 src Homology Domain 3
SHR Steroid Hormone Receptor
SDS Sodium dodecyl sulfate
SE Spin Echo
STE Stimulated Echo
SUMO Small Ubiquitin-like Modifier
sHsp small Heat Shock Protein
src Sarcoma
ssDNA Single-stranded DNA
T1 Longitudinal Relaxation Time
T2 Transversal Relaxation Time
τR Molecular Correlation Time
Tab. Table
TAD Transactivationdomain
TAE TRIS/Acetat/EDTA buffer
TBE TRIS/Borate/EDTA buffer
TEMED N,N,N´,N´-Tetramethylethylendiamine
TG TRIS/Glycine buffer
TNF Tumor Necrosis Factor
TOCSY Total Correlation Spectroscopy
TRAIL Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
TRIS Trishydroxymethylaminoethan
Triton X-100 t-Octylphenoxypolyethoxyethanol
TROSY Transverse Relaxation Optimized Spectroscopy
U Units (enzyme activity)
UV Ultraviolet
[U- Uniformly
vdW van der Waals
v/v volume per volume
w/v weight per volume
wt wild type
ZQC Zero Quantum Coherence
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3 Summary

This work is mainly concerned with protein–protein (p53-Bcl-xL), protein–DNA

(p53-DNA) and protein–ligand (Hsp90; Hsp12-SDS) molecular interactions studied

by biochemical and NMR spectroscopic methods:

In pulsed field gradient NMR experiments the molecular motion is measured by

the attenuation of a spin-echo signal which is related to the diffusion coefficient

(section 5). Furthermore the diffusion coefficient depends on the molecular weight

and shape. Therefore, if the shape is already know independently from electron

microscopy or X-ray crystallography or can be estimated in terms of a model (section

5.4), measured diffusion coefficients yield information about possible oligomerization

and interactions.

The induction of apoptosis by transcriptional activation of pro-apoptotic target

genes in response to cellular stress is the most conserved function of p53. The N-

terminal domain of p53 (residues 1-93) compromises a transactivation region (residue

1-63) and an adjacent proline-riche SH3-target subdomain modulating the

transcription activation function of p53.

The analysis of the entire N-terminal domain of p53 by diffusion NMR

experiments and hydrodynamic calculations shows features of an intrinsically

unstructured protein which is in agreement with a variety of transactivation domains

(section 6.3).

 Recent studies have demonstrated that a cooperative binding to DNA is crucial

for the tumor suppressor function of p53, as most of the oncogenic mutations observed

in human cancer map to the highly conserved sequence-specific DNA binding

domain.

The dimerization interface of the p53 DNA binding domain was identified by a

mutational study of solvent-exposed residues. The results demonstrate the existence of

two intermolecular E180 – R181 salt bridges which are the driving force for DNA

binding cooperativity. Vice versa, mutations hindering the formation of this salt

bridges, e.g., E180R or R181E, might belong to a new class of p53 core mutations

which lack DNA binding by abolishing cooperativity (section 6.2). The essential role

of the identified H1 helix dimerization interface for a proper p53 function is

demonstrated by the germline p53 E180K mutation which is associated with the Li-

Fraumeni syndrome and a lost transcriptional activation.

Although the sequential assignment of the p63 DNA binding domain indicates the

existence of the H1 helix also in p63 (section 6.5), its different DNA binding behavior
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can be explained by a E180L mutation in p63 which does not support the necessary

cooperativity in DNA binding.

In addition to its transcription-dependent function, p53 can directly induce

mitochondrial membrane permeabilization by complexation of the DNA binding

region of p53 with the anti-apoptotic proteins Bcl-xL and Bcl-2.

In this thesis a specific binding interface between the human p53 DNA binding

domain (DBD) and Bcl-xL is identified by using a combination of solution NMR and

molecular docking calculations. An integrative structural model of an oligomeric

p53/Bcl-xL complex is presented in the context of the mitochondrial membrane. The

oligomeric structural model has an implication for the efficacy of p53-mediated

activation of pro-apoptotic proteins such as Bax, Bak and Bid (section 6.4).

Hsp90 is one of the most abundant chaperone proteins in the cytosol. In an ATP-

dependent manner it plays an essential role in the folding and activation of a range of

client proteins involved in signal transduction and cell cycle regulation. Heat shock

proteins can inhibit apoptosis by conformational regulation of apoptotic molecules and

are overexpressed in several tumor cells. Due to the specific ATP-binding site of

Hsp90, targeting Hsp90 became a central attraction in Hsp-related tumor inhibition.

In this thesis NMR shift perturbation experiments were used to obtain information

on the structural implications upon binding of AMP-PNP (a nonhydrolysable ATP

analogue), ADP and the competitiv inhibitors Radicicol and Geldanamycin. Analysis

of 1H-15N correlation spectra showed a specific pattern of chemical shift perturbations

at Nhsp90 (Hsp90, residues 1-210) upon ligand binding. All ligands show specific

interactions in the binding site known from the crystal structure of Nhsp90. For AMP-

PNP and ADP, additional shift perturbations of residues outside the binding pocket

were observed which can be considered as a result of conformational rearrangement

upon binding. According to the crystal structures, these regions are the first α-helix

and the “ATP-lid” ranging from amino acids 85 to 110 (section 7.2).

Hsp12 was classified to the family of small heat shock proteins, however, it does

not show the typical α-crystallin domain, nor form oligomeric complexes. To clarify

its potential role, Hsp12 was further investigated by NMR spectroscopic methods.

Hsp12 shows features of an intrinsically unstructured protein as demonstrated by

diffusion experiments and hydrodynamic calculations. Furthermore addition of SDS-

micelles induces a helical secondary structure which was further studied by hydrogen

exchange and spin label experiments. The sequential assignments of unfolded and

SDS-folded Hsp12 localize the SDS-induced secondary structure to at least two

amphiphilic helices that “swim” in the SDS-membrane (section 7.3).
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4 Introduction and Aims

Nuclear magnetic resonance spectroscopy is a versatile biophysical technique with a

wide range of applicability (Ernst, 1992). Besides X-ray crystallography, NMR

spectroscopy can be used as a tool for the determination of macromolecular three-

dimensional structures at atomic resolution (Wüthrich, 2003). Given the widening gap

between the number of protein structures currently solved by either of these

techniques and the number of available protein sequences from the Human Genome

Sequencing Project, it is obvious that rapid and robust methods for the determination

of protein folds and structures are required, as many of these gene products still have

an unknown function.

However, an understanding of protein function does not end with the

identification of their folds or structures, but leads on to an intriguing challenge in

modern biology: How do cells respond to, and distinguish between different stimuli?

How does a network of signaling pathways extending from the membrane to the core

of the nucleus transmit environmental changes into a graded transcriptional response?

Figure 1: Mapping the C. elegans interactome. Interactome maps aid navigation
of the proteome. They describe the cell’s molecular complexes, formed by
protein-protein interactions. The interactome map of C. elegans contains
approximately 3000 proteins (nodes) linked by nearly 5000 potential interactions.
The color of the nodes indicates evolutionary conservation. Red: conserved in
yeast; yellow: conserved in other multicellular species; blue: no clear orthologs.
The inset highlights a small part of the network (Adapted from (Li et al., 2004)).
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In fact, protein-protein networks are probably amongst the most ubiquitous

types of interactions in biological systems and play a key role in all cellular processes.

Determining the interaction network of whole organisms has therefore become a

major goal of functional genomics efforts. Several studies in recent years have

identified hundreds of potentially interacting proteins and their complexes in yeast and

other organisms (Figure 1) (Aloy et al., 2004; Gavin et al., 2002; Gavin and Superti-

Furga, 2003; Giot et al., 2003; Ho et al., 2002; Huynen et al., 2003; Ito et al., 2001;

Uetz et al., 2000; Li et al., 2004).

In this context NMR spectroscopy particularly represents its full versatility, as it

is not solely a tool for structure determination, but can also be applied in a broader

scope combining in a unique fashion the three-dimensional structure, the identification

and characterization of molecular interactions, their flexibility and induced

conformational changes; In fact, this has long been recognized: back in 1965,

Jardetzky et al. detected and characterized penicillin binding to serum albumin using

NMR spectroscopic methods similar to the ones currently employed (Fischer and

Jardetzky, 1965); and many investigations have followed in which protein–ligand,

protein–protein and protein–nucleic acid interactions were identified and characterized

on an atomic level. All of these investigations rely mainly on two aspects of a binding

event: the protein resonances experience a chemical shift perturbation upon

complexation with the ligand, which is due to either direct protein–ligand interactions

or to an induced conformational rearrangement. The changes can also affect the

internal flexibility of each partner, e.g., a flexible linker or loop region of a multi-

domain protein or an unstructured domain might become rigid or even more flexible

upon binding – which is called “induced fit”. The second effect may be studied by

NMR spectroscopic relaxation measurements in more detail, yielding time-dependent

correlation functions which can be interpreted in dynamic models (Lipari and Szabo,

1981).

Hence NMR spectroscopy has evolved on the one hand as a fundamental

technique in understanding detailed biochemical functions on structural and

dynamical grounds and on the other hand it can also be integrated in all phases of a

drug discovery program (Shuker et al., 1996) including HTS and combinatorial

chemistry. The ability to deal with weak interactions between potential ligands and a

macromolecule and to structurally characterize them are unique features of NMR

spectroscopy. Besides chemical shift changes of the target protein there are several

more NMR parameters that are commonly exploited in the investigation of

protein–ligand binding. During the time when a ligand is bound to a protein, the

ligand temporarily does not behave like a small molecule, but like the large protein: it
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tumbles more slowly. This has several consequences, as protein properties are

transferred to the ligand including faster relaxation, large and negative NOEs and a

slower diffusion. In the last decade, pulsed field-gradient (PFG) NMR spectroscopy

has become a convenient method for measuring diffusion in solution (Price, 1997b;

Price, 1998). As the diffusion coefficient of a certain molecule under given conditions

is proportional to its effective molecular weight, size and shape, it is evident that

diffusion can be used to map intermolecular interactions or aggregation events.

Nevertheless the applications of diffusion NMR spectroscopy as a tool for studying

molecular interactions only started in the last few years. However, gradient NMR

spectroscopy is a powerful tool not only for studying diffusion and aggregation, it also

provides structural information of cavities in cells or zeolites in the range of

0.1 – 100 µm when the diffusion is restricted on the NMR time scale (Basser, 1995;

Moseley et al., 1990). Thus diffusion can be added to the standard NMR observables

of chemical shift and relaxation times.

This work is mainly concerned with a variety of protein – protein molecular

interactions studied by biochemical and NMR spectroscopic methods focusing the

applicability of diffusion NMR experiments. The thesis is divided into three major

chapters:

In the following, chapter 5, a theoretical introduction to pulsed-field gradient

diffusion NMR spectroscopy is given, including hydrodynamic calculations which

yield “theoretical” values for experimentally determined diffusion coefficients.

In chapter 6 the cooperative DNA binding of p53 DNA binding domain is

studied by site-directed mutation of solvent-exposed residues within a proposed

dimerization interface. Dimerization behavior and cooperativity in DNA binding of

each mutant was examined by electrophoretic mobility shift assays and NMR

spectroscopic diffusion measurements. The aim of this work was to explain the

cooperative DNA binding of p53 DBD in contrast to p63 DBD on structural grounds.

Furthermore this chapter is concerned with a new model complex of p53 DBD-Bcl-xL

based on NMR spectroscopic titration data, followed by NMR spectroscopic

investigation on the N-terminal domain of p53 which shows properties of a natively

unfolded protein and closes with the sequential backbone assignment of the DNA

binding domain of p63. Therefore this chapter also includes the cloning, expression

and purification of wild-type p53 DBD and dimerization mutants as inclusion bodies,

as well as their in vitro refolding and the expression and purification of Bcl-xL and

p63 DBD.

Chapter 7 is concerned with two heat shock proteins namely Hsp90 and Hsp12.

For Hsp90 its interaction with AMP-PNP, ADP, Radicicol and Geldanamycin is
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examined by 15N HSQC titration and relaxation experiments in order to gain insight

into conformational rearrangements within the so-called “ATP-lid” and within the first

H1 helix upon ligand binding. Hsp12 is a natively unfolded protein; however,

interaction with SDS micelles induces a helical secondary structure, which is studied

in more detail by NMR spectroscopic diffusion, hydrogen exchange and spin label

experiments.
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5 Pulsed-Field Gradient Spin-Echo and Diffusion

5.1 Translational Diffusion

5.1.1 Translational Diffusion in Isotropic Systems

Translation diffusion is one of the most important modes of molecular transport.

Brownian motion in the absence of an applied force is the origin of self-diffusion; in

this case no external force acts on the molecular particles and, consequently, no net

displacement is observed. However, external fields can be applied to force additional

translational motion. These fields include gravity or angular acceleration in

sedimentation or ultracentrifugation experiments and electric fields in electrophoresis

(Crank, 1975; Cussler, 1984; Cantor and Schimmel, 1980).

The simplest possible system of biological interest will contain two components:

a solvent (1), which is usually water, and a dissolved macromolecule (2). As most

measurements are done in closed systems, any changes in location of component 1

must be compensated for by a corresponding change in position of component 2. The

flux J of the solute (component 2) defined as the rate of mass transport across a

surface of unit area is given by,

€ 

J2 = dm2 /dt    [g sec-1 cm-2] 5-1

where m2 is the number of grams of solute on one side of the surface.

Consider a small zone of fluid bounded by unit area surfaces at x and x+dx. The

flux from one side to the other through the zone dx ought to be proportional to the

concentrations c2(x) and c2(x+dx), respectively, and inversely proportional to the

thickness of the zone, dx. Thus, transport in one direction is proportional to c2(x)/dx

and in the other direction proportional to c2(x+dx)/dx. Defining the proportionality

constant D , the net rate of mass transport is the difference between these two

individual rates:

€ 

J2 = Dc2 x( ) −Dc2 x + dx( )[ ] /dx = −D ∂c2 /∂x( ) 5-2

The right-hand side of equation 5-2 was originally proposed by A. Fick in the

nineteenth century and is known as Fick´s first law of diffusion. With increasing

concentration c2 from left to right (with increasing x), J2 will become negative and

mass will flow from right to left. If the flux across the surface at x, J2(x), is not equal
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to the flux across the surface at x+dx, J2(x+dx), then the concentration c2 in the

volume element dx must change as function of time t:

€ 

dc2 /dt( )x = J2 x( ) − J2 x + dx( )[ ] /dx = − ∂J2 /∂x( )t 5-3

Combining equation 5-2 and 5-3 yields Fick´s second law of diffusion:

€ 

dc2 /dt( )x = − ∂ −D∂c2 /∂x( ) /∂x( )
t
= D ∂ 2c2 /∂x

2( )t 5-4

These equations are fundamental to all hydrodynamic studies and are true

regardless of what forces are acting on the system, as long as the concentration of the

solute is very low. D depends on frictional properties of the solute molecules and

these are concentration-dependent, thus the value of D  might also vary. By

dimensional analysis of equation 5-4 one yields cm2/s for D  as dimension and

therefore the net distance moved by a diffusing molecule is time-dependent and must

be proportional to (Dt)1/2. As given by the Einstein equation the root mean square

displacement (<X2>)1/2 is consequently

€ 

(< X 2 >)1/ 2 = nDt( )1/ 2 5-5

where n is 2, 4 or 6 for the case of a one-, two- or three-dimensional diffusion. Thus in

an isotropic case of free diffusion the mean displacement increases linearly with the

square root of the diffusion time t.

Fick´s second law of diffusion (equation 5-4) can be solved (Cantor and

Schimmel, 1980) using boundary conditions, which describe a diffusion process

starting with an initial thin band of solute (e.g. gel exclusion chromatography or band

sedimentation) at x0 = 0 and t0 = 0 in the absence of any external forces by applying

the Fourier operator to both sides of Equation 5-4. The conditional probability P(x,t)

of finding a molecule initially at position x0 =0 at a position x after a time t is then

given by:

€ 

P x, t( ) = (4πDt)−3 / 2 exp
−

x−x0( )2

4Dt

 

 
  

 

 
  5-6

This means that the initial thin volume zone occupied by a molecule at position

x0 = 0 becomes a Gaussian shape, which is broadening with increasing diffusion time t

according to (4πDt)-3/2 in every dimension. Furthermore P(x,t) does not depend on the

initial position, x0, but depends only on the net displacement (x-x0). This reflects the

Markovian nature of Brownian motion (Lenk, 1986; Van Kampen, 1981).
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5.1.2 Restricted and Anisotropic Translational Diffusion

As shown in the last part, for the case of free isotropic diffusion the mean

displacement of a molecular species increases linearly with the square root of the

diffusion time, which is expressed in Einstein´s equation (Equation 5-5). Thus,

plotting the mean displacement against the square root of the diffusion time, one

obtains a linear increasing graph with its slope representing the diffusion coefficient.

However, in systems where any kind of barrier prevents an unhindered free

diffusion, an increasing diffusion time will not yield a linear increase in the mean

displacement of the diffusing species, but will reach a point of saturation, which

reflects the maximum mean displacement possible. Such a restriction will occur when

the diffusion time t will be larger than l2/2D, where l is the length of the compartment

and D the diffusion coefficient of the diffusing molecular species. In these systems the

restricted diffusion prevails and instead of the diffusion coefficient only apparent

diffusion coefficients can be extracted (Basser, 1995; Moseley et al., 1990). In

addition these diffusion barriers and compartments might not be uniformly distributed;

in this case anisotropic translational diffusion may be found. In heterogeneous systems

such as porous material or biological systems these kinds of diffusion have to be taken

into account. As diffusion times during an NMR diffusion experiment range in the

order of 10-3 seconds, one can handle and obtain structural information from

heterogeneous systems (Callaghan et al., 1991; Callaghan et al., 1998; Callaghan et

al., 2003) in the order of 10-6 meters, assuming a diffusion constant of 10-6 cm2/s.

5.1.3 Molecular Interpretation of the Diffusion Constant

In solution each molecule will undergo Brownian motion (Woessner, 1996), as it is

accelerated and decelerated by collisions with other molecules. Assuming that all

solute molecules (component 2) are moving with the same average velocity <v2>, the

flux according to equation 5-1 given in g s-1 cm-2 across a surface element will be

J2 = c2<v2>, where c2 is the concentration. A molecule moving in this way will feel a

total frictional force given by <v2>f and thus the force per gram solute molecules will

be NA<v2>f / M2, where NA is Avogadro’s number and M2 the molecular weight of the

solute. This force must be opposed by an equal force if there is no net acceleration. As

shown in section 5.1.1, concentration gradients –(dµ2/dx)t produce a diffusion force

that leads to molecular transport of solute. In the case of a free diffusion, where no

external forces are applied, the diffusion force and the frictional force can be set

equal: NA<v2>f / M2 = –(dµ2/dx). Multiplication of both sides with c2 yields the

observed flux across a surface element due to Brownian motion:
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€ 

J2 = c2 v2 = −
c2M2

NA f
 

 
 

 

 
 ∂µ2 /∂x( )t 5-7

Recalling that the chemical potential of µ2 is given by its activity coefficient γ2

via µ2 = µ2
0 + (RT/M2) ln a2 = µ2

0 + (RT/M2) ln (γ2 c2) and substituting the value of

Bolzmann´s constant k for R/NA one obtains:

€ 

J2 = −
kT
f
1+

∂ lnγ 2( )
∂ lnc2( )

 

 
 

 

 
 
∂c2
∂x 5-8

Comparing equation 5-8 with Fick´s first law of diffusion (Equation 5-2) and

setting corresponding terms in these equations equal, the diffusion constant has to be:

€ 

D = −
kT
f

 

 
 

 

 
 1+

∂ lnγ 2( )
∂ lnc2( )

 

 
 

 

 
 5-9

In an infinite dilution the activity coefficient γ2 is 1.0 and therefore the

differential d(ln γ2) / d(ln c2) = 0 and the diffusion constant D0 at infinite dilution

becomes:

€ 

D0 = −
kT
f

 

 
 

 

 
 5-10

The equations 5-9 and 5-10 were first derived by A. Einstein and they are called

Einstein-Sutherland equations. Thus the diffusion constant of a molecule will be a

function of the temperature and it will also depend on the solvent viscosity, as the

translational friction f is proportional to the radius of the diffusing particle r and to the

solvent viscosity η, which is themselves a function of temperature.

€ 

f ∝η ⋅ r      [g sec-1] 5-11

For molecular species of different geometries, different theories are needed to

describe the hydrodynamic frictional coefficient, f. If a spherical particle interacts

strongly with the fluid molecules, resulting in strong frictional forces one obtains the

so-called Stokes law under sticky boundary conditions:

€ 

fsph ,sticky = 6π ⋅η ⋅ r 5-12

The other extreme is, if there are no interactions between particles and the fluid,

resulting in so-called slip boundary conditions:
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€ 

fsph ,slippy = 4π ⋅η ⋅ r 5-13

Most macromolecules of biological interest are not spheres but appear to be

compact, globular or irregular rigid bodies and therefore an ellipsoid is a more

realistic model. For equal volumes, the surface area of an ellipsoid is larger than that

of a sphere, following that they will have larger frictional coefficients compared to an

equivalent sphere. The dependence of the frictional coefficient of an ellipsoid on the

axial ratio pr = a/b, where a and b are the long and short semiaxes, respectively, can

be calculated for sticky boundary conditions. For a prolate ellipsoid this yields:

€ 

F =
feli
fsph

=
1− p2

p23 ⋅ ln 1+ 1− p2[ ] p{ }
;    p = b a =1 pr 5-14

The translational frictional coefficient ratio F is often called a shape factor or

Perrin factor. With increasing axial ratio this factor increases gradually. This equation

indicates that a measured self-diffusion coefficient of a given molecular species under

controlled conditions, e.g., a free isotropic diffusion, provides in principle information

on the effective size or weight of a diffusing species; and even though a single value

of F is consistent with many possible shapes it is in addition sensitive to structural

properties.

Unfortunately, real solutions do not show such a simple behavior, as proteins

interact with a substantial number of water molecules. The term hydration refers to

effects ranging from specific entrapment of structural water molecules in internal

cavities, e.g., observed in crystal structures, to the generic perturbation of the water

layer covering the external protein surface. Protein – water interactions play an

essential role in the folding, stability and function of proteins. Since the primary

events of biological processes, such as enzymatic catalysis, association, and

recognition, take place at the protein – water interface, the dynamics of the hydration

layer is of special interest. Much of the experimental information about protein

hydration dynamics has come from NMR relaxation experiments using two different

techniques: First, the magnetic relaxation dispersion relies on the fact that water

molecules in the bulk solution and in the hydration layer exhibit different rotational

correlation times giving rise to characteristic frequency dependencies in the

longitudinal relaxation rate R1 (Halle and Denisov, 2001; Modig et al., 2004).

Secondly, as NOEs are effectively observed only for distances shorter than 4 – 5 Å,

protein – water intermolecular NOEs report on direct interactions between the protein

and the water molecules in the first shell of hydration (Otting, 1997; Wüthrich et al.,
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1996). A recent report could show that 95 % of the water molecules in contact with

the protein surface is no more than two-fold motionally retarded as compared to the

bulk water (Modig et al., 2004). Furthermore, calorimetric studies show that, when a

protein solution is frozen, about 0.4 g of water per gram protein remain unfrozen

(Cantor and Schimmel, 1980) and thus clearly perturbed by the presence of the

protein.

In addition, this water interacts and will move with the protein and therefore

contribute to the proteins apparent size, also altering its hydrodynamic properties.

Usually, a very simple model of hydration is constructed: Different classes and

spheres of bound water are merged together into a net weight of bound water per

weight of macromolecule, assuming that water occupies all internal spaces and covers

the surface of the macromolecule. Then the hydrated radius of an equivalent sphere,

rh, can be calculated from the hydrated volume Vh,

€ 

Vh = (M /NA )(V 2 + δ1V 1) 5-15

€ 

rh = (3/4π )(M /NA )(V 2 + δ1V 1)[ ]1/ 3 5-16

where 

€ 

V 2  and 

€ 

V 1  are the partial specific volumes of the macromolecule and the

solute, respectively, and δ1 is the hydration given in grams of bound water per gram of

macromolecule (Cantor and Schimmel, 1980).

Therefore, if the shape is already known independently, e.g., from electron

microscopy or X-ray crystallography measured frictional coefficients can yield either

the molecular weight and consequently its possible aggregation, or yield the

hydration, if the other quantity is available independently or can be estimated in terms

of a model.
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5.2 Studying Diffusion by Pulsed-Field Gradient Spin-Echoes

5.2.1 Relaxation Data Analysis versus Pulsed-Field Gradients

In recent years, NMR spectroscopic diffusion measurements have replaced the

traditional way to determine self-diffusion coefficients by radioactive tracers, due to

the noninvasive nature of NMR spectroscopy. In addition the simultaneous

determination of diffusion coefficients in multi-component systems is possible. In

principle there are two ways in which NMR spectroscopy may be used to study self-

diffusion: first, the analysis of relaxation data (Orekhov et al., 1999; Palmer, 1997)

and secondly, pulsed-field gradient NMR techniques (Price, 1997b; Price, 1998). Even

though a translational diffusion coefficient can be derived in both cases, they will only

agree under certain circumstances (Price et al., 1990). This is because the two methods

report on motions on very different time-scales. The relaxation method is in fact

sensitive to rotational diffusion which is in the picosecond to nanosecond timescale,

according to atomic reorientational correlation motions, whereas the PFG method

measures translational diffusion on the millisecond to second timescale.

Figure 2 illustrates the principle procedure of the methods. Relaxation data are

analyzed in order to determine rotational correlation times, τc, which again can be

related to the viscosity of the solution by using the Debye equation, and finally

applying Stokes-Einstein´s equation yields the translational diffusion coefficient. One

major disadvantage of the relaxation method for the evaluation of diffusion

coefficients is the number of serious assumptions which need to be made depending

on the system being studied: (a) The relaxation mechanism of the species needs to be

known. (b) Intermolecular contributions to the relaxation must be separable from

intramolecular contributions. (c) Only if the molecule is spherical the rotational

correlation times can be properly characterized by single correlation of the whole

molecule. (d) One basic requirement for the validity of the Debye equation is a

continuous bulk solution, which depends on the size of the probe molecules compared

to the solute. (e) The Stokes radius of the diffusing species has to be known in

advance (Price, 1997b).

In pulsed-field gradient methods molecular motion is measured by the

attenuation of a spin-echo signal due to the dephasing of coherent magnetization,

resulting from a combination of translational motion of spins (including diffusion,

convection or any other flux) and spatially well-defined gradient pulses. In contrast to

the above discussed relaxation methods, no additional assumptions are needed;

however, in order to determine the “true” diffusion coefficient, as against an apparent
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diffusion coefficient (see section 5.1.2) the effect of structural boundaries and barriers

hindering the natural diffusion of the probe molecules has to be considered.

Figure 2: Schematic illustration of relaxation and pulsed-field gradient NMR
methods for the determination of self-diffusion coefficients. Adapted from (Price,
1997b).

5.2.2 Magnetic Gradients as Spatial Label

The basis for diffusion measurements is that magnetic field gradients can be used to

label the spatial position of nuclear spins through their Larmor frequency,

€ 

ω0 = γ ⋅ B0 5-17

given in radians per second and with the gyromagnetic ration γ in radT-1s-1 or HzG-1.

B0 is the strength of the static magnetic field and since B0 is spatially homogeneous

throughout the sample ω0 is the same over the whole sample, thus equation 5-17 is

valid for single quantum coherence (n=1). If in addition to B0 there is a spatially

dependent magnetic field G in T/m, ω  becomes also spatially dependent,

€ 

ωeff n,r( ) = n ω0 + γ G ⋅ r( )( ) 5-18

where n accounts for the possibility of more than single quantum coherence (n = 1). G
is defined by the grad of the gradient field component parallel to B0, where 

€ 

i, j and 

€ 

k
are the unit vectors in the x, y and z direction of the laboratory frame of reference:
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€ 

G =∇B0 =
∂Bz

∂x
i + ∂Bz

∂y
j+ ∂Bz

∂z
k 5-19

If a homogeneous gradient of known magnitude is applied, the Larmor

frequency yields an additional phase shift depending on the spatial position of the spin

and the direction of the gradient. In imaging systems, which can produce equally

strong magnetic field gradients along the x, y and z direction, it is possible to measure

diffusion along any of these directions (Price, 1997a; Talagala and Lowe, 1991; Xia,

1996). In principle it is also possible to apply B1 radiofrequency gradients instead of

magnetic B0 gradients and the theoretical aspects are generally analogous (Canet,

1997; Canet and Décorps, 1995; Cante, 1996). In the case of a single magnetic

gradient oriented along the z axis parallel to B0, as defined in equation 5-19, the

magnitude of G is only a function of the position in this direction. Furthermore from

equation 5-18 follows, that the higher the homonuclear quantum transitions are, the

more sensitive are the effects of gradients, whereas zero quantum transitions are

unaffected by the presence of gradients (section 5.3.5).

For a single quantum coherence the cumulative phase shift for a single spin is

given by:

  

€ 

φ(t) = γB0t
static field

{ + γ G( ′ t 
0

t

∫ ) ⋅ z( ′ t )d ′ t 

applied gradient
1 2 4 4 3 4 4 5-20

The first term corresponds to the acquired phase shift due to the static B0 field

and the second term belongs to the effect of an applied gradient with duration t. Thus

the degree of an additional dephasing of magnetization due to the gradient is

proportional to the gyromagnetic ratio, γ, the strength of the gradient, G, the duration

of the gradient, t, and the displacement of the spin during the time t in the direction of

the gradient, z. The strength of the gradient G may or may not be a function of time:

When applying rectangular gradient pulses this is not the case; however, under certain

circumstances it might be more convenient to apply for example sine-shaped gradient

pulses, which are obviously time-dependent (section 5.3.2.5).

5.2.3 Measuring Diffusion with Magnetic Field Gradients

From section 5.2.2 it is clear that a well-defined magnetic gradient can be used to

label the position of spins. In order to measure translational spin motion a simple

modification (Stejskal, 1965; Stejskal and Tanner, 1965; Tanner and Stejskal, 1968) of

the Hahn spin-echo pulse sequence (Carr and Purcell, 1954; Hahn, 1950) is needed,

with two equal gradient pulses of duration δ are inserted into each τ period. This pulse
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sequence is called the “Stejskal and Tanner sequence” or “PFG spin-echo (SE)

sequence”.

The traditional Hahn spin-echo method is a steady gradient experiment which

shows a number of experimental limitations (Stejskal and Tanner, 1965) compared to

the application of field gradient pulses. The advantages of PFG NMR are: (a) There is

no gradient during acquisition and thus the line width is not broadened by the

gradient. Therefore it is possible to measure diffusion coefficients of more than one

species simultaneously. (b) There is no need to increase the radiofrequency pulses to

cope with broadened spectra. (c) PFG experiments allow the use of stronger gradients

(pulses), and thus measuring smaller diffusion coefficients (under favorable

circumstances down to 10-17 m2s-1). (d) Due to the use of pulses the diffusion time is

well defined. (e) With the use of gradient pulses it is possible to separate the effects of

diffusion and spin-spin relaxation, respectively. (f) Background gradients resulting

from differences in susceptibility in the sample or inhomogeneities in the B0 field can

be neglected for the analysis, due to comparably very strong gradient pulses.

In Figure 3 the “Stejskal and Tanner sequence” is shown and its effect on

diffusion and flow of the spins is illustrated schematically. A 90° rf-pulse is applied

which rotates the macroscopic magnetization in its thermal equilibrium from the z-

axis to the x-y plane. The first gradient pulse of duration t = δ and magnitude G is

applied and the spins experience a phase shift according to equation 5-20, with the

integral ranging over the duration δ. In the middle of 2τ the 180° rf-pulse reverses the

sign of the precession, equivalent to an inversion of the sign of the applied gradients

and static field. In addition the chemical shifts and frequency dispersions due to

residual B0 inhomogeneities and susceptibility effects in heterogeneous samples are

refocused. In fact, this is an additional advantage of PFG spin-echo sequences

compared to gradient-echo pulse sequences, which do not include this refocusing 180°

rf-pulse. The second gradient is equal in magnitude and duration and thus, if the spins

have not undergone any translational motion with respect to the z-axis, this second

gradient will refocus the magnetization of all the spins dephased by the first gradient.

However, if the spins have moved during the time period Δ between the two gradient

pulses, the degree of dephasing due the applied gradients is proportional to the

displacement in the direction of the gradients. Thus in the presence of diffusion, the

winding by the first gradient to a “magnetization helix” and the unwinding by the

second gradient is scrambled by the diffusion process, resulting in a disruption of

coherent magnetization and therefore in a signal loss. The larger the diffusion, the

poorer is the refocusing effect of the second gradient and the smaller is the resulting

signal. In the absence of any background gradient, diffusion processes before and after
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the diffusion delay Δ do not affect the signal attenuation. In the presence of flow along

the direction of the gradients with a constant velocity for all spins present in the

sample, the Stejskal and Tanner pulse sequence will yield the same net phase shift for

all the spins. If both diffusion and flow processes are present, the whole diffusion-

induced phase shift will receive an additional net phase shift. This flow-induced net

phase shift can be compensated (Jerschow, 2000; Jerschow and Müller, 1997), by

applying the sequence twice with inverted gradient sets, so that the second inverted

gradient sets result in the corresponding negative net phase shift, which can be added

to the first and thus cancels, leaving the diffusion process only (section 5.3.3).

Figure 3: Schematic representation of the Stejskal and Tanner pulse sequence,
measuring diffusion and flow. In each delay τ a gradient pulse of duration δ and
magnitude G is inserted. The separation between the gradient pulses is denoted
by Δ. Only the precession due to gradients is considered in a rotating reference
frame rotating at ω0. As the center of the gradient coincides with the center of the
sample, the two spins above and below acquire phase shifts in opposite senses.
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In addition to the signal attenuation due to diffusion and flow, relaxation

processes during t = 2τ have to be considered. As the attenuation due to relaxation and

due to diffusion and flow are independent, one obtains,

  

€ 

S(2τ ) = S(0) ⋅ exp −
2τ
T2

 

 
 

 

 
 

attenuation
due to relaxation

1 2 4 3 4 

⋅ f (δ,G,Δ,D)
attenuation

due to diffusion

1 2 4 3 4 
5-21

where S is the signal intensity and f(δ,G,Δ,D)  represents a function for the attenuation

due to diffusion. Hence, if τ is kept constant during all the experiments, relaxation-

induced signal attenuation can be separated from diffusion-induced attenuation, and

one can normalize equation 5-21 as follows:

€ 

E =
S(2τ )

S(2τ )G= 0

= f (δ,G,Δ,D) 5-22

where S(2τ)G=0 = S(0) exp-(2τ/T2)  represents the signal attenuation due to

relaxation only.

5.2.4 Signal Attenuation due to Diffusion: Macroscopic Approach

For free, unrestricted diffusion it is possible to derive the relationship between

diffusion and the observed signal attenuation analytically using Bloch equations

including the effect of diffusion (Abragam, 1961; Torrey, 1956). In the case of

restricted diffusion this macroscopic approach becomes mathematically intractable

and one is forced to use different approximations. The so-called GPD approximations

start with the Gaussian Probability Density of diffusion processes (Price, 1997b); there

are several other approximations like SGP (Short Gradient Pulse) (Blees, 1994; Linse

and Södermann, 1995; Wang et al., 1995a) and others (Caprihan et al., 1996; Sheltraw

and Kenkre, 1996). However, even when using approximations, analytical solutions

are generally not possible and numerical methods must be used. A detailed discussion

and derivations of the GPD and the SGP approximations applying free and restricted

diffusion are given elsewhere (Price, 1998).

The Bloch equations for the macroscopic nuclear magnetization,

€ 

M r, t( ) = Mx + My + Mz , including the diffusion of magnetization, are given by Torrey

et al. (Torrey, 1956),

€ 

∂M(r, t)
∂t

= γM ×B(r,t) −
Mxi + My j

T2
−
Mz −M0( )k

T1
+ D∇2M 5-23
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where 

€ 

i, j and 

€ 

k are the unit vectors in the x, y and z direction of the laboratory frame

of reference. For an anisotropic diffusion the last term in equation 5-23 has to be

replaced by 

€ 

∇D ⋅ ∇M . Considering that B0 is along the z-axis superimposed by a

parallel gradient G one can write in analogy to equation 5-18:

€ 

Bx = 0
By = 0
Bz = B0 + G ⋅ r( ) = B0 +Gxx +Gyy +Gzz

5-24

Substitution of equation 5-24 into 5-23 and considering that Cartesian product

€ 

M ×B is defined as

€ 

M ×B = MxBy −MyBx( )z + MyBz −MzBy( )x + MzBx −MxBz( )y 5-25

and considering only transverse magnetization, including equation 5-17 and defining
the complex transverse magnetization as 

€ 

M+ = Mx + iMy  one obtains:

  

€ 

∂M+

∂t
= −iω0M+

static field
1 2 4 3 4 

−iγ G ⋅ r( )M+

gradient
1 2 4 4 3 4 4 

−
M+

T2

relaxation
1 2 3 

+D∇2M+

diffusion
1 2 4 3 4 5-26

5.2.4.1 Stejskal and Tanner Sequence in the Absence of Motion

In the absence of any motion the transverse magnetization M+ relaxes exponentially

with the time constant T2 as follows

€ 

M+ =ψ exp− iω0t− t T2 5-27

where ψ is the amplitude of magnetization unaffected by relaxation. Setting D = 0 and

substituting equation 5-27 into 5-26 one obtains a first-order differential for the

amplitude ψ,

€ 

∂ψ
∂t

= −iγ G ⋅ r( )ψ 5-28

and its solution is,

€ 

ψ(r,t) = Sexp −iγr ⋅F{ }, where 

€ 

F(t) = G( ′ t 
0

t

∫ )d ′ t 5-29

F(t) is the integral over all gradient pulses within the sequence. Thus, defining the

starting point of the first gradient pulse as time point a, one calculates for the pulse

sequence given in Figure 3:
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€ 

F(t) = 0dt
0

a

∫ + Gdt
a

a+δ

∫ + 0dt
a+δ

a+Δ

∫ + Gdt
a+Δ

t

∫ =G ⋅ t + δ − a −Δ( ) 5-30

From the 90° pulse until the 180° pulse equation 5-29 is valid. The effect of the 180°

is to set back the phase of ψ by twice the amount that it had during the first τ period

(Figure 3) and thus for the second half one yields:

€ 

ψ(r,t) = Sexp −iγr ⋅ F − 2f( ){ }, where 

€ 

f = F(τ) 5-31

Equations 5-29 and 5-31 can be combined, describing the whole sequence using

the Heaviside step function H(x):

€ 

ψ(r,t) = Sexp −iγr ⋅ F −H(t − τ)2f( ){ }            

€ 

H(x) =

0 x < 0
0.5 x = 0
1 x > 0

 

 
 

 
 

5-32

Equation 5-32 is also valid for the Hahn spin-echo pulse sequence.

5.2.4.2 Stejskal and Tanner Sequence in the Presence of Diffusion

Starting from equation 5-28 and including the diffusion term from equation 5-26 one

obtains:

€ 

∂ψ
∂t

= −iγ G ⋅ r( )ψ + D∇2ψ 5-33

Assuming a solution of equation 5-33 to be of the form of equation 5-32 one can

substitute equation 5-32 into 5-33, but accounting for the time dependent diffusion

process S will be a function of time, S(t), and one obtains for the time-dependence of

S:

€ 

∂S
∂t

= −γ 2D F −H(t − τ )2f[ ]2S(t) 5-34

Stepwise integration according to the Heaviside step function of equation 5-34

from t = 0 to t = 2τ yields:

€ 

ln S(2τ)
S(0)

 

  
 

  
= ln(E(2τ ))

= −γ 2DF 2dt + −γ 2D F − 2f[ ]2dt
τ

2τ

∫
0

τ

∫
5-35

Integration of equation 5-35, using F(t) as given in equation 5-30, will yield the

result (Stejskal and Tanner, 1965):
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€ 

ln(E) = −γ 2G2δ 2D Δ −
δ
3

 

 
 

 

 
 5-36

The resulting equation 5-36 is not a function of a, the starting point of the first

gradient pulse, and therefore the placement of the gradient pulses within the sequence

is of no matter, nor have they to be placed symmetrically around the 180° rf pulse.

Besides the gyromagnetic ration, γ, this equation provides three experimental

parameters which can be varied during a diffusion measurement: G, the gradient

strength, δ, the gradient duration or Δ, the time between dephasing and refocusing of

magnetization. Increasing one if these parameters will lead to increased signal

attenuation. The term (Δ−δ/3) is called diffusion time, where δ/3 accounts for the

finite gradient duration.

In addition, if the Bloch equations 5-23 are supplemented with an additional

term representing unidirectional flow with a constant velocity v (

€ 

−∇vM ), a similar

analysis will yield the signal attenuation due to diffusion and flow in the direction of

the gradients:

  

€ 

ln(E) = −γ 2G2δ 2D Δ −
δ
3

 

 
 

 

 
 

attenuation 
due to diffusion

1 2 4 4 3 4 4 
     +iγδGΔ ⋅ v

net phase shift
due to flow

1 2 4 3 4 

5-37

Whereas the diffusion results in a loss of echo intensity with increasing

parameters G, Δ or δ, the flow induces only a phase shift, which is equal for all spins

in the sample as long as v is constant and equal for all spins.



30 Pulsed-Field Gradient Spin-Echo and Diffusion

5.3 Experimental Aspects of Diffusion Measurements

5.3.1 The Stimulated Echo Sequence (STE)

Spin echo pulse sequences containing two and three 90° rf pulses were studied by

Hahn (Hahn, 1950). He found that the three-pulse sequence can generate up to five

echoes and the first echo after the third rf pulse was named by Hahn “stimulated echo”

(STE). The effects of diffusion of the STE have been studied using both, the steady

gradients (Woessner, 1961) and the pulsed gradients (Burstein, 1996; Tanner, 1970).

In Figure 4 the pulse sequence of a standard PFG-STE diffusion experiment is shown.

The signal intensity for rectangular gradient pulses can be derived by an application of

equation 5-33 to the sequence and yields (including relaxation attenuation):
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S(2τ1 + τ 2) =
S(0)

2
⋅exp − 2τ1

T2
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 −
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factor
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Figure 4: The stimulated echo (STE) pulse sequence with pulsed field gradients.
During τ2 magnetization is stored along the z-axis and therefore subjected only to
longitudinal T1 relaxation. GS indicates a spoil gradient.

From equation 5-38 it is obvious that the signal amplitude of the PFG-STE

experiment is reduced by a factor of two, compared to the PFG-SE experiment

(Stejskal-Tanner experiment). This is a result of the second 90°x pulse, which stores

the magnetization by rotating only the y-components into the ±z-axis and the

remaining x components are eliminated by phase cycling or spoil gradients (Figure 4).

After the storage period τ2 the third 90°x pulse returns the z-components to the ±y-

directions, where the second gradient refocuses the magnetization so that the STE

signal appears at t = 2τ1 + τ2. However, at the time of the echo, the refocused

isochromates are no longer coplanar, but their projection onto the xy-plane define a
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circle which is tangential to the xz-plane. Yet the PFG-STE sequence has one major

advantage compared to the PFG-SE sequence. The major part of Δ can be contained in

the τ2 period, where the magnetization is aligned along the z-axis and therefore

subjected only to longitudinal T1 relaxation. Since for most macromolecules T1 >> T2

is valid, the STE sequence is generally preferred to the SE sequence as long τ1 << τ2.

The ratio of the signal obtained from the stimulated echo (STE) sequence compared to

that obtained from the Stejskal and Tanner (SE) sequence can be calculated using

equations 5-21 and 5-38. In performing these calculations it was assumed that 2τ = T1

in the case of the Stejskal and Tanner sequence and that 2τ1 + τ2 = T1 in the case of the

STE sequence. In Figure 5 the signal amplitude ratio S(STE) / S(SE) is plotted against

the ratio T1 / T2 in a logarithmic scale for three cases of τ1 = τ2/2; τ1 = τ2/4 and

τ1 = τ2/8. As expected, when T1 / T2 = 1, the stimulated echo sequence gives only half

the intensity of the spin echo sequence. However, assuming typical value for

macromolecules with T1 / T2 = 10 and τ1 = τ2 / 4, the enhancement factor for the STE

sequence is greater than 200, and thus more than compensates for the 50% smaller

coefficient.

Figure 5: Logarithmic signal ratio of the stimulated echo sequence (STE) and the
Stejskal and Tanner (SE) sequence versus the ration T1/T2 for three cases as
indicated. In performing the calculation it was assumed that 2τ = T1 for the SE
sequence and that 2τ1 + τ2 = T1 for the STE sequence.
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Another important point is that after the first 90° pulse of the STE sequence

chemical shifts are encoded, which may seriously affect the signal amplitude. For a

spin with offset frequency ωA and position z the component cos(ωAτ1 + γGzδ) will be

stored by the second 90° pulse. The third 90° pulse brings this component back into

the xy-plane and after an additional time τ1 the amplitude of the y-component will be

cos2(ωAτ1 + γGzδ), neglecting the effect of diffusion. For a sample of length L the

amplitude of the peak at ωA, neglecting relaxation, is given by the integral over the

whole sample and thus:

€ 

1
L

cos2
−L 2

L 2

∫ ωAτ1 + γGzδ( )dz =
1
2

+
1
2
cos 2ωAτ1( ) ⋅ sinc LγGzδ π( ) 5-39

The sinc-function is oscillating around zero for all values of G, except those

close to G = 0, there the sinc-function becomes unity. Consequently the signal

amplitude is as expected 1/2 (equation 5-38), however, when the gradient vanishes or

q = γGzδ  is zero, the signal amplitude depends on the frequency offset ωA,

encountering the modulation factor (1/2) cos(2ωAτ). Therefore, in STE experiments

the echo amplitude S0(2τ1 + τ2) for G ≈ 0 should be avoided in data analysis.

5.3.2 Eddy Current Reduction

Rapid changes in gradient pulses can generate eddy currents in surrounding

conducting materials. The induced eddy currents, and thus their associated magnetic

fields which interfere with the main magnetic field, are proportional to the strength of

the gradient and are especially sensitive to rapidly rising and falling gradient pulses,

such as rectangular pulse shapes. If the eddy current tail from the first gradient pulse

in the Stejskal and Tanner sequence extends in to the second τ-period, then the total

field gradient during the second τ-period is not equal to the first and the situation is

analogous to mismatched or non-reproducible gradient pulses. Thus, even if a spin has

not undergone any motion, there will be a residual phase shift, resulting in the

following effects: (a) phase changes in the observed spectra, (b) anomalous signal

attenuation, (c) gradient-induced broadening of signals, and (d) wiggles in the

spectrum due to time-dependent B0 shifts.

5.3.2.1 Shielded Gradient Coils

There are several methods of handling eddy current effects. The most effective

solution is to use shielded gradient coils. The design of gradient coils is out of the

scope of this thesis and can be found elsewhere (Buszko and Maciel, 1994; Price,

1996; Price et al., 1994); however, the commonly used geometry for producing
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gradients along the z-axis are so-called Maxwell pairs of coils which contain two sets

of windings at either end of the coil in opposite handedness. The shielding of this

(primary) gradient coil is achieved by placing a second shield gradient coil outside the

primary one. These coils were originally proposed by Mansfield, Chapman (Chapman

and Mansfield, 1986; Mansfield and Chapman, 1986) and Tuner (Turner, 1986;

Turner and Bowley, 1986) and are designed to cancel the radiation of the main

gradient coil outwards, whereas the gradient generated within the sample volume

would be unaffected by the presences of the shielding coils. Thus, using shielded

gradient coils, generated eddy currents can be reduced typically to < 1% (Burl and

Young, 1996); in return they also yield a decrease in strength and linearity of the

primary gradient coil (Jasinski et al., 1992), which is, however, tolerable for many

experiments (Hurd et al., 1996).

5.3.2.2 Pre-Emphasis

Another commonly used approach is based on the requirement that the sign of

generated eddy current fields is opposite to the change which induced them.

Figure 6: Illustration of the pre-emphasis method to yield the desired gradient
shape against eddy currents.

Therefore, overdriving the currents at the leading and tailing edges of the gradient

pulses will self-compensate for induced eddy current fields. This method is called pre-

emphasis and is performed by adding small exponential corrections of different
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amplitude to the desired waveform (Jehenson et al., 1990; Majors et al., 1990; Van

Waals and Bergman, 1990). In Figure 6 the conceptual idea of pre-emphasis is

illustrated. Owing to the generation of eddy currents the ideal input waveform into the

gradient coil will not produce an identical gradient shape, but will result in a distorted

waveform. Thus the input waveform has to be shaped counteracting the eddy current

effects. In practice this method is not perfect, since the spatial distribution of fields

produced by eddy currents in the surrounding is rather different from those generated

by the gradient coils. However, this method is often used in combination with shielded

gradient systems to improve performance.

5.3.2.3 Longitudinal Eddy Current Delay (LED) Sequence

The LED pulse sequence is a modification by Gibbs of the STE sequence as shown in

Figure 7 (Gibbs and Johnson, 1991). The major change is an additional fourth 90°

pulse at the center of the stimulated echo which stores the magnetization in the

longitudinal direction, while the eddy currents of the second gradient decay. After the

period Te, the magnetization is recalled by the fifth 90° pulse and acquired. However,

the LED sequence does not cope with the eddy current tails of the first gradient. This

can be encountered, by adding a train of three gradient pre-pulses to yield a train of

five equally spaced (Δ) gradient pulses (Hrovat and Wade, 1981a; Hrovat and Wade,

1981b; Von Meerwall and Kamat, 1989).

Figure 7: The LED pulse sequence stores the decoded magnetization prior to
acquisition along the z-axis, until eddy currents have decayed. (Gibbs and
Johnson, 1991)

This ensures that the induced magnetic fields, resulting from previous gradients, are

equal after the first and third 90° pulse; however, they also introduce additional heat

which might yield convection artifacts. Phase cycling to +z/-z is essential for the last

two 90° pulses, in order to remove effects of longitudinal relaxation during Te. The

composite pulse sandwich 90°x Gz 90°-x is equivalent to encoding the spatial position

in longitudinal magnetization by a single B1 gradient pulse and the decoding is done in
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the same manner (Canet, 1997; Cante, 1996; Counsell et al., 1985; Raulet et al.,

1997). Thus, LED may also hold for “longitudinal encoded decoded” which is

analogous to B1 gradient experiments.

5.3.2.4 Bipolar Pulse Pair Gradients (BPP)

One of the best solutions to diminish eddy current effects is the use of self-

compensating, bipolar gradient pulses. In this method the gradient pulse δ is replaced

by a composite bipolar gradient combination (G)-180°-(-G), where G has a duration of

δ/2 (Wider et al., 1994).

Figure 8: Pulse sequence of the BPP-LED experiment. The self-compensating
effect of the bipolar gradient pulse sandwiches largely cancel the generation of
eddy currents.

In Figure 8 the LED sequence is shown using bipolar gradients to encode and decode

the magnetization. The two gradient pulses are of opposite sign and the 180° pulses

between them compensates the induced phase shift of the first gradient pulse within

the pulse sandwich such that, taken as a whole, the effective gradient is equivalent to a

single gradient pulse of duration δ. In addition, eddy currents induced by a positive

polarity of the first gradient pulse are cancelled out by an equivalent negative polarity

of the second gradient pulse, providing self-compensation of induced eddy currents.

The attenuation factor for the BPP-LED sequence as given in Figure 8 can be

corrected for each gradient pair and yields:
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Gradient pulse sequences with alternating polarity were introduced into PFG

NMR spectroscopy originally by Karlicek and Lowe (Karlicek and Lowe, 1980), in

order to take advantage of the fact that the 180° rf pulse refocuses static magnetic
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gradients and the effects of background gradients (Cotts et al., 1989). In high

resolution NMR spectroscopy two other effects are encountered that are also sensitive

to refocusing. In the absence of the 180° rf pulse, chemical shifts are encoded along

with the position dependent phase information during the τ1 period of the STE

experiment (section 5.3.1) which affect the amplitude of the STE signal (Chen et al.,

1998; Pelta et al., 1998). In addition unrefocused chemical shifts in a coupled spin

system generate zero quantum coherence after the second 90° pulse of a STE

experiment, and phase errors due to different relaxation properties of zero quantum

coherence and longitudinal magnetization may occur for long values of the storage

time τ2 (Straubinger et al., 1995). However, the pulse sandwich (G)-180°-(-G)

eliminates chemical shift, exchange and zero quantum problems and thus increases the

quality of the collected data. A potential disadvantage of the BPP-STE or BPP-LED

experiment is that the amount of time to complete the composite gradient pulse pair

exceeds the time required for a single gradient pulse, thus, when T2 relaxation times

are very short in macromolecular systems, the extra amount of time in transverse

magnetization may lead to a loss of signal (Johnson, 1999).

Figure 9: Gradient compensated pulse sequences (a) GCSTE and (b) GCSTESL
with a reduced phase cycle due to the homospoil effect during τ2 (Pelta et al.,
1998).



Pulsed-Field Gradient Spin-Echo and Diffusion 37

Pelta et al. have suggested two additional pulse sequences with self-

compensating gradient pairs (Pelta et al., 1998), which are known as gradient

compensated stimulated echo (GCSTE) and gradient compensated stimulated echo

spin lock (GCSTESL). Both of these pulse sequences, illustrated in Figure 9 feature

bipolar gradient pulse pairs in which one of the pulses is placed in the storage interval

τ2 providing a homospoil effect.

This pulse arrangement avoids the extra 180° pulses required when the BPPs are

placed within the transverse interval τ1. The major advantage is a reduction in the

required phase cycling. Disadvantages are (1) a doubled amount of heating for the

same q = γδΔG; (2) for coupled spin systems phase errors occur due to the generation

of ZQCs; and (3) due to chemical shift evolution amplitude modulation may occur.

The GCSTESL sequence with an additional spin lock interval τSL corrects the line

shape for ZQCs, but not for chemical shift or exchange effects.

5.3.2.5 Shaped Gradients

As already mentioned above, the severity of eddy currents is proportional to dG/dt, the

rise and fall times of the gradient pulses. Hence reducing eddy currents is possible by

slowing down these rise and fall times using shaped pulses instead of rectangular

pulses (Stejskal and Tanner, 1965); commonly used are sine or trapezoidal gradient

pulses. For the case of nearly rectangular shaped pulses solutions for the signal

attenuation from diffusion can be determined by applying the macroscopic approach

(section 5.2.4). Furthermore it can be shown that the precise shape is unimportant as

long as the product, 

€ 

G ⋅ δ , gradient strength times gradient duration is equal to that of

the ideal rectangular pulse (Price and Kuchel, 1991). A detailed discussion and

derivation can be found elsewhere (Price, 1998; Price and Kuchel, 1991); however,
the ratio 

€ 

G ⋅ δ  between a rectangular and a sine shaped gradient pulse is 

€ 

2 π  and for a

squared-sine shape this ratio is 0.5. Thus, compared to a rectangular gradient pulse of

duration δ, a sine shaped gradient pulse applies an effective gradient 

€ 

G ⋅ δ sine which is

reduced to 

€ 

2 π , and a squared-sine shape is reduced to 0.5. This has to be taken into

account when analyzing the data of a diffusion experiment, e.g., in a non-linear least

square regression of the exponential signal decay against the gradient strength.
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5.3.3 Temperature Gradients and Convection

Convection currents are induced in non-viscous samples by temperature gradients.

These temperature gradients are easily possible along the z-axis, since temperature

regulation in NMR probes is normally performed by flowing heated or cooled

(nitrogen) gas through the base of the probe. Assuming that the induced convective

compensation currents are planar along the z-axis, the convection will transport equal

amounts of sample in opposite directions along the temperature gradient. As already

outlined in section 5.2.3 and Figure 3, unidirectional flow will cause a net phase shift

which is equal for all the spins in the sample; however, convection is, considering the

z-axis only, a bidirectional flow with a distribution of velocities canceling all

imaginary parts over the sample volume (equation 5-37). Therefore convection causes

a corresponding damping factor, resulting from a vector addition of positive and

negative phase changes which interfere with the attenuation due to diffusion and thus

increases the measured diffusion coefficient. In addition a non-exponential signal

decay can be observed: convection artifacts are characterized by a downward

curvature in plots of the logarithm of the spin-echo amplitude against q2, where q is
defined as 

€ 

q = γδG . For longer diffusion times, Δ, one can observe an increasing

oscillation of the signal amplitude which is a sensitive detector for convection

artifacts.

5.3.3.1 The Double-Stimulated Spin-Echo Experiment

To scope with convection a modification of the PFG diffusion experiment can be used

which relies on gradient moment nulling. This means that a second gradient set of

opposite effective polarity is applied during the sequence, inducing an opposite

handedness of the “magnetic helix” and therefore resulting in an opposite net phase

shift and thus canceling the overall acquired phase shifts. The mathematical

requirement is therefore that the first moment of effective gradients G* over the entire

pulse sequence is zero, while p is the coherence order (Callaghan, 1993):
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0

t

∫ ′ t ( ) ′ t d ′ t = 0
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G*

z = p ⋅Gz

5-41

The phase shift at time t of a nuclear spin following a path r in a gradient G is

given by:
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0

t

∫ 5-42

The component of the spin’s motion which is along the direction of the gradient

z(t) is relevant and can be expanded in Taylor series:
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Therefore one can write for the phase shift at time t:
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0
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5-44

Mn is the n th moment of G *
z and is set to zero for n = 1, 2,... and higher

moments, thus the Stejskal and Tanner attenuation factor (equation 5-37) becomes

independent of a constant velocity v, leaving the attenuation due to diffusion only.

However, the method does not compensate for turbulent convection. Figure 10

illustrates the most simple velocity-compensated gradient sequence, where during the

first half (2δ) the magnetic winding is of opposite handedness than in the second half

and overall the first moment over all gradients is zero.

Figure 10: Simple gradient spin echo pulse sequence with a zero first moment of
the gradients. The handedness of magnetic winding is indicated above the
sequence.

The flow-compensated double stimulated echo sequence as proposed by

Jerschow and Müller (Jerschow and Müller, 1997) is shown in Figure 11, using

bipolar gradients and an eddy current delay at the end of the sequence which also

allows both coherence-transfer pathways of opposite signs during the precession
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period to be converted to observable magnetization (dashed and full lines). The first

moment of the effective gradient over the whole sequence is zero and the winding

during each diffusion period Δ/2 is of opposite handedness and therefore refocuses all

constant velocity effects. In addition, chemical shifts are also refocused if the delay

Δ/2 is equal to τ1. A proper coherence pathway selection as indicated in Figure 11 is

essential, as the effective gradient is proportional to the coherence order (equation 5-

42). The gradients in the center of the DSTE experiment might be merged together;

however, due to different rise and fall times, discrete identical gradients, such as

during τ1 yield better refocusing. Since chemical shifts are refocused separately in

each precession period by 180° pulses, the delays τa and τb need not to be equal. The

diffusion-dependent signal attenuation for the bipolar double stimulated spin-echo

experiment is given by

€ 

ln(E) = −γ 2G2δ 2D Δ −
4δ
3
−
5τ a
2

−
τ b
2

 

 
 

 

 
 5-45

where Δ, δ, τa and τb are defined as in Figure 11.

Figure 11: Double stimulated spin-echo experiment with bipolar gradient pulses
and an eddy current delay at the end of the sequence. The selected coherence
transfer pathways p(t) are given beneath the sequence.
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5.3.4 J Modulation, Cross Relaxation and Chemical Exchange

5.3.4.1 J Modulation

In coupled homonuclear spin systems the precession frequencies and thus the

refocusing depend on the magnitude of the spin coupling constant, J. In addition, the

echo sequence used for measuring diffusion exchanges the spin states of coupled

nuclei and echo maxima occur when,

€ 

τ = n J
and negative maxima occur when
τ = n 2J( )
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where J is the coupling constant in Hertz and n is an integer. Thus to obtain a good

signal-to-noise ratio it is important to consider the pulse sequence delays with respect
to J, and it is preferable to keep 

€ 

τ1 <<1 J . This is of special importance in PFG

experiments where the magnetization is not stored along the z axis during diffusion.

Decoupling of coupled spin systems can cause anomalous changes in signal intensity,

especially in systems with large coupling constants which is due to an incomplete

decoupling during gradient pulses.

5.3.4.2 Cross Relaxation in STE-type Experiments

Diffusion measurements of macromolecular systems in water can cause cross

relaxation. The problem of cross relaxation does not apply to the original Stejskal and

Tanner experiment; however, for STE pulse sequences (section 5.3.1) the situation is

as follows: After the first 90° rf pulse, both the macromolecule and water

magnetization are in the x y-plane. The transverse T2 relaxation time of the

macromolecule is much less than that of water, such that by the end of the τ1 period

the macromolecules are fully relaxed, whereas the relaxation of the water

magnetization is more or less insignificant. Thus, after the second 90° rf pulse, the

longitudinal z magnetization of the macromolecule is zero, as it was entirely aligned

along the z axis due to relaxation prior to the pulse. In contrast, the water z

magnetization is proportional to cos(qz), where q = (2π)-1γδG, as the gradient pulse

creates a “magnetization helix” along the direction of the gradient with a period of

2π / (γδG). However, as qz ranges over many periods within the sample, the net z

magnetization of water over the whole sample is zero. During τ2 cross relaxation

results from local equilibrium differences between both magnetizations and thus cross

relaxation will depend on q = (2π)-1γδG and thus G. A detailed discussion including

equations accounting for this cross relaxation in a two-phase system can be found

elsewhere (Peschier et al., 1996). Under certain conditions it is also possible to
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determine the exchange parameters, allowing D to be calculated correctly (Peschier et

al., 1996).

5.3.4.3 Effects of Chemical Exchange

Chemical rate processes have been studied by NMR spectroscopy for decades and the

ways that chemical exchange affects NMR spectra are very diverse, such as line

broadening and coalescence, or lack of coupling to exchangeable protons or cross-

peaks in a NOESY-type spectrum. However, the underlying mechanism is much the

same (Bain, 2003; Johnson, 1965). In the standard model for chemical exchange,

nuclei or groups of nuclei explore a number of sites in a Markovian random process.

These sites are associated with a different chemical environment and thus

characterized by different spin Hamiltonians. Examples are basic groups which may

accept a proton or conformational rearrangements or different molecular

configurations, such as cis and trans isomers. Chemical exchange processes are

defined by their rate relative to the NMR timescale and can be grouped in slow

exchange, which is defined by a situation where characteristic individual sites can be

observed in the spectra by individual signals, and fast exchange, which yields an time-

averaged spectrum over the different sites. The path from slow exchange to fast

exchange consists of line broadening, coalescence and motional narrowing as the

mean lifetimes for the occupation of different sites decrease. These exchange rates,

i.e., inverse lifetimes, can be manipulated by changes in temperature or concentration

of participating species for intermolecular interactions.

With the use of diffusion NMR spectroscopy arise new possibilities, as it is of

no matter whether the spin Hamiltonian is different in different sites or not, as long as

the hydrodynamic properties of the species are different. In addition, as the variable is

q2 rather than time, there is nothing analogous to lifetime-dependent line broadening

in diffusion measurements. Nevertheless a variation of the storage time τ2 in STE-type

diffusion measurements sometimes permits the observation of slow and fast exchange

limits without changing the physical properties of the sample (Johnson, 1993); (Chen

et al., 1998).

5.3.4.3.1 Two Site Exchange and Effects in Diffusion Spectra

The effect of chemical exchange on the longitudinal magnetization during the

diffusion time interval τ2 in an STE experiment (Figure 4) can be calculated,

assuming that τ1 « τ2, so that τ2 ≈ Δ. Taking into account diffusion, flow and chemical

exchange, the rate of change of the nuclear magnetization Mn(r,τ2) for the nth species

with spatial coordinates r is given by Bloch equations:
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€ 

∂M(r,τ 2)
∂τ 2

= −
Mn r,τ 2( )
T1n

+∇ ⋅ Jn r,τ 2( ) + Knm
m
∑ Mm r,τ 2( )

where rate the constants are
kn = −Knn  and knm = Knm

and the flux is defined by
Jn r,τ 2( ) = −Dn∇Mn r,τ 2( ) + Mn r,τ 2( ) ⋅ vn r,τ 2( )
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In equation 5-47 Dn and vn(r,τ2) are the diffusion coefficient and the velocity of

the n th species, respectively. These equations and their solution taking the spatial

Fourier transform have been discussed by Kräger et al (Kräger et al., 1988); and

similar equations for nuclear magnetic relaxation in multiple phase systems were

previously treated by Zimmermann and Brittin (Zimmerman and Brittin, 1957).

Real applications often involve a two-site exchange, and for this case analytical

solutions can be carried out, neglecting flow,

€ 

∂M K,τ 2( )
∂τ 2

= LM K,τ 2( )

where

L =
LAA LAB
LBA LBB

 

 
 

 

 
 =

−kA − RA kB
kA −kB − RB

 

 
 

 

 
 
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where Rn = (1/T1n) + Dnq
2, describing relaxation and L describes the exchange using

the rate constants kA and kB at either site.

For the case that the chemical shift difference between the sites is much larger

than the exchange rate the required matrix elements are available in literature (Ernst et

al., 1987):

€ 

MA =
MA 0

2
−
βMA 0 − kBMB 0( )

2χ
 

 
 

 

 
 exp −α + χ( )τ 2[ ]

      +
MA 0

2
+
βMA 0 − kBMB 0( )

2χ
 

 
 

 

 
 exp −α − χ( )τ 2[ ]

MB =
MB 0

2
+
βMB 0 − kAMA 0( )

2χ
 

 
 

 

 
 exp −α + χ( )τ 2[ ]

      +
MB 0

2
−
βMB 0 − kAMA 0( )

2χ
 

 
 

 

 
 exp −α − χ( )τ 2[ ]
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where
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€ 

MA 0 = MA q,0( ); MB 0 = MB q,0( )
and

α =
1
2
kA + kB + DAq

2 + DBq
2[ ]

β =
1
2
kA − kB + DAq

2 −DBq
2[ ]

χ = β 2 + kAkB
and
q = γδG

5-49b

When considering the special case in which the chemical shift difference is zero

or much less than the exchange rate so that a single line is observed in the NMR

spectra, the diffusion spectrum is calculated by the sum M(q,τ2) = MA(q,τ2) + MB(q,τ2)

and thus yields:

€ 

M q,τ 2( ) =
M0

2
+
Λ
2χ

 

 
 

 

 
 exp −α + χ( )τ 2[ ]

            +  M0

2
−
Λ
2χ

 

 
 

 

 
 exp −α − χ( )τ 2[ ]
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€ 

where
M0 = MA 0 +MB 0

and
Λ = β MB 0 −MA 0[ ] + MA 0kA + MB 0kB

5-51

The probability of occupation of the nth site (n = A, B) is pn and the mean

lifetime of a spin in this site is τn = 1/kn. Therefore pA = τA/(τA + τB) and N = kτ2/2 is

the mean number of times that a spin changes sites during the longitudinal storage

period τ2, when k = kA/pB = kB/pA = 1/τ. If tA and tB are the total amounts of time that a

spin occupies the sites A and B, the longitudinal storage period is given by τ2 = tA + tB

and the equilibrium constant is then Keq = tB / tA.

In addition, from equation 5-50 it is clear that chemical exchange in diffusion

spectra does not yield a simple sum of exponentials because the variable q appears in

the coefficient as well as in the exponents. A plot of ln(M) versus q2τ2 of equation 5-

50 for different values of τ2 is given in Figure 12.



Pulsed-Field Gradient Spin-Echo and Diffusion 45

Figure 12: Effects of the echo amplitude ln(M ) versus q2τ2 for a two-site
exchange calculated with equation 5-50 using DA = 2.0; DB = 0.1; kA = 10;
MA0 = 0.4 and kB = 66.6; MB0 = 0.6.

The two site exchange was calculated using DA = 2.0; DB = 0.1; kA = 10;

MA0 = 0.4 and kB = 66.6; MB0 = 0.6. The slow exchange limit is given in the upper

curves for large values of q2τ2, where τ2 < 2/k = 0.12 and N < 1. The dominating effect

of these curves is the summation of two exponentials and thus, basically, the slope is

associated with DA and DB. In the limit of large q2τ2 values or short τ2 storage times

dominates Dslow, which corresponds to DB, whereas the initial slope for small values of

q2τ2 or longer τ2 storage times is the fast exchange limit which corresponds to a

population averaged diffusion constant Dav = pADA + pBDB. Therefore it is also

possible to extrapolate the populations A and B, as the intercept, i.e. q2τ2 = 0 value, of

the line with slope Dav is taken to be ln(MA + MB), while the intercept of the slow

exchange line extrapolated from large q2τ2 values is equal to ln(MA). The curve with

the steepest slope, actually a straight line with slope Dav, represents the fast exchange

limit, which can be obtained by setting τ2 > 20/k so that N > 10.
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Thus under favorable conditions it is possible to obtain a diffusion spectrum

with two individual peaks in the slow exchange limit and similarly a diffusion

spectrum with a single peak in the fast exchange limit by varying the diffusion storage

time τ2. The application of this theory for the analysis of protein / ligand interaction is

called affinity NMR (Lin et al., 1997) and an example is given by Derrick et al. (Chen

et al., 1998; Derrick et al., 2002).

5.3.5 Multiple Quantum Experiments

Large gains in sensitivity and resolution can be made through the use of pulse

sequences which generate either homonuclear or heteronuclear multiple quantum

transitions. In multiple quantum experiments, it is the effective sum of the

gyromagnetic ratios, γ, of the nuclei involved in the coherence which is relevant to the

attenuation. In fact, the effect of gradients is scaled up by n2, where n is the coherence

order, therefore homonuclear double quantum coherence is four times as sensitive to

the effects of field gradients as single quantum coherence (Kay and Prestegard, 1986).

In addition, for n coupled protons, the n-quantum transition is not subject to dipolar

couplings, thus allowing an increase in the possible observation time owing to

decreased relaxation. The attenuation of multiple quantum coherence requires a

smaller gradient strength compared to the same degree of attenuation of single

quantum coherence and thus introducing fewer eddy current effects. Vice versa,

smaller diffusion coefficients can be distinguished using multiple-quantum coherence

with the same gradient strength as for single quantum coherence, which is especially

important for the application to macromolecules (Dingley et al., 1997). The use of

double quantum coherence requires coupled spin systems with well-resolved one-

quantum transitions which can be differentially excited to produce multi-quantum

coherence. For the Stejskal and Tanner pulse sequence, in the case of free of free

diffusion, the echo signal attenuation due to diffusion can be written as:

€ 

E q,Δ( ) = exp − f γ( )G2δ 2D Δ −
δ
3

 

 
 

 

 
 

 

 
 

 

 
 5-52

For normal single quantum coherence experiments as discussed above f(γ) is

given by:

€ 

f γ( ) = γ 2 5-53

For homonuclear multiple quantum coherence experiments f(γ) is given by:

€ 

f γ( ) = nγ( )2 5-54
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For heteronuclear double quantum coherence with an IS spin system, where I is

the observed nucleus f(γ) is given by:

€ 

f γ( ) =
γ I + γ S
γ S

 

 
 

 

 
 

2

γ I 5-55

In Figure 13 an example of a multiple quantum STE pulse sequence is

presented (Kay and Prestegard, 1986).

Figure 13: Multiple Quantum PFG sequence based on the stimulated echo
experiment. The phase cycling can be found elsewhere (Kay and Prestegard,
1986).
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5.3.6 Diffusion Ordered Spectroscopy: DOSY

As discussed in the previous chapters, the implementation of transport ordered NMR

spectroscopy is possible because information about translational motion can be

encoded in NMR data by the use of pulsed field gradient experiments. The principle

idea of DOSY is analogous to conventional 2D NMR spectroscopy: The

incrementation of an experimental variable that modulates the detected signal which

can be transformed with respect to that variable to produce a “spectrum”; however, in

this case related to molecular motion and thus related to overall molecular properties.

Diffusion spectra can be obtained by incrementing the “gradient effect” which is

reflected in the value of q = f(γ)Gδ and in the separation of the gradient pulses Δ.

Transformation of the signal amplitude with respect to q2 yields the second dimension

of a spectrum which correlates the chemical shift with its diffusion coefficient – a so-

called DOSY spectrum (Johnson, 1994; Johnson, 1999).

The ability of DOSY to provide accurate distributions of diffusion coefficients

for the construction of 2D and 3D DOSY displays depends on the inversion of data

sets that consist of NMR spectra collected with predetermined values of q2Δ´, where

Δ´ is defined as Δ´ = (Δ + δε) and ε depends on the shape of the gradient pulse. FT-

PFG NMR experiments of the STE or BPP-STE types yield 2D data sets of the form,

€ 

S q,vm( ) = An vm( )exp −Dnq
2 ′ Δ [ ]

n
∑ 5-56

where An(vm) is the amplitude of the 1D NMR spectrum of the nth diffusing

species when G is small but not zero, as (section 5.3.1) the echo amplitude will

depend on the chemical shift for vanishing gradient strength, unless bipolar gradient

pairs are used, and Dn is the associated diffusion coefficient. For the case that a

polydisperse component contributes to the peak at frequency vm, a continuum of

values of D must be considered and the 1D data set describing the signal attenuation

of this peak must then be described by

€ 

S s( ) = a λ( )exp −λs( )dλ
0

∞

∫ 5-57

where 

€ 

λ = D and s = q2 ′ Δ . Therefore the signal decay S(s) is the Laplace

transform of the Laplace spectrum of diffusion coefficients a(λ). Considering a

discrete system, consisting of a small set of decay constants λι, a(λ) is the weighted

sum of delta functions and equation 5-56 is obtained.

However, unlike the Fourier transformation of an FID, yielding a unique NMR

spectrum, the inverse Laplace transformation (ILT) of the decay function S(s) is often

not unique and a number of reasonable assumptions have to made, with the goal of
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producing the most likely spectrum of diffusion coefficients. The problem is

illustrated in Figure 14: at the top an FID is converted by Fourier transformation into

a unique NMR spectrum, including line broadening due to exponential T2 relaxation

of the FID. At the bottom the PFG-NMR signal decay consists of two components

with different diffusion coefficients and amplitude. For an ideal transformation like

FT, the signal decay would yield the Laplace spectrum of delta functions, illustrated

on the right side and the inverse transformation would exist. However, in fact there is

no perfect and unique transformation and in the presence of noise it might be

impossible to obtain any useful spectrum. Thus the dotted curves in the diffusion

spectrum indicate an experimental error in an approximate transformation. However,

many different software packages exist in literature, such as DISCRETE (Provencher,

1976), SPLMOD (Provencher and Vogel, 1983), CONTIN (Morris and Johnson,

1993) or MaxEnt (Delsuc and Malliavin, 1998), to deal with that problem and a

review of available software is given by Johnson (Johnson, 1999).

Figure 14: Illustration of the reversible Fourier transformation of an FID,
producing a NMR spectrum, and the inverse Laplace transformation of a
biexponential decay representing different diffusion coefficients. The dotted lines
in the DOSY spectrum indicate experimental errors in using an approximate
transformation.

The initial motivation for the development of 2D and 3D DOSY spectra was to

obtain an additional dispersion of NMR peaks in order to avoid overlap in the analysis
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of compound mixtures, spreading cross-peaks in a conventional 1D or 2D NMR

spectrum according to the diffusion coefficient of the various species in the additional

dimension. Therefore the third or second axis in a DOSY spectrum is not a chemical

shift, but a diffusion dimension. The creation of 3D DOSY requires the design of a

combined 2D NMR and PFG-NMR pulse sequence and the development of

algorithms which group data points to cross-peaks and relate them versus their q2-

dependent data sets in the third dimension. Any 2D NMR experiment can be used in

this combination and Figure 15 illustrates a 3D COSY-DOSY (Wu et al., 1996).

However, HMQC- (Bax et al., 1983) or HSQC-DOSY (Bodenhausen and Ruben,

1980), TOCSY-DOSY (Jerschow and Müller, 1996), and NOESY-DOSY (Gozansky

and Gorenstein, 1996) have been reported in literature.

Figure 15: Pulse sequence for the 3D DOSY-COSY experiment. The phase
cycling is given in (Wu et al., 1996).

5.3.7 Gradient Calibration

Prior to the determination of absolute diffusion coefficients, the gradient strength has

to be determined quite accurately as the gradient is squared in calculating the diffusion

coefficient (equation 5-36). There are several methods to calibrate the gradient

strength, although it should be noted that relative diffusion coefficients between

different species can be measured without any calibration.

5.3.7.1 Theoretical Coil Calculation

Theoretically the applied gradient strength can be calculated from the known

dimensions, the geometry, the number of turns of wire in the coil and the applied

current. This method gives an estimate of the gradient strength with an error of < 10%.

Interactions with nearby metal in the probe and non-ideal gradient pulse generation

are major problems in this method in order to determine a more accurate gradient
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strength. The gradient strength which is delivered by the design of contemporary

Bruker Biospin high-resolution probes is as follows:

 High resolution Z-gradient probe: 5.35 G/(cmA)

 Z-gradient of a high resolution XYZ-gradient probe: 6.50 G/(cmA)

 X and Y gradients of a high resolution XYZ-gradient probe: 5.00 G/(cmA)

5.3.7.2 Standard Sample with Known Diffusion Coefficient

The most simple, but nevertheless very accurate method of calibrating the gradient

strength is to use a standard sample of known diffusion coefficient. Ideally, a

reference compound should have a diffusion coefficient and T2 relaxation rates that

are not strongly temperature dependent. Usually one will use a water sample for the

calibration, in practice a so-called “doped water” sample is best, which is 1% H2O in

D2O with 0.1 g/L GdCl3. Because the sample is practically D2O whereas H2O only

serves as a tracer, the proton diffusion coefficient is that of D2O at a given

temperature. The temperature control and calibration is of importance and can be

achieved by measuring a calibration curve, using methanol as standard sample.

Diffusion coefficients of water at different temperature and with different

concentration of D2O are listed in literature (Holz et al., 2000). Other useful values are

given in table 1, a comprehensive listing can be found in (Holz and Weingärtner,

1991).

Table 1: Reference compounds and their diffusion coefficient at 298 K for the calibration of
the gradient strength

Compound Diffusion Coefficient
cm2/s

Reference

H2O 2.30 x 10-5 (Mills, 1973)
H2O in D2O
(trace)

1.902 x 10-5 (Holz and Weingärtner, 1991)

H2O in D2O
(10 mol%)

1.935 x 10-5 (Holz and Weingärtner, 1991)

D2O 1.872 x 10-5 (Mills, 1973)
Alanine 7.3 x 10-6 Bruker Almanac
Sucrose 2.9 x 10.6 Bruker Almanac
Glucose 3.6 x 10-6 Bruker Almanac

In addition, systematic investigations of isotope effects on water diffusion have

yielded accurate values for the limiting self-diffusion coefficient of H2O / D2O

mixtures (Weingärtner, 1984). From these data and others one can describe the self-

diffusion coefficient of H2O in H2O / D2O mixtures with the equation,

€ 

109D = 2.30 − 0.4652 ⋅ xD + 0.0672 ⋅ xD
2

5-58
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where xD is the mol fraction of the deuterons and D is given in m2s-1.

From the measured diffusion coefficient a gradient calibration constant (GCC)

can be calculated to adjust the experimental determined values to the theoretically

values by:

€ 

GCCnew =
Dmeasured

DLiterature

⋅GCCold 5-59

This procedure can also be applied in the calibration of a three-axis gradient

system in a similar way.

If the reference sample conditions (e.g. delays, pulse lengths, gradient strength

etc.) are used in the subsequent experiment, this calibration procedure has the

advantage of including all non-ideal gradient behavior.

5.3.7.3 Shape Analysis of the Spin Echo

It is possible to calculate the gradient strength using the echo shape from a sample of

known geometry. The most commonly used sample geometry is a cylinder of length l

and radius r (Figure 16), e.g., a well-defined sample in a Shigemi tube. A one-

dimensional image of the sample can be obtained by the Hahn spin-echo experiment

(Hahn, 1950) which consists of a read gradient of strength G during acquisition. In the

absence of gradients there is no spatial dependence of the resonance frequency,

however, in the presence of gradients there is. Therefore the observed spin-echo and

its spectrum will reflect the gradient and the shape of the sample. For a gradient

G = Gx across the sample it can be calculated (Price, 1998) that the FID will have a

characteristic Bessel function profile, whereas the FID acquired in the presence of a

gradient G = Gz along the sample has a sinc function profile. The Fourier transforms

of both FIDs are more informative, they are rapidly oscillating functions with sharp

frequency cutoffs in both cases. The power spectrum makes the cutoff easier to

visualize. The width (Δv) of the spectrum in Hz is given by (Figure 16):

€ 

For G = Gx :  Δv =
γ ⋅G ⋅ r

2π

For G = Gz :  Δv =
γ ⋅G ⋅ l

2π

5-60

A detailed deviation of these equations, including the functions describing the

FID profiles and their Fourier transformations, is given by Price et al. (Price, 1998)

Experimentally, the FIDs are often much more truncated and therefore the oscillation

artifacts in the transformed spectra are more pronounced. The higher the number of

points used for the transformation, the sharper are the edges of the spectrum.
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From equations 5-60 it is evident that even modest gradient pulses require a

substantial receiver bandwidth to acquire the signal. In addition, if the gradient

strength is increased, more scans are necessary to obtain a sufficient signal-to-noise

ratio. The gradient strength can than be calculated by analyzing the shape of the

respective FID (Murday, 1973; Price, 1998) or more conveniently by analyzing the

Fourier transformed spectrum. Typically, this method is most useful in case where the

gradient is along the cylinder axis Gz, since the shape of this image is ideally

rectangular. The FID is recorded in the presence of a number of different gradient

strengths and for calibration, the bandwidth Δv is plotted against the applied current.

Ideally the final result will have an error of < 5%. An advantage of this method is that

the sample diffusion coefficient is not involved in the calibration, as long as the

dimensions of the NMR tube holding the sample are accurately known. However, this

method is only applicable to rather small gradients, since the gradient broadened

spectrum rapidly exceeds the maximum bandwidth of the receiver.

Figure 16: Schematic diagram of the cylindrical sample of length l and radius r
used for the determination of the gradient strength G by a one-dimensional image
of the sample using the Hahn spin-echo sequence. In the upper row a gradient Gx

is aligned in the x direction of the sample, and in the lower row along the z
direction.



54 Pulsed-Field Gradient Spin-Echo and Diffusion

5.4 Hydrodynamic Calculations

5.4.1 Types of Bead Modeling

The hydrodynamic behavior of macromolecules in solution can be calculated and

simulated starting from the atom coordinates of a given molecule. The

macromolecular properties which can be obtained from hydrodynamic calculations are

translational diffusion coefficients, Dt, rotational diffusion coefficients, Dr, relaxation

times, τ, the intrinsic viscosity, η, and the radius of gyration Rg. From one or more

properties it is possible to determine the size and shape of proteins, their anisometry

(axial ratio) and the degree of hydration. This classical approach was already

described in section 5.1.

The problem of predicting the hydrodynamic properties of rigid macromolecules

of arbitrarily complex shape was first studied by Bloomfield et al. (Bloomfield et al.,

1967). They worked within the Kirkwood-Risenman theory of macromolecular

hydrodynamics (Kirkwood, 1954) which had been applied to very simple models of

identical elements (Riseman and Kirkwood, 1950) and devised procedures for

calculating the properties for models composed of equal or unequal spherical

elements, so-called beads. In general, a bead model is any representation of a particle

as an array of spherical frictional elements. Individual Stokes-law friction coefficients

are assigned to each element, and the hydrodynamic interaction between them is

accounted for by means of the Oseen tensors. However, there are different strategies

for building the hydrodynamic bead model.

The bead model, in strict sense, is a method in which the particle is represented

by as few beads as possible, identical or different, and occupying approximately the

volume of the particle. The array of beads should have an envelope that resembles the

shape of the particle as closely as possible (Figure 17; A). A classical example of

bead modeling is Bloomfield´s model for T2 bacteriophage (Bloomfield et al., 1967b).

As it is only the surface of a solid particle where hydrodynamic friction occurs,

Filson and Bloomfield proposed the shell model (Filson and Bloomfield, 1967), in

which the particle surface is represented by a shell-like assemblage of many small,

identical frictional elements. Hydrodynamic calculations can be performed by varying

the elements radius and the result can be extrapolated to an elements radius of zero

and an infinite number of elements (Figure 17; B).

In an alternative modeling method, the volume occupied by the particle is filled

by elements (beads) (Figure 17; C) which is the accurate procedure for predicting

properties that depend specifically on the particles volume. Such is the case for the

angular dependence of radiation (light or x-ray) scattering from the particle (Muller et
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al., 1983). However, for simple hydrodynamic calculations this model is inefficient

because it includes internal beads that do not contribute to friction. Thus with a

decreasing elements radius the computer time grows dramatically due to the high

number of beads needed. In the case where these innermost beads are simply removed

(a bead is considered internal when it is completely surrounded by other beads) and

the particles surface is represented in a rough manner, which becomes better by

decreasing the elements radius, one speaks of a rough-shell model (Figure 17; D).

Figure 17 Two-dimensional analogies of various model types. (A) Bead model
in strict sense; (B) Shell model; (C) Filling model; (D) Rough-shell model.

A review of these different modeling approaches and their advantages and

disadvantages is given by García de la Torre et al. (García de la Torre et al., 2000a).
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5.4.2 Rigid-Body Theory

For a particle of arbitrary shape, the hydrodynamic resistance is expressed by means

of a 6 x 6 friction tensor, Ξ, and the Brownian diffusion is expressed similarly by a

6 x 6 diffusion matrix, D . The friction forces must be compensated for by the

averaged kinetic energy of the particle and thus according to the Einstein equation

(equation 5-10), the diffusion tensor is inverse proportional to the friction tensor

(García de la Torre, 1989):
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Both Ξ  and D  can be partitioned into 3 x 3 blocks, which correspond to

translation (tt), rotation (rr) and a translation-rotation coupling (tr), so that
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The superscript T indicates transposition. The degree of translation-rotation

coupling is, however, rather small (Beloborodov et al., 1998), so that the translational

and rotational diffusion coefficients and their friction coefficients are given by
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Dt =
1
3
Tr Dtt( ) and f t = kT Dt

5-63
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where Tr is the trace of the tensor. The rotational relaxation times are calculated from

the eigenvalues of the Drr tensor and yield:
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The theory of hydrodynamic properties of bead models provides a procedure to

calculate the components of Ξ. A key concept in bead model hydrodynamics is the

hydrodynamic interaction effect. The frictional force experienced by a bead depends

not only on its relative velocity and its friction coefficient, but also on the frictional

forces that act at all the other beads. From the Cartesian coordinates and radii of the N

beads in the model, the 3 x 3 hydrodynamic interaction tensors between beads i and j,

Tij(i, j = 1, ..., N) are calculated. This tensor was originally formulated by Oseen as

€ 

Tij = 8πη0Rij( )
−1
I+RijRij Rij

2( ) 5-66
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where I is the unit tensor and Rij is the distance vector between elements i and j.

This equation was later generalized for elements of different radii (García de la Torre

and Bloomfield, 1977).

After calculating the tensors Tij a 3N x 3N supermatrix B is composed of

€ 

Bij = Tij  if i ≠ j

Bij = 1
ς i
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where ζi is the Stokes law friction coefficient of bead i, with radius σi and η0

being the viscosity of the solvent. The inverted supermatrix C = B-1 gives in turn the

components of Ξ as:
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The rotational friction calculated from equation 5-68 and the intrinsic viscosities

are erroneous when applied to models in which one or a few spheres have a size close

to the whole particle. Actually, for a single sphere, these equations give the erroneous

results of Ξrr
uncorr = 0 and ηuncorr = 0 instead of the Einstein expressions. Therefore, a

simple additive correction for the rotational friction tensor was developed – the so-

called volume correction (García de la Torre and Rodes, 1983):

€ 

Ξrr = Ξrr
uncorr + 6η0VI 5-70

where I is the unitary tensor, η0 is the solvent viscosity and V is the volume of the

model, equal to

€ 

V =
4
3
π σ i

3

i=1

N

∑ 5-71

where σi are the individual bead radii.

A similar correction is possible for the intrinsic viscosity (García de la Torre et

al., 1994):

€ 

η =
5NAV
2M

+ηuncorr
5-72

where V is again the total volume of the whole bead model, understood as the sum of

the volumes of all the spheres.
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6 Biochemical and Structural Studies on p53, p63 and

Bcl-xL

6.1 Introduction

6.1.1 Overview of Apoptosis

Apoptosis is a key component in the development and maintenance of tissues within

multicellular organisms, providing a tightly regulated and selective mechanism for the

deletion of superfluous, infected, mutated or aged cells. It is involved in

embryogenesis, metamorphosis, endocrine-dependent tissue atrophy, normal tissue

turnover, and a variety of pathologic conditions resulting from its dysregulation (Ellis

et al., 1991; Nicholson, 1996; Steller, 1995; Thompson, 1995). Apoptotic cells are

characterized by a condensation of chromatin, reduction in nuclear size, DNA

cleavage, shrinkage and breakdown of the cell into membrane-bound apoptotic bodies

(Hacker, 2000; Wyllie, 1980). These bodies are subsequently phagocytosed by other

cells.

In contrast, the process of necrosis is characterized by a swelling of cells and

their organelles due to the disruption of the plasma membrane. The cell contents then

leak out leading to inflammation and ultimately cell disintegration. Thus, normal

apoptosis is a programmed and highly regulated physiological response in which cell

death occurs without collateral damage to surrounding tissues (Figure 18).

A diverse group of signals induce apoptosis, including UV or γ-irradiation,

oxidative damage, growth factor withdrawal, or the cytokines TNF-α and TGF-β. As

tumor cells show a disturbed equilibrium between proliferation and apoptosis,

conventional cancer therapies take advantage of this apoptotic mechanism by

employing ionizing radiation or chemotherapeutic drugs to damage DNA and induce

selective apoptosis of rapidly growing cells. However, killing of tumor cells is often

incomplete, allowing tumor recurrence and progression toward more aggressive

phenotypes.

Therefore an understanding of the molecular mechanisms by which cells

undergo and induce apoptosis is an important goal for the development of new tumor

therapies.
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Figure 18: Schematic overview of selected signal pathways regulating apoptosis.



Biochemical and Structural Studies on p53, p63 and Bcl-xL 61

Apoptosis is regulated by two principle pathways (Figure 18). First, the intrinsic

pathway emerges from the mitochondria as a result of radiation, redox damages from

detoxification and drugs that cause direct DNA damage. The central role of

mitochondria in the control of apoptosis has been firmly established (Ravagnan et al.,

2002). Wang and co-workers demonstrated that the release of cytochrome c from the

mitochondria into the cytosol by a membrane permeability transition pore complex

results in the activation of caspases which are cystein proteases and the central

regulators of apoptosis. This culminates in the formation of the large apoptosome

protein complex, consisting of procaspase 9, APAF 1 and cytochrome c, and the

activation of effector caspases (caspases 3, 6 and 7). Once these caspases are activated

they cleave cytoskeletal and nuclear proteins and execute apoptosis (Los et al., 1999).

The intrinsic pathway overlaps with the extrinsic pathway in many regulatory as

well as downstream effector molecules. The extrinsic pathway is activated by ligand

binding to specific death receptors on the cell surface and has a central role in

physiologically programmed cell death as well as immune system diseases. The

prototypical receptor pair in the large tumor necrosis receptor superfamily is the Fas-

FasL system (Varfolomeev and Ashkenazi, 2004). Death receptors possess an

extracellular death domain (DD). Binding of the ligand to the receptor stimulates the

oligomerization of the receptors through their death domains. The receptors then

recruit and bind to other DD-containing proteins such as adaptor proteins, FADD and

RAIDD. These adaptors then bind a proximal caspase forming a death inducing

signaling complex and activate the caspase proteolytic cascade via clustering

(Ashkenazi and Dixit, 1998; Schulze-Osthoff et al., 1998).

Apoptosis is both positively and negatively regulated. Numerous factors are

involved in the induction of apoptosis and many other factors have been identified that

prevent cell death. Anti-apoptotic ligands include growth factors and cytokines, many

of which induce anti-apoptotic Bcl-2 family members. These Bcl-2 family members

protect the integrity of the mitochondrial membrane, thus preventing cytochrome c

release and caspase activation (Ravagnan et al., 2002). Apoptosis inhibitors include

factors that inhibit caspases directly or prevent their activation. Akt, a serine/threonine

protein kinase, is an important anti-apoptotic factor in a number of ways, e.g., it

inhibits the pro-apoptotic Bcl-2 family member, Bad, and directly inhibits caspase 9.

The TNF-α receptor has anti-apoptotic effects in addition to its pro-apoptotic effects,

as it can activate the transcription factor NF-κB, which then induces the expression of

IAP, an inhibitor of caspases 3, 7 and 9. Integrines are receptors that mediate

attachment and spreading on extracellular matrix (ECM) proteins and transduce

signals that regulate cell growth, survival and gene expression (Gottschalk and
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Kessler, 2002; Ridley et al., 2003), which involves cascades of phosphorylation

reactions catalyzed by intracellular phosphokinases (Berman et al., 2003). It was

found that integrine aggregation into clusters not only induces focal adhesion

assembly involving cytoskeletal proteins (DeMali et al., 2003; Hayashi et al., 2002),

but also causes concentrating of phosphokinases in these structures (Vuori, 1998). In

fact, FAK plays a key role in the transduction of integrine mediated signaling.

Concentrating FAK in focal adhesions causes autophosphorylation at tyrosine 397.

The phosphorylated Tyr397 binds to the SH2 domain of the protooncoprotein c-Src.

Binding to FAK activates Src kinase which catalyzes phosphorylation of other

tyrosine residues in FAK, followed by the binding of the adaptor proteins p130Cas and

Grb2 to the FAK-Src complex. Grb2 activates the SOS enzyme which catalyzes

guanine nucleotide exchange in Ras, resulting in the active Ras-GTP, which again

triggers the MAP-kinase cascade, including sequential activation of the

serine/threonine type kinases Raf, MEKK and Erk. The latter one is translocated into

the nucleus where it phosphorylates and activates genes responsible for proliferation

(Kopnin, 2000). Pathways of integrine-mediated proliferation and growth-factor

regulated proliferation converge at the stage of Grb2-Ras. However, a lack in integrine

signaling leads to activation of ATM / CHK2 kinases which phosphorylate p53 at

serines15 and 20 (Hirao et al., 2000) and therefore block binding to MDM2, resulting

in p53 stabilization by preventing MDM2-mediated degradation of p53 (Stommel et

al., 1999). Additionally, increased levels of p14/p19Arf have been observed, inhibiting

the action of MDM2 (Lewis et al., 2002). Increased p53 results in transactivation of a

number of targets including genes that control cell growth, cell arrest, apoptosis or

DNA repair (Hofseth et al., 2004).

Overall, apoptosis is a complex process involving numerous factors operating in

multiple pathways that must be carefully regulated for the proper growth and

development of an organism. Failure to properly execute apoptosis can lead to a

number of disease states such as cancer, Parkinson´s disease and AIDS (Ghibelli et al.,

2003; Genini et al., 2001; Roumier et al., 2003).
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6.1.2 p53: Function, Structure and Family Members

6.1.2.1 p53 Function

The intense interest in p53 has generated up to now (August 2004) more than 32500

publications. This fascination with p53 stems from its contribution to tumor

suppression, and the fact that loss of normal p53 function by mutation occurs in

almost all cancers of both mice and men (Hollstein et al., 1991; Vousden, 2003;

Vousden, 2002). The p53 protein is a transcription factor regulating many cellular

processes, including cell cycle, DNA repair, apoptosis, angiogenesis, senescence, and

thus acts as major tumor suppressor (Levine, 1997; May and May, 1999; Vogelstein et

al., 2000; Vousden, 2003; Vousden, 2000). p53 induces growth arrest or cell death

upon DNA damage or other genotoxic stress and prevents an accumulation of mutated

genome (Rubbi and Milner, 2003). In addition, p53 can transcription-independently

induce mitochondrial membrane permeabilization by complexation with the anti-

apoptotic proteins Bcl-xL and Bcl-2 (Mihara and Moll, 2003) (Figure 18).

The major mechanisms through which p53 function is controlled are regulation

of p53 protein levels, control of the localization and modulation of the activity of p53

by several post-translational modifications (Appella and Anderson, 2001). p53 levels

are kept low in most normally proliferating cells by rapid protein degradation. One of

the key components regulating p53 stability is MDM2, a protein that functions as a

ubiquitin ligase for p53, mediating ubiquitination of p53 and allowing it to be

recognized and degradated by the proteasome (Ashcroft et al., 1999; Kubbutat et al.,

1997; Lohrum et al., 2003) (Figure 18). MDM2-mediated p53 degradation depends

on the interaction between the two proteins, where a small domain in the N-terminus

of p53 directly contacts a deep hydrophobic cleft in the N-terminus of MDM2 (Kussie

et al., 1996). This interaction can be impaired by phosphorylation of p53 within the

MDM2 binding region which occurs in response to stress such as DNA damage,

mediated at least in part by the kinases Chk1, Chk2, ATM and ATR that are activated

by genotoxic damage (Appella and Anderson, 2001). MDM2 again is a transcriptional

target of p53, and the importance of this feedback loop, in which p53 controls the

expression of its own regulator was demonstrated by the generation of mice in which

MDM2 is deleted (Luna et al., 1995). Nuclear localization of MDM2 and enhanced

degradation of p53 is associated with MDM2 phosphorylation by the serine/threonine

kinase Akt (Zhou et al., 2002). Similarly, phosphorylation in the C-terminus of p53 by

protein kinase C enhances the ubiquitination and degradation of p53 in unstressed

cells (Chernov et al., 2001), whereas a dephosphorylation of these sites is seen in



64 Biochemical and Structural Studies on p53, p63 and Bcl-xL

response to ionizing radiation and may thus contribute to the DNA damage-induced

stabilization of p53 (Waterman et al., 1998). Furthermore the stability and cellular

localization of p53 is modulated by the interaction with molecular chaperones.

Chaperones play a key role in the recognition and folding of nascent polypeptide

chains (Chapter 7) and maintain an active conformation of the substrate (Buchner,

1996). Thus mutant p53 are complexed by the Hsp90/Hsp70 chaperone system

yielding a p53 stabilization (Stebbins et al., 1997).

Since one of the key function of p53 is the regulation of transcription, its

localization to the nucleus plays an important role. Active transport of p53 towards the

nucleus by dynein and the microtubule network has been described (Buey et al., 2004;

Giannakakou et al., 2002; Giannakakou et al., 2000; O'Brate and Giannakakou, 2003).

Vice versa, the p53 protein contains two nuclear export sequences, one in the C-

terminal oligomerization domain (Stommel et al., 1999), and the other in the N-

terminal MDM2 binding region (Zhang and Xiong, 2001). The ability of p53 to be

exported is greatly enhanced by the action of MDM2 (Freedman and Levine, 1999),

although export is not absolutely dependent on the presence of MDM2. Nuclear

export is not only required for p53 degradation, but also for transcription-independent

aspects of the apoptotic response (Marchenko et al., 2000). Mutations that abolish the

trans-activating function of p53 or prevent its nuclear localization do not suppress its

apoptogenic potential. In addition, p53 can promote cell death even in the presence of

transcriptional or translational inhibitors. Mitochondria play a central role in apoptotic

events through the release of pro-apoptotic factors such as cytochrome c and others

and it has been shown recently that p53 can localize to the mitochondria and directly

interact with anti-apoptotic Bcl-xL and Bcl-2 proteins, allowing permeabilization of

the outer mitochondrial membrane, leading to the release of cytochrome c (Mihara

and Moll, 2003).

In addition to p53 stability and localization its regulation is augmented by the

modulation of the ability of p53 to bind to DNA and interact with components of the

transcriptional machinery. A well-established model based on in vitro studies suggests

that p53 can exist in two conformations that are latent or active for DNA binding. The

C-terminal region of the p53 protein has been described as playing a key role in

regulating p53´s DNA binding activity through an allosteric mechanism (Hupp and

Lane, 1994); however, recent structural analysis of full-length and C-terminally

truncated p53 proteins showed no evidence for changes in conformation when

comparing latent or active p53 and therefore question the allosteric model (Ayed et

al., 2001). Yet, the C-terminal region of p53 contains several covalent and non-

covalent modifications (Jayaraman and Prives, 1999) which could modulate its DNA
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binding affinity. Particularly interesting are phosphorylation (Lu et al., 2001),

acetylation (Gu and Roeder, 1997; Gu et al., 1997) and sumoylation (Rodriguez et al.,

1999).

The cellular response to p53 is dependent on many factors, such as cell type, cell

environment and whether the cell has sustained oncogenetic alterations. The abilities

of p53 to induce cell cycle arrest or apoptosis appear to be separable functions (Rowan

et al., 1996), depending on which target genes it chooses to activate. p53 interacts with

numerous proteins that enhance its transcriptional activity, in particular with

transcriptional co-activators like ASPP and JMK, targeting p53 to induce apoptosis. In

addition, phosphorylation of p53 on serine 46 is required to induce the expression of

apoptotic genes, although the responsible kinase is not yet definitely identified. The

regulation of p53 serine 46 phosphorylation is carried out by proteins which are

themselves the product of p53-inducible genes, such as p53DINP1 which activates the

phosphorylation at serine 46 (Okamura et al., 2001) and Wip1, which functions as a

phosphatase to inhibit p53´s apoptotic function (Takekawa et al., 2000) (Figure 19).

Figure 19:  Downstream targets of p53. Following activation by post-
translational modifications including phosphorylation, acetylation and others,
p53 plays a key role in protection of cells from stress through transcriptional
activation of genes involved in cell-cycle checkpoints, apoptosis, DNA repair or
cellular senescence. Adapted from (Hofseth et al., 2004).
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6.1.2.2 p53 Structure and Domain Organization

Human p53 (393 amino acids) consists of four functional domains (Arrowsmith and

Morin, 1996). The N-terminal transactivation domain, a highly conserved DNA

binding domain (residues 102-292) (Cho et al., 1994) which is most critical to its

tumor-suppressing function (Hollstein et al., 1991); a tetramerization domain (residues

323-356) which forms D2 symmetric dimers of dimers (Cho et al., 1994; Clore et al.,

1995; Clore et al., 1994; Lee et al., 1994); finally a regulatory C-terminal region of

about 30 residues (Wang and Prives, 1995) (Figure 20).

As a transcription factor, p53 possesses a transcription activation domain (TAD)

which, together with the proline-rich domain, forms the N-terminal domain (NTD)

(Fields and Jang, 1990; Raycroft et al., 1990) Figure 20. The transcription activation

domain (aa 1-63) (Fields and Jang, 1990) consists of two contiguous transcriptional

transactivation subdomains (Fields and Jang, 1990; Raycroft et al., 1990; Soussi and

May, 1996). The adjacent proline-rich SH3-target subdomain (aa 62-91) contains five

copies of the amino acid sequence PXXP which contributes to the apoptotic functions

of p53 (Sakamuro et al., 1997; Venot et al., 1998; Walker and Levine, 1996). The

transcription activation functions of p53 are modulated through binding of several

target molecules in the TAD. The regulation of gene expression requires the binding

of TATA-associated factors to p53 (Lu and Levine, 1995; Thut et al., 1995). Negative

regulators of transcription such as MDM2 bind within the same site in the N-terminal

domain (Böttger et al., 1997; Kussie et al., 1996; Uesugi and Verdine, 1999).

Experiments using p53 peptides and MDM2-fragments revealed several key residues

in the TAD (F19, L22, W23) which contribute to the binding of MDM2 (Böttger et

al., 1996; Chen et al., 1993; Kussie et al., 1996; Lin et al., 1994; Picksley et al., 1994).

The resulting interactions rely on van der Waals contacts and steric complementarities

between the hydrophobic cleft of MDM2 and p53 (Chen et al., 1993; Kane et al.,

2000; Kussie et al., 1996). A previous study on the structural organization of full

length p53 suggested that the N-terminal domain of p53 contains unstructured regions

in its native state (Bell et al., 2002).

Most of the mutations of p53 involved in cancer were found within the core

DNA-binding domain, (Hollstein et al., 1991) most frequently at six hot-spots of

mutation: R175, G245, R248, R249, R273 and R282 (Hainaut et al., 1997; Hollstein et

al., 1994). An understanding of these mutations is provided by the crystal structure of

the DNA-bound p53 core domain consisting of a four-stranded and a five-stranded

antiparallel β sheet, a loop-sheet-helix (LSH) motif, comprising loop L1 (residues

113-123), a three-stranded β sheet and helix H2 (residues 278-286). The loop L2

(residues 164-194), which is interrupted by the short helix H1, and the loop L3
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(residues 237-250) are stabilized by a single coordinated zinc atom (Cho et al., 1994;

Zhao et al., 2001). The hot-spot residues R273 within the H2 helix of the LSH motif

and R248 within the L3 loop contact directly the major and minor groove of bound

DNA. The four remaining hot-spot mutations are involved in stabilizing the

surrounding structure via a hydrogen bond network. Thus so far there are two major

classes of mutations preventing DNA binding: (i) Mutations involved in direct DNA

contact and (ii) mutations destabilizing the structural integrity of the DNA binding

region (R249S, G245S) and/or causing a globally denatured p53 structure (R175H,

C242S, V143A) – both will result in a loss of DNA binding affinity (Bullock and

Fersht, 2001). Furthermore both classes of mutations can be distinguished by two

polyclonal antibodies: first PAb1620, which binds preferentially to the p53 DBD wild-

type conformation including solvent-exposed “DNA contact mutants” which do not

alter its native conformation, and second PAb240, which binds specifically to non-

natively folded “structural mutants” of p53 DBD (Milner, 1995).

Figure 20: Domain organization of p53. The N-terminal domain (NTD) domain
is natively unfolded and consists of a transactivation domain (TAD), interacting
with components of the transcriptional machinery and including the MDM2
binding site and a SH2 binding region (Pro). Within the central DNA binding
domain (DBD) most of the oncogenetic mutations occur: 95.1%. The C-terminal
domain of p53 consists of an oligomerization domain (TD) and a regulatory
domain (RD) for phosphorylation, acetylation, ubiquitination and sumoylation. In
addition the nuclear localization and export sequences are located in the C-
terminal domain. The mutation rate is shown above the sequence (Hollstein et al.,
1994).

At present no structural information is known about full-length p53 and its

tetrameric organization bound to DNA. However, in solution DNA binding of the p53

core domain is highly cooperative (Klein et al., 2001a; Klein et al., 2001b; McLure

and Lee, 1998; McLure and Lee, 1999; Nagaich et al., 1999) as demonstrated by four
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p53 DBDs binding to a 20mer DNA consensus sequence, and two p53 DBDs binding

to a 12mer DNA recognition sequence, even when excess DNA is present in solution

(Rippin et al., 2002). However, binding of p53 DBD to a pentameric single quarter-

site (CON1x5) could not be detected, as confirmed by electrophoretic shift assays,

FCS and NMR measurements (Klein et al., 2001a; Klein et al., 2001b). This

cooperativity in DNA binding of p53, even in the absence of the tetramerization

domain, implicates the existence of core-core interactions and therefore several

reports discuss inter-domain contacts in p53 (Arrowsmith and Morin, 1996; Cho et al.,

1994; Lebrun et al., 2001; Nagaich et al., 1999; Prives, 1994; Zhao et al., 2001) based

on modeling of the individual structures of p53 DBD (Cho et al., 1994; Zhao et al.,

2001) and the tetramerization domain (Clore et al., 1995; Lebrun et al., 2001; Lee et

al., 1994). However, interactions observed in the crystal structures of the p53 DNA

binding domains are most likely packing artifacts (Cho et al., 1994; Zhao et al., 2001).

Figure 21: Chemical shift perturbation mapping of p53 DBD upon titration with
CON2x5 oligonucleotide. (a) Ribbon representation of p53 DBD, loops, helices
and the bound Zn are indicated. (b) Connolly surface representation in front and
back view. Residues labeled in yellow are missing after complexation; residues
in red are shifted by more than a linewidth; residues in orange and light blue are
shifted by more than half a linewidth or less than half a linewidth, respectively.
Residues in blue are not shifted upon complexation and gray residues have not
been assigned. Adapted from (Klein et al., 2001b) and (Klein, 2002).

NMR spectroscopic titration experiments (Klein et al., 2001b; Rippin et al.,

2002) of 15N-labelled p53 DBD with CON2x5 oligonucleotide provided an indication

for the existence of such a dimerization interface (Figure 21). The chemical shift

perturbations of backbone 15N,1H chemical shifts of p53 DBD upon addition of DNA

are localized near the helix H2, which is the binding interface for DNA. In addition

chemical shift changes are particularly pronounced for the H1 helix, located near the

zinc coordination site. Interestingly this second H1 perturbation site does not

participate in DNA binding directly (Cho et al., 1994) and could possibly be involved
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in protein-protein intermolecular interactions, forming the necessary dimerization

interface in order to bind DNA cooperatively (Klein et al., 2001b; Rippin et al., 2002).

In contrast, as NMR chemical shift changes may be caused by intermolecular contacts

and/or induced conformational rearrangements as well (Dehner et al., 2003), these

observed chemical shift changes within the H1 helix might be also due to a translated

effect (e.g. via the bound zinc atom) from the DNA binding interface and not caused

by protein-protein interactions as proposed by Rippin et al. (Klein et al., 2001b;

Rippin et al., 2002).

6.1.2.3 p53 Family Members: p63, p73

Twenty years after the discovery of the p53 tumor suppressor gene, Kaghad and

coworkers reported in 1997 their discovery of p73 (Kaghad et al., 1997), followed by

the cloning of p63 (Yang et al., 1998), giving rise to the notion of a p53 family of

genes. All members of the p53 family possess a modular architecture with an N-

terminal transactivation domain, a 60 % homologous DNA-binding domain followed

by a tetramerization domain and a regulatory C-terminal domain. On the basis of

structural similarity it was expected that their function would be similar to p53,

regarding its tumor suppression, induction of apoptosis and cell cycle control (Maisse

et al., 2003).

Figure 22: Domain organization of p53, p63 and p73. In contrast to p53, p63 and
p73 exist in two different isoforms, the pro-apoptotic TAp63/p73 and the anti-
apoptotic DNp63/p73. Each of the isoforms undergo alternative splicing resulting
in different isotypes. TAD: transactivation domain; DBD: DNA binding domain;
OD: oligomerization domain.
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However, p53 has a single promoter with three conserved domains (TAD, DBD and

OD) (Figure 22), whereas p63 and p73 each have two promotors, resulting in two

different types of isoforms (Trink et al., 1998; Yang et al., 2002): The pro-apoptotic

TAp73 / TAp63 which contain the N-terminal transactivation domain and the anti-

apoptotic ΔNp73 / ΔNp63 which lack a part of the transactivation domain. In addition,

both of the genes undergo alternative mRNA splicing at the C-terminal end, giving

rise to three isotypes each (Fillippovich et al., 2001; Kaghad et al., 1997; Yang et al.,

1998) (Figure 22). Several isotypes of p63 and p73 have a conserved C-terminal

extension of about 100 residues which is not present in p53. The structure of this

region has been determined (Chi et al., 1999; Wang et al., 2001) and the α forms of

each of the proteins contain sterile α motifs (SAM domain) which might be a protein-

protein interaction module with a regulatory function (Schultz et al., 1997).

Figure 23: Schematic p53 family members pathway. Besides specific
developmental and physiological functions, p63 and p73 interplay with p53 to
achieve growth arrest and apoptotic functions. In addition two negative feedback
loops controlling p53 and p73 by MDM2 and ΔNp73 keep cell death under tight
control. Adapted from (Bénard et al., 2003) and (Maisse et al., 2003).
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Recently two studies have indicated that first, TAp73 directly activates the

transcription of ΔNp73 by binding to the two p73-specific target elements located on

the distal promoter P2 (Nakagawa et al., 2002) and second, p53 induces ΔNp73 both

on the mRNA and protein levels, as a result of a direct activation of the P2 promoter

(Kartasheva et al., 2002). The ΔNp73α isoform associates with TAp73α/β and p53, as

assessed by immunoprecipitation assay, and inhibits their pro-apoptotic

transactivation activities.

The negative feedback loop of TAp73 and p53 by their ΔNp73 target provides a

novel autoregulatory system modulating cell survival and death (Nakagawa et al.,

2003). Another remarkable distinctive property of the p53 homologs concerns their

degradation by MDM2. In contrast to the short-lived p53 protein which is regulated by

MDM2-mediated ubiquitination and degradation by the proteasome, the p73α and β

proteins bind to MDM2 through their N-terminal domain, but this interaction leads to

inactivation of transcription and apoptosis and does not result in p73 degradation by

the proteasome (Balint et al., 1999; Lu et al., 1999). So far, p73 ubiquitination has not

been demonstrated, but a p73α modified by covalent linking with SUMO-1 (small

ubiquitin-like modifier) was found to be more rapidly degradated by the proteasome

than the unmodified p73 (Minty et al., 2000). In addition it was found that MDM2

does not bind to p63, revealing another difference between p53, p73 and p63 (Dohn et

al., 2001). Therefore one can distinguish two negative feedback loops controlling p53

and TAp73, namely the MDM2 and ΔNp73 loops, keeping the cell death trigger under

tight control (Figure 23).

TAp63/p73 proteins overexpressed in human cells also bind to p53 DNA target

sequences, transactivate p53-responsive genes, and thereby induce cell cycle arrest,

differentiation and apoptosis in a p53-like manner (Kaghad et al., 1997; Yang et al.,

1998). However, transcriptional activity alters with p63/p73 splice variants, and in

contrast to p53 null-mice, p63/p73 null-mice do not develop any spontaneous tumors.

Yet a recent study showed that in response to various stresses (drug, γ-irradiation),

p53 requires p73, as well as p63, to activate promoters of apoptotic target genes such

as Bax or Noxa (Flores et al., 2002), supporting a crucial role for the homologues in

p53-mediated apoptosis.
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6.1.3 Bcl-2 Family Members, Structure and Function

The proteins of the Bcl-2 family (B-cell lymphoma 2) are important regulators of

programmed cell death (Figure 18). To date, over 25 Bcl-2 family members have

been identified (Cory and Adams, 2002; Reed, 2000). These can be divided into two

major classes: those that inhibit apoptosis and those that promote apoptosis.

Homeostasis is maintained by controlling the relative amount of active pro- and anti-

apoptotic family members along with tissue-specific patterns of expression. The pro-

survival class of Bcl-2 family members has been divided into two subclasses based on

the presence of one or more “Bcl-2 homology” (BH) regions (Adams and Cory,

1998). Four of these regions (BH1-4) have been identified and each Bcl-2 member

contains at least one of them (Figure 24).

Figure 24: Domain organization of Bcl-2 family members. Indicated are Bcl
homology regions (BH) and the transmembrane region (TM) of pro- and anti-
apoptotic Bcl-2 members.

Several members of the anti-apoptotic subclass, namely Bcl-2, Bcl-xL, Bcl-w

and Ced-9 protein from C. elegans, possess all four BH regions. For the pro-apoptotic

proteins, members of the Bax subclass possess sequence homology for the BH1, BH2

and BH3 regions while members of the BH3 subclass have strong sequence homology

only in the BH3 region (Figure 24). Mutagenesis studies indicate that the BH1, BH2



Biochemical and Structural Studies on p53, p63 and Bcl-xL 73

and BH3 regions strongly influence homo and hetero dimerization of these proteins

(Adams and Cory, 1998). Furthermore, pro-apoptotic family members that contain

BH1 and BH2 regions, such as Bax or Bak, can promote apoptosis through their

interactions with the mitochondrial membrane; as only the BH3 region is responsible

for mediating the interaction with anti-apoptotic family members and thus for

promoting apoptosis, the interaction with the mitochondrial membrane is an

independent activity (Chittenden et al., 1995).

Peptides derived from the BH3 regions of pro-apoptotic Bcl-2 family members

can bind to anti-apoptotic family members such as Bcl-xL and modulate Bcl-2

regulated apoptotic pathways in living cells. The carboxy-terminal hydrophobic

domain (Figure 24) found in many Bcl-2 family members is responsible for

membrane localization (Green and Reed, 1998), while the patterns of membrane

localization differ between anti- and pro-apoptotic proteins. It has been shown that

Bcl-2 resides on the cytoplasmatic face of the outer mitochondrial membrane. This

membrane anchoring may play a key role in modulating and regulating the release of

cytochrome c from the intermembrane space which is the rate-limiting step in the

initiation of apoptosis and is inhibited by Bcl-2 and Bcl-xL. In contrast, the pro-

apoptotic family members are found in the cytosol and only upon activation they are

localized to the mitochondrial membrane (Wolter et al., 1997). Either Bax or Bak is

required for mitochondrial membrane permeabilization resulting in the induction of

apoptosis (Wei et al., 2001). The precise mechanism of membrane permeabilization is

still unclear (Kroemer and Reed, 2000), but it probably involves a variety of different

mitochondrial proteins and is often accompanied by a conformational change of Bax

or Bak, together with their full insertion into the mitochondrial membranes as homo-

oligomerized multimers, resulting in the formation of large protein-permeable pores

(Kroemer, 2003). The BH3-only proteins cannot induce apoptosis in the absence of

Bax or Bak (Cory and Adams, 2002) and therefore must act upstream in the pathway.

The eight or more mammalian BH3 proteins, such as Bid, Bad, Noxa or Puma, are

widely expressed and presumably allow a more refined control over cell death by

binding their anti-apoptotic relatives and blocking their protective interactions with

Bax or Bcl-xL. In addition, Bcl-2 family members have been recently identified as

cytoplasmic targets of p53 by Moll and colleagues (Mihara and Moll, 2003). p53

binding to anti-apoptotic Bcl-2 and Bcl-xL allows the p53 protein to interact directly

with the mitochondria and promote membrane permeabilization. This is likely to

occur through disrupting the interaction of Bcl-xL or Bcl-2 with pro-apoptotic family

members and thus inhibiting their protective function. This is corroborated by the

observation that recombinant p53 can induce the oligomerization of Bak and the



74 Biochemical and Structural Studies on p53, p63 and Bcl-xL

release of cytochrome c when added to purified mouse liver mitochondria in a

reaction which is inhibited by an excess of Bcl-xL (Mihara and Moll, 2003). In a

recent study of George and colleagues (Leu et al., 2004) they report that Bak might

also be a principle target of p53. The interaction of p53 with Bak is suggested to

liberate Bak from its interaction with the mitochondrial anti-apoptotic Bcl-2 protein.

Molecular modeling and site-directed mutagenesis indicate that the interaction with

Bcl-xL involves the central conserved DNA binding domain (Mihara and Moll, 2003);

others report that this interaction relies on the p53 polyproline (PP) domain (residues

62-91). However, deletion mutant of p53, compromising the first 102 amino acids,

and therefore lacking the DNA binding domain - is reported not to interact with Bcl-

xL, but to trigger apoptosis through Bax.

Despite the sequence diversity among the Bcl-2 family members and the

diversity of function, they have a remarkably similar fold. This fold consists of two

central, predominantly hydrophobic α-helices surrounded by six or seven amphipathic

α-helices (Muchmore et al., 1996). The overall topology of the Bcl-2 proteins is

similar to that observed for the membrane translocation domain of the bacterial toxins

such as diphtheria toxin, leading to experiments which showed that Bcl-xL and Bcl-2

can form pores in artificial membranes (Petros et al., 2004b). A predominantly

hydrophobic groove is present on the surface of the anti-apoptotic family members.

This groove is the binding site for peptides mimicking the BH3 region of various pro-

apoptotic family members such as Bax and Bak and it forms the molecular basis for

hetero-dimerization between members of the Bcl-2 family (Sattler et al., 1997).
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6.2 Mutational Study on the Dimerization Interface of p53 DBD

6.2.1 Results

6.2.1.1 p53 DBD Dimerization Mutants

The H1 helix of p53 DBD contains several highly conserved solvent-exposed residues

(Figure 25 and Figure 26), which could be responsible for protein-protein

interactions: H178, E180, R181, C182.

   

Figure 25: Left side: Ribbon diagram of p53 DBD. The solvent-exposed residues
H178, E180, R181 and C182 within the H1 helix are shown as ball and sticks.
The following p53 dimerization mutants were introduced by single-site
mutagenesis: H178A, R181A, C182A, E180R, R181E, as well as one double site
mutation: E180R/R181E. Right side: The helical geometry of the H1 helix in
solution is supported by strong sequential HN-HN NOE signals observed in a 3D
HNH NOESY spectrum.

The possible significance of these residues was studied by site-directed

mutagenesis and the p53 DBD mutant ability to bind cooperatively to p53 consensus

DNA via electrophoretic mobility shift assays and NMR spectroscopic diffusion

measurements. The helical geometry of this designated H1 helix dimerization

interface could be confirmed by strong sequential HN-HN NOE signals in a 3D HNH

NOESY spectrum using p53 DBD assignment of Wong et al. (Figure 25). The

following “dimerization mutations” were introduced by site-directed mutagenesis:

H178A, R181A, C182A, E180R, R181E, as well as one double-site mutation:

E180R/R181E. The mutant p53 DBD cDNA was introduced into the NdeI/XhoI site
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of a modified pQE40 (Quiagen) expression vector (Figure 27) of the wild-type p53

DBD and mutant p53 DBD proteins were expressed in 15N-labeled M9 minimal

medium at 37 °C as inclusion bodies and refolded and purified (Figure 29) as

described in Materials and Methods and in (Klein et al., 2004).

Figure 26: Primary structure alignment of the H1 helix region of p53 DBD and
the homologs p63 and p73 DBDs. Sequence numbering for human p53 is
indicated. Identical residues compared to human p53 are shown in red. Similar
residues are given in yellow and polar residues are color coded in green.
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Figure 27: Mutant p53 cDNA was cloned into the NdeI/XhoI or Bsu36I
restriction sites of a wild-type p53 DBD expression vector. Left side: DNA gel
for the case of R181A and R181E mutation after restriction with NdeI/XhoI.
Right side: Illustration of the of the expression vector used.

Figure 28: Mutant p53 cDNA was cloned into the NdeI/XhoI restriction sites of
a wiled-type GST-p53 DBD fusion expression vector. Left side: DNA gel for the
case of R181A and R181E mutation after restriction with NdeI/XhoI and
Eco47III. Since the mutations R181E and R181A destroy the Eco47II site only
two fragments (red and yellow) are seen upon digestion. Right side: Illustration
of the of the GST-fusion protein expression vector used.
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Furthermore three Ala mutations H178A, R181A, C182A and the R181E

mutation were introduced into a GST-fusion plasmid yielding GST–mutant p53 DBD

fusion proteins (Figure 28). Since the GST domain acts as an artificial dimerization

domain, these constructs are supposed to enhance the cooperative DNA binding

affinity as already studied for p63 DBD and GST–p63 DBD (Klein et al., 2001a).

GST-fusion proteins were expressed as soluble proteins and purified by affinity

chromatography and a final size exclusion step as described by Klein et al. (Klein et

al., 2001a).

             

Figure 29:  Left side, expression analysis of p53 DBD R181A, H178A and
C182A mutants. L: Lysat, Ü: Soluble fraction, P: pellet, +: IPTG induction. All
p53 DBD were expressed as inclusion bodies (pellet) and in vitro refolded and
purified. Right side: Refolding of the p53 DBD H178A mutant shown are
aliquots of the full lysat, after inclusion body preparation, after in vitro refolding
and after each purification step.

6.2.1.1.1 p53 DBD Dimerization Mutants are Natively Folded

As solvent-exposed residues and their side chains do not have an impact on the

structural integrity of p53 DBD all H1 helix dimerization mutants should be natively

folded, which can be revealed by NMR spectroscopy. Figure 30 shows an overlay of

the 15N HSQC spectra of all six discussed mutants and wild-type p53 DBD (Wong et

al., 1999b). Major chemical shift differences can only be observed for signals of

residues within or nearby the H1 helix due to different sequential amino acid residues.

Residues further away are only slightly affected upon these mutations or not affected

at all, allowing the conclusion that all dimerization mutants discussed here are

natively folded.
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Figure 30: Superposition of the 15N HSQC spectra of p53 DBD wild-type (grey)
and the six mutated p53 DBDs. The enlarged section shows residue R181 within
the H1 helix, which is perturbed due to different sequential amino acids. The
overall signal dispersions in the spectra of the dimerization mutants are similar to
the wild-type spectrum, leading to the conclusion that all dimerization mutants
are natively folded.

Addition of a 0.5 M equivalent of a decameric consensus DNA oligonucleotide

(CON2x5) to the [U-15N]-labeled p53 DBD dimerization mutants resulted in shift

changes and a strong line broadening (data not shown) in the protein 15N, 1H

correlation spectrum which, is due to slow exchange processes in the micro- to

millisecond range as has been observed for the p53 DBD wild-type DNA complex

(Klein et al., 2001b; Rippin et al., 2002). Addition of DNase II to the p53 DBD

dimerization mutants complex restored the original spectrum of the respective mutant,

excluding protein degradation. All this indicates a “binding” of the CON2x5

oligonucleotide to all p53 DBD dimerization mutants. However, whether this binding

is specific and cooperative or rather unspecific cannot be deduced from this 15N

HSQC titration experiments, since the primary source for the observed line

broadening is slow chemical or conformational exchange and not due to size-

dependent relaxation losses (Klein et al., 2001b; Rippin et al., 2002).
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6.2.1.1.2 p53–DNA Complex Diffusion studied by NMR Spectroscopy

However, the translational diffusion coefficient of a molecular species is proportional

to its “effective molecular weight and shape” (Cantor and Schimmel, 1980) and is

therefore sensitive to overall molecular properties, but not to rather local

intramolecular spin-spin interactions measured by classical relaxation NMR

experiments, yielding correlation times which can be quite different for different

nuclei in the same molecule. Thus measuring the diffusion rate is an independent way

to study intermolecular interactions (Dehner et al., 2003; Derrick et al., 2002; Dingley

et al., 1995). Therefore the hydrodynamic properties of p53 DBD dimerization

mutants and their DNA binding were analyzed by pulsed field gradient diffusion

experiments (Price, 1997b). Addition of CON2x5 oligonucleotide to p53 DBD wild-

type causes a reduction of 27.1 % in the diffusion coefficient of p53 DBD (Table 2

and Figure 31). This is due to a cooperative binding of two p53 DBDs to one

decameric half site consensus oligonucleotide.

Table 2: Diffusion coefficients of p53 wt, p63 wt and p53 DBD dimerization mutants free and
bound to CON2x5 oligonucleotide in H2O/D2O at 289 K.

Sequence

D free

[m2/s 10-10]

exp. error

[m2/s 10-12]

D with CON2x5

[m2/s 10-10]

exp. error

[m2/s 10-12]

%

reduction error

p53 wt 1.03 ±3.04 0.75 ±2.72 27.1 ±0.4

p63 wt 0.96 ±1.942 0.76 ±2.32 21.6 ±0.8

p53 H178A 1.00 ±1.99 0.87 ±4.26 13.4 ±2.4

p53 R181A 1.03 ±1.75 0.88 ±4.22 14.9 ±2.6

p53 C182A 0.99 ±2.26 0.81 ±4.06 18.3 ±2.1

p53 E180R 1.04 ±4.23 0.87 ±2.71 15.8 ±0.8

p53 R181E 0.97 ±1.2 0.80 ±3.00 17.2 ±1.8

p53E180RR181E 1.11 ±5.93 0.85 ±2.74 22.6 ±1.7

The measured value is in good agreement with hydrodynamic calculations using

the shell model of HYDRONMR (García de la Torre et al., 2000a) and a dimeric p53

DBD–DNA model complex as described by Klein et al. (Klein et al., 2001b) which

results in a theoretical reduction of the diffusion coefficient of about 33%. The

monomeric p53 DBD-DNA complex (PDB-code: 1TSR; chain B including the DNA)

was also used for hydrodynamic calculations yielding a reduction of 18% upon DNA

binding compared to free p53 DBD. Thus these two theoretical values represent the

range expected for an equilibrium of monomeric / unspecific and fully cooperative

DNA binding. Deviations from theoretical and experimental data reflect an averaging

of higher and – most probably – lower oligomeric states. Figure 31 illustrates the
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reduction of the diffusion coefficient upon addition of 0.6 equivalents CON2x5 half-

site oligonucleotide to achieve a stoichiometric 1:2 = DNA:p53 DBD ratio of wild-

type DBDs of p53 and p63 and the p53 DBD dimerization mutants. As already

indicated by 15N HSQC titration all mutants bind to DNA, resulting in a reduction of

at least 13%. NMR experiments were done without any unspecific competitor DNA

and therefore it cannot be concluded whether this overall reduction is due to an

unspecific or a partially cooperative DNA binding. However, considering the

experimental errors two classes for p53 can be distinguished: p53 DBD wild-type and

the p53 DBD E180R/R181E double site mutation have a significant higher population

of oligomeric states upon DNA binding than all other p53 DBD dimerization mutants

(Figure 31). Therefore it can be concluded that p53 DBD wild-type and the double

site mutation E180R/R181E have a similar tendency to bind DNA cooperatively,

whereas for the single site mutations H178A, R181A, C182A and E180R, R181E this

tendency is less pronounced or due to unspecific binding. This would indicate a

crucial role of these residues for the dimerization interface.

Figure 31: Reduction of the diffusion coefficients of p53, p63 DBD and the p53
dimerization mutants upon complexation with consensus DNA. Diffusion
coefficients were measured by pulsed-field gradient NMR experiments in the
absence and presence of DNA. Hydrodynamic simulations (García de la Torre et
al., 2000a) using a cooperative p53 DBD : DNA model complex as proposed by
Klein et al. (Klein et al., 2001b) yield a theoretical reduction of 33 % while a
single site binding of DNA (PDB code: 1TSR, chain B, including DNA) results
in 18 %. All dimerization mutants bind to DNA; however, unspecific and
partially specific cooperative DNA binding cannot be distinguished without
competitor DNA.
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6.2.1.1.3 DNA Binding Behavior of p53 Dimerization Mutants

To clarify the question of specific and unspecific DNA binding of these dimerization

mutants, electrophoretic mobility shift assays were performed. After incubation with

fluorescence labeled double stranded consensus site oligonucleotide (CON4x5) in the

presence of unspecific and unlabelled competitor DNA, p53 DBD wild-type dimerizes

and binds specifically to labeled consensus DNA (Figure 32, lane 1).

Figure 32: Electrophoretic mobility shift assays of wild-type p53 DBD, p53
DBD R248W, p63 DBD wild-type and p53 DBD dimerization mutants in the
presence of unspecific unlabeled pBluescript II SK+ competitor DNA. Specific,
cooperative DNA binding occurs for wild-type p53 DBD and the p53 DBD
E180R/R181E double mutant. Reduced DNA binding affinity is observed for the
almandine dimerization mutants as well as for p63 wild-type, whereas for p53
DBD E180R and for p53 DBD R181E no DNA binding is observed.

As a negative control the p53 DBD mutant R248W has been analyzed which is a

major hot-spot residue belonging to the class of direct DNA contact mutations

(Bullock and Fersht, 2001). Consequently we do not observe any DNA binding

affinity under the same conditions (Figure 32, lane2). p63 DBD was not able to bind

significantly to labeled consensus DNA, whereas an artificial dimerization of

p63 DBD by using the GST–p63 DBD fusion protein yields again a DNA binding

affinity similar to p53 DBD (Figure 34, lane2) (Klein et al., 2001a). The three

following lanes (Figure 32, lane 4-6) show that the alanine mutations of solvent
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exposed residues H178A, R181A and C182A have a reduced specific DNA binding

affinity compared to p53 DBD wild-type. While the single site mutations E180R and

R181E, in which two Glu and two Arg residues, respectively, are sequential in

sequence, do not show any DNA binding (Figure 32, lanes 7,8). A switch in position

of these two residues, i.e. the double site mutation E180R/R181E, restores a DNA

binding affinity nearly similar to p53 DBD wild-type (Figure 32, lane 9). As a cross-

check whether two identically charged sequential residues in mutations E180R and

R181E might have an impact on the structural integrity of the H1 helix and thereby

prevent DNA binding, each 100 ng E180R and R181E were co-incubated with

consensus DNA and 200 ng competitor DNA which fully restored specific DNA

binding affinity (Figure 33).

Figure 33: A 1 : 1 mixture of p53 DBD R181E and E180R restores the DNA
binding affinity to the level of wild-type p53 DBD.

Furthermore electrophoretic mobility shift assays were performed under the

same conditions, but using a selection of GST-mutant p53 DBD fusion proteins: the

three Ala mutations H178A, R181A, C182A as well as R181E, in which two

negatively charged residues (E180, R181E) are sequential. The GST domain of these

mutants serves as an artificial dimerization site – similar to the tetramerization domain

of full-length p53 wild-type and thus enhances cooperativity and therefore specific

DNA binding. As a positive control lanes 1 & 2 in Figure 34 contain GST–p53 DBD

and GST–p63 DBD which bind both in similar affinity to consensus DNA, whereas

free p63 DBD without the GST domain lacks this cooperativity (Figure 32, lane 2)

(Klein et al., 2001a). Analogous to p63 DBD the three Ala mutations of p53 DBD

exhibit enhanced cooperativity in DNA binding with the dimeric GST-fusion domain

and show an affinity which is comparable to p53 DBD wild-type. The GST-R181E

mutant, however, does not show any specific DNA binding, thus the induced

cooperative effect of this artificial GST dimerization domain is not strong enough to

overcome the repulsive charged-charged interactions which would occur in the

designated dimerization interface.
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Figure 34: Electrophoretic mobility shift assays for wild-type p53 DBD and
GST-fusion proteins. The GST domain serves as an artificial dimerization site
which enhances the cooperativity in DNA binding of p63 wild-type and the
alanine dimerization mutants of p53 DBD. For the GST–p53 DBD R181E mutant
the repulsive charge-charge interactions within the dimerization interface
overcome the cooperative effect of the GST domain.

6.2.1.2 Discussion

Several electrophoretic mobility shift assay studies have shown that p53 DBD binds

cooperatively to a decameric half site consensus DNA sequence (CON2x5) and with

higher affinity and cooperativity to a dodecameric two half-site consensus DNA

sequence (Balagurumoorthy et al., 1995; Bullock et al., 2000; McLure and Lee, 1998;

Wang et al., 1995b). However, binding of p53 DBD to a pentameric single quarter-site

(CON1x5) could not be detected, as confirmed by electrophoretic shift assays, FCS

and NMR measurements (Klein et al., 2001a; Klein et al., 2001b). In contrast to p53

DBD, the homologous isolated p63 DBD fails to bind consensus DNA cooperatively

as studied by electrophoretic mobility shift assays using GST-mediated p63 DBD

dimers, which again bind to the consensus DNA sequence (Klein et al., 2001a). Both

tumor supressor proteins p53 and p63 contain a tetramerization domain which forms

dimers of dimers (Clore et al., 1995; Jeffrey et al., 1995; Lee et al., 1994), thus both

proteins build up a homotetramer which is the predominant form in solution and

which binds specifically to DNA (Friedman et al., 1993). Accordingly an additional

dimer-dimer interface within p53 DBD, but not present in p63 DBD, stabilizes the

cooperative DNA binding independent of the oligomerization domain of full-length

p53 (McLure and Lee, 1998).

At present no structural information is known about full-length p53 and its

tetrameric organization bound to DNA, yet several reports discuss inter-domain

contacts in p53 (Arrowsmith and Morin, 1996; Cho et al., 1994; Lebrun et al., 2001;

Nagaich et al., 1999; Prives, 1994; Zhao et al., 2001) based on modeling of the

individual structures of p53 DBD (Cho et al., 1994; Zhao et al., 2001) and the

tetramerization domain (Clore et al., 1995; Jeffrey et al., 1995; Lee et al., 1994). NMR

spectroscopic titration experiments (Klein et al., 2001b; Rippin et al., 2002) of 15N-

labelled p53 DBD with CON2x5 provided an indication for the existence of such a

dimerization interface. The chemical shift perturbations of backbone 15N,1H chemical
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shifts of p53 DBD upon addition of DNA are localized near the helix H2, which is the

binding interface for DNA. In addition chemical shift changes are particularly

pronounced for the H1 helix, located near the zinc coordination site. Interestingly this

second H1 perturbation site does not participate in DNA binding directly (Cho et al.,

1994) and could possibly be involved in protein-protein intermolecular interactions,

forming the necessary dimerization interface in order to bind DNA cooperatively

(Klein et al., 2001b; Rippin et al., 2002).

However, as NMR chemical shift changes may be caused by intermolecular

contacts and/or induced conformational rearrangements (Dehner et al., 2003) as well,

these observed chemical shift changes within the H1 helix might be due to a translated

effect (e.g. via the bound zinc atom) from the DNA binding interface and not caused

by protein-protein interactions as proposed by Rippin et al. (Klein et al., 2001b;

Rippin et al., 2002) This second possibility cannot be ruled out on the basis of NMR

data only. In addition none of the crystal structures published so far of the p53 core

domain (Cho et al., 1994; Zhao et al., 2001) contain the proposed dimerization

interface, but show most probably crystal artifacts not compatible with a cooperative

DNA binding as it occurs in the native p53-DNA complex. Yet no direct experimental

proof has been presented for the participation of the H1 helix in protein-protein

interactions upon cooperative binding of DNA.

To study the potential role of this H1 helix region solvent-exposed residues were

mutated which might be responsible for direct protein-protein interactions within the

H1 helix dimerization interface in question; and analyzed their ability to bind

consensus DNA cooperatively by NMR spectroscopy and electrophoretic mobility

shift assays. Figure 25 shows these residues whereby two different classes of

mutations were introduced: (i) Alanine mutations of residues H178, R181 and C182

and (ii) mutations which yield a reversion of polarity of the respective side chain:

E180R and R181E. In addition one sequential switch in amino acid position was done

with a double site mutation E180R/R181E. Besides the structural important residues

coordinating the zinc atom, e.g., H179, (Cho et al., 1994) even these solvent-exposed

residues are highly conserved and mostly identical through different species which is

illustrated by the sequence alignment of this H1 helix region in Figure 26.

Nevertheless these solvent-exposed residues do not have a substantial impact on

structural features of a single p53 core domain as all dimerization mutants are natively

folded, which can be concluded by the 15N HSQC spectra of all six p53 mutants

differing only for sequential residues and neighboring residues with respect to the

introduced mutation (Figure 30). All other signals are only slightly affected or

identical to the p53 DBD wild-type spectrum. The results of 15N HSQC titration of



86 Biochemical and Structural Studies on p53, p63 and Bcl-xL

15N-labelled dimerization mutants with CON2x5 oligonucleotide and the PFG

diffusion experiments show that unspecific binding takes place for all mutants,

including E180R and R181E, due to a fully functional DNA binding site. Yet

significantly higher oligomeric states are populated for p53 DBD wild-type and the

double-site mutation E180R/R181E, indicating that E180R/R181E binds similar to

p53 DBD wild-type and thus cooperatively to DNA.

Figure 35: Schematic representation of observed dimerization patterns.
Cooperative DNA binding is achieved by p53 DBD wild-type, the double site
mutation E180R/R181E and a 1 : 1 mixture of p53 DBD E180R and R181E.
Cooperative DNA binding can be enhanced by GST-mediated dimerization for
p63 DBD wild-type and alanine dimerization mutants of p53 DBD. Strong
repulsive charge-charge interactions prevent a cooperative DNA binding of p53
DBD E180R and R181E mutants.

This result was corroborated by electrophoretic mobility shift assays where both

p53 DBD wild-type and the E180R/R181E mutations bind in the presence of

competitor DNA specifically and cooperatively to fluorescence labeled consensus

DNA. In contrast, to the single-site mutations E180R and R181E, which both display
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two identical-charged sequential residues within the designated dimerization interface,

do not show any specific binding of consensus DNA (Figure 32, lane 7 & 8) This can

be attributed to a lack in cooperativity resulting from repulsive charged-charged

interactions; this is clear evidence for the necessary cooperativity for a selective

binding of DNA and in addition localizes the cooperative dimerization interface to

residues E180 and R181 in the H1 helix of p53 DBD (Figure 35).

These repulsive charged-charged interactions (Figure 35) are indeed strong

enough to overcome the cooperative effect of an artificial GST-dimerized p53 DBD

R181E fusion protein which is not able to bind consensus DNA selectively and

cooperatively (Figure 34). From this can be concluded that there is no other

dimerization interface within the p53 DBD which could replace this E180–R181

intermolecular interface. Similar to the double site mutation E180R/R181E, where

these two residues are switched in sequence (Figure 33), a molar 1 : 1 mixture of

E181R : R181E single mutation is again able to bind selective consensus DNA

cooperatively by heterodimerization of each mutant.

The three alanine mutations H178A, R181A and C182A, however, do not

actively prevent a possible dimerization upon binding of DNA, which demonstrates (i)

residual cooperative DNA binding and (ii) this cooperative DNA binding can be

enhanced by the GST-mediated dimerized p53 DBD (Figure 34). This GST-mediated

enhancement of cooperative DNA binding was already observed for the p63 DBD

(Klein et al., 2001a). It was deduced that conformational differences within the H1

helix might be responsible for the different dimerization behavior.

However the backbone NMR chemical shifts of p63 DBD have been assigned

(section 6.5) (Furrer et al., 2003) and it was found that all secondary structural

elements in the isolated DBD of p63 are analogous to p53 DBD, including the H1

helix also. Considering the sequence alignment (Figure 2 6 ) the highly

conserved/identical amino acid E180 is replaced by a leucine residue. Thus it is likely

that the aliphatic leucine is not able to build up an intermolecular salt bridge, which

would account for the previously observed lack in selective and cooperative DNA

binding of free p63 DBD (Klein et al., 2001b).

The results support the idea that the proposed additional dimerization interface

of p53 DBD resulting in cooperativity and selectivity of DNA binding consists mainly

of two intermolecular Glu180–Arg181 salt bridges from each monomer to the other as

presented in Figure 36. This salt bridge is in agreement with a C2 symmetric model

complex as proposed by Lebrun and Klein (Klein et al., 2001b; Lebrun et al., 2001)

and rationalizes the different DNA binding behavior of p53 DBD and p63 DBD.
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Figure 36: C2 symmetric model complex for the identified dimerization interface
of p53 DBD upon cooperative DNA binding. The dimerization interface is
stabilized by a double intermolecular salt bridge between the E180 and R181
residues.
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Furthermore the essential role of the identified H1 helix dimerization interface

for a proper p53 function is demonstrated by the germline p53 E180K mutation which

is associated with the Li-Fraumeni syndrome and a lost transcriptional activation of

Bax and Pig3 (Campomenosi et al., 2001; Olivier et al., 2002). The lost p53 activity of

this germline H1 helix mutation can be explained on a molecular level, displaying

sequential equally charged residues, which lack a selective and cooperative DNA

binding by abolishing the formation of the dimerization interface, due to repulsive

charge-charge interactions. This kind of oncogenic mutation cannot be assigned to any

of the two major p53 mutation classes (Bullock and Fersht, 2001), as these solvent-

exposed mutations neither alter the structural integrity of p53, nor show direct contact

to bound DNA. Therefore a new class of p53 mutations is postulated which lack p53

activity due to a hindered cooperativity of DNA binding.



90 Biochemical and Structural Studies on p53, p63 and Bcl-xL

6.3 The N-terminal Domain of p53 is Natively Unfolded

6.3.1 Results

6.3.1.1 The N-terminal Domain of p53

To study the structure and stability of the N-terminal part of p53 (aa 1-93), the

respective construct was expressed in E. coli and purified it to homogeneity. The

identity of the protein was confirmed by westernblot. ESI-TOF mass spectrometry of

the purified protein gave a value of 11 733.8 Da. This corresponds very well to the

theoretically calculated molecular mass of 11 733.0 Da (Dawson et al., 2003).

6.3.1.2 NMR Spectroscopic Analysis of Np53

To gain further insight into the conformation of Np53, we analyzed its structure at

pH 7.5 and 298 K by NMR spectroscopy.

Figure 37: 15N HSQC spectrum of 15N-labeled Np53. The 1H-15N HSQC
spectrum of the N-terminal domain of human p53 (1.2 mM) was determined at
298 K and pH 7.5 in 90% H2O / 10% D2O at 750 MHz. Adapted from (Dawson
et al., 2003).

A small proton resonance dispersion in a spectral range of 7.5 ppm to 8.7 ppm is

observed in the 15N HSQC spectrum, characteristic for a highly unfolded protein. In

addition, the seven NH2-side chain signals of asparagine and glutamine residues
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accumulate in their characteristic random coil region of 7.59 ppm / 6.88 ppm. The

same was observed for the side chain signals of the three tryptophanes of Np53 which

appear at 10.2 ppm. Taken together, the spectrum shows on the level of amino acids

that residues 1-93 of p53 are mostly unstructured.

6.3.1.3 PFG Diffusion Experiments and Hydrodynamic Calculations

To corroborate the hydrodynamic properties of Np53 pulsed field gradient diffusion

measurements were performed and the data were compared to theoretical

hydrodynamic calculations using the bead model of HYDRONMR (García de la Torre

et al., 2000b) and a regularized random-coil structure which was generated by XPLOR

(Brünger, 1992). The diffusion coefficient of Np53 was calculated from 23 non-

exchangeable signal decays which were averaged and fitted using the equation of

Stejskal and Tanner (Stejskal and Tanner, 1965). The experimental diffusion

coefficient was 6.457·10-11 +/- 5.17·10-13 m2s-1. This value is in good agreement with

the calculated one using HYDRONMR Dthr = 7.426·10-11 m2s-1.

Figure 38: Pulsed field gradient diffusion experiment of Np53. The squares
represent experimental values with increasing gradient strength. Error bars are
the result of an average of 23 convergent signal decays of non-exchangeable
protons. The nonlinear curve fitting using Stejskal and Tanners equation (Stejskal
and Tanner, 1965) is shown as a black line. The grey line represents the expected
signal decay for a regularized extended model structure of Np53 using the
theoretical diffusion coefficient calculated by HYDRONMR. Adapted from
(Dawson et al., 2003).
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The diffusion coefficient is about two times smaller than the one of a globular folded

protein of the same size. This is due to an increased hydrodynamic radius, typical for a

globular folded protein of about 20 kDa. Thus both the hydrodynamic calculation and

the NMR diffusion experiments support the idea of an unfolded state of Np53 under

physiological conditions.

6.3.1.4 15N HSQC Titration of Np53 with MDM2

A series of 15N HSQC titration spectra was recorded of 15N-labeled Np53 with an

increasing molar excess of unlabeled MDM2. However, no detectable signal shifting

is observed during titration up to an eightfold molar excess of MDM2, leading to the

conclusion that no global structural rearrangements or no global gain in secondary

structure of Np53 is induced upon binding to MDM2.

6.3.2 Discussion

The N-terminal domain of p53 seems to play an essential role in the regulation of the

p53 network. However, the structure and precise function of this domain is still not

known. The suggestion that segments of the N-terminal part of p53 could be unfolded

in the native state has important implications for the functional mechanism of p53

(Bell et al., 2002).

The structural analyses of the entire N-terminal part including the transcription

activation domain and the proline-rich SH3-target domain demonstrates that the N-

terminal part of p53 (aa 1-93) shows canonical features of intrinsically unstructured

proteins. 15N 1H HSQC NMR spectra as well as far-UV CD spectroscopy demonstrate

that Np53 lacks extensive contributions of ordered secondary structure (Dawson et al.,

2003). Near-UV CD and fluorescence emission spectra of Np53 confirm a high main

chain flexibility in the domain and a complete absence of tertiary structure (Dawson et

al., 2003). The hydrodynamic dimensions of Np53 are typical for a protein of low

compactness and an extended conformation under physiological conditions. The

molecular mass obtained by ultracentrifugation corresponds well with the theoretical

mass of an Np53 monomer. Interestingly, the values for the apparent molecular mass

obtained by analytical gelfiltration are approximately a factor of two higher than the

calculated ones from sequence. In addition, the diffusion coefficient obtained by NMR

spectroscopy is about two times smaller than the one expected for a globular folded

protein of the same size. Both characteristics are in line with the concept of an

unfolded conformation of the N-terminal part of p53 under physiological conditions.

This is in good agreement with the findings of Bell et al. (Bell et al., 2002)

demonstrating that the N-terminal part of full-length p53 contains large unstructured



Biochemical and Structural Studies on p53, p63 and Bcl-xL 93

regions. Thus, an interaction between the unfolded N-terminal part and other domains

of p53 cannot be excluded.

Figure 39: Amino acid distribution of natively unfolded proteins and Np53.
Comparison of the amino acid composition of intrinsically unfolded proteins
(grey bars) and Np53 (black bars) compared to the average amino acid
composition of globular proteins from the PDB (Tompa, 2002). Amino acids are
represented by the single letter code. The proportional difference of the
frequency of individual amino acids is indicated. Adapted from (Dawson et al.,
2003).

The depletion of order-promoting amino acids like proline as well as the

enrichment of disorder-favoring amino acids like tyrosine, phenylalanine, cysteine and

isoleucine in the sequence of Np53 seems to be a reason for the hydrodynamic

properties of Np53 and the lack of ordered secondary and tertiary structure. This result

is based on an amino acid sequence comparison of Np53 with average folded proteins

from the Swissprot database (Figure 39). Furthermore, Np53 is predicted to be

natively unfolded by a correlative index based on mean hydrophobicity versus mean

net charge values (Figure 40). At the level of primary structure, Np53 demonstrates

the typical amino acid composition for intrinsically unfolded proteins (Dunker et al.,

2001). Generally, the low content of hydrophobic amino acid residues and their

flanking by numerous acidic residues inhibits the formation of a hydrophobic core

(Dyson and Wright, 2002; Tompa, 2002) and disfavors the formation of rigid

secondary structure elements resulting in an extended conformation due to

electrostatic repulsion (Uversky, 2002). The high content of prolines, especially in the

SH3-binding domain, might facilitate the formation of a more open conformation, the

lefthanded polyproline II (PPII) helix (Adzhubei and Sternberg, 1993; Williamson,

1994). The formation of such a motif is postulated for the interaction of SH3-domains
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within the proline-rich subdomain of p53 (aa 63-93) based upon the recurrent PXXP-

binding motif of SH3-domains and the high content of the hydrophobic amino acid

alanine in that region (Kay et al., 2000; Mayer, 2001). The overall content of prolines

and alanines accounts for 74% of the amino acids in this domain.

Figure 40: Charge-hydrophobicity phase space for intrinsically unfolded proteins
and Np53. The diagram monitors correlates the mean hydrophobicity 〈H〉 and the
mean net charge 〈R〉 for a set of 90 natively unfolded proteins (◊) as summarized
elsewhere (Uversky, 2002) and Np53 (•). The solid line represents the border
between natively unfolded and native proteins (equation: 〈R〉 = 2.785〈H〉-1.151)
(Tompa, 2002). Adapted from (Dawson et al., 2003).

The large hydrodynamic dimensions and the intrinsic disorder make Np53 a

good target for the initial molecular collision and permits multiple approach

orientations in the binding process thus facilitating association (Dunker et al., 2001;

Pontius, 1993). Many natively unfolded proteins (Dunker et al., 2001; Dunker and

Obradovic, 2001; Dyson and Wright, 2002; Wright and Dyson, 1999), and among

them isolated acidic transcription activation domains (Dahlman-Wright et al., 1995;

Donaldson and Capone, 1992) demonstrate the induction of secondary structure

elements upon binding to target proteins. This concept seems to hold true for Np53

and MDM2. The complexation could be described as a local disorder-to-order

transition (Dunker et al., 2001; Kriwacki et al., 1996; Tompa, 2002) suggesting that

the initial flexible, highly specific conformation of low binding affinity switches to a

conformation of higher binding affinity in complex (Dunker et al., 2001). However,

induced global structural changes upon MDM2 binding within Np53 can be ruled out
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due to a series of 1H 15N HSQC titration experiments which show no detectable signal

shifting upon binding of unlabelled MDM2 to 15N Np53 up to an eightfold excess.

Taken together, the results directly demonstrate that the entire N-terminal region

of p53 is natively unfolded and that this is its functional state. Furthermore the

interaction of human MDM2 with Np53 or p53 shows that unstructured and folded

parts of p53 function in a synergetic manner. In a more general view, the structural

feature of being natively unfolded under physiological conditions seems to be in good

agreement with the observation of intrinsic structural disorder for a variety of

transcription activation domains (Triezenberg, 1995; Wright and Dyson, 1999).
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6.4 Mapping the Binding Sites of Bcl-xL / Bcl-2 and the p53 DBD

6.4.1  Results and Discussion

6.4.1.1 NMR Chemical Shift Mapping Identifies a Novel Binding Interface of p53
DBD and Bcl-xL

To map the p53 surface residues affected by Bcl-xL, 1H, 15N HSQC spectra of 15N

labeled p53 DBD were acquired when one of the three types of the Bcl-xL proteins,

Bcl-xL, Bcl-xLΔT, or Bcl-xLΔLT was titrated in. Titration of p53 DBD with full-

length Bcl-xL protein resulted in disappearance of most of the signals in the 1H,15N

HSQC spectrum of p53 DBD, which provided the first NMR evidence for an actual

interaction event occurring between p53 DBD and Bcl-xL. The disappearance of

signals may be attributed to the formation of a large molecular weight oligomeric

complexes of p53 DBD (25kDa) and full-length Bcl-xL (26kDa), which may also be

involved in a conformational exchange broadening. The full-length Bcl-xL contains

the putative transmembrane domain, which is exposed in the absence of the membrane

in the NMR sample. To rule out the possibility that the hydrophobic transmembrane

domain is the case of the artificial oligomerization of Bcl-xL and p53, the experiments

were repeated with Bcl-xL without the C-terminal transmembrane region. The 1H,15N

HSQC spectra of p53 DBD with Bcl-xLΔT (lacks the transmembrane domain), and

with Bcl-xLΔLT (lacks transmembrane domain and the flexible loop) showed induced

chemical shifts changes, which is an evidence that p53 and Bcl-xL is forming a hetero

oligomer at the rate sub-ms or faster (fast exchange on the NMR chemical shift time

scale), instead of loss of signals seen in case of full-length Bcl-xL. Therefore, it can be

concluded that there is an intrinsic ability for p53 to oligomerize with Bcl-xL, and

further NMR studies were conducted using Bcl-xLΔLT since it gives the simplest

HSQC spectra. Importantly, this protein still exhibits anti-apoptotic functions and is

routinely applied in biochemical and structural studies on Bcl-xL (Muchmore et al.,

1996; Petros et al., 2004a; Sattler et al., 1997).

Titration of Bcl-xLΔLT to 15N-p53 DBD did not result in large overall chemical

shift perturbations, suggesting that binding of Bcl-xL does not induce major

conformational rearrangements in p53 DBD. As a result, chemical shift changes in the

p53 DBD/Bcl-xL complex were determined by the minimum deviation between each

position of the free and the complexed signal in the HSQC spectra (Dehner et al.,

2003) (Figure 41).
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Figure 41: Overlay of the 1H, 15N HSQC spectra of free p53 DBD (orange) and
p53 DBD bound to unlabelled Bcl-xLΔLT (green) at near equimolar ratio (1:1.1).
The sequential resonance assignment of free p53 DBD has been published and
could be transferred onto our spectra (Wong et al., 1999b).

Figure 42 illustrates the observed chemical shift perturbations using a weighted

averaged chemical shift change of 1H and 15N resonances in the free and complexed

HSQC spectra. Significant chemical shift perturbations (larger than 0.4 in the relative

scale) occur for residues Arg-280, Gly-279, Cys-277, Cys-242 and Cys-176, as well as

for several residues in the flexible loop region Phe-113 – Cys-124 such as Ser-121,

Thr-123, Gly-117, His-115 und Leu-114. These residues are color coded according to

their solvent accessibility which has to be above 50% for side-chain or backbone
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atoms in order to be considered in the docking calculations to be an so-called active

residue. Residue R287 has been additionally used as active residue in the calculations,

since it is a direct surface neighbor of G279 and R280, solvent accessible and with a

relative chemical shift perturbation of 0.36 nearly fulfils the requirement of 0.4.The

secondary structure of p53 DBD is given below in red (helix) and yellow (sheet) bars.

Figure 42: Average chemical shift perturbation of 1H and 15N chemical shifts of
p53 DBD given by Δav=[(Δδ2

NH+Δδ2
N/25)/2]1/2 against residue number upon

titration with a 1.1-fold excess of Bcl-xLΔLT. Residues with a relative chemical
shift perturbation larger than 0.40 and a solvent accessibility of side chain or
backbone atoms above 50% are shown in red and those with relative chemical
shift perturbations larger than 0.40 and a solvent accessibility smaller than 50%
are shown in green. Residues which are not significantly shifted are colored in
gray. The secondary structure is given below as red (helix) and yellow (sheet)
bars.

6.4.1.2 NMR Spectroscopy Identifies the Binding Interface of p53 DBD and Bcl-2

Since Bcl-xL and Bcl-2 share high structural and functional homology, a p53/Bcl-2

complex could also be expected. Indeed Mihara et al. showed using

immunoprecipitation that p53 not only interacts with Bcl-xL but also forms complexes

with the anti-apoptotic protein Bcl-2 (Mihara and Moll, 2003). In fact, upon titration

of unlabeled Bcl-2 to 15N labeled p53 DBD, induced chemical shift changes in the 15N

HSQC spectra of p53 DBD are observed (Figure 43).
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Figure 43: Average chemical shift perturbation of 1H and 15N chemical shifts of
p53 DBD given by Δav=[(Δδ2

NH+Δδ2
N/25)/2]1/2 against residue number upon

titration with a 1.1-fold excess of Bcl-2. Residues with a relative chemical shift
perturbation larger than 0.40 and a solvent accessibility of side chain or backbone
atoms above 50% are shown in red and those with relative chemical shift
perturbations larger than 0.40 and a solvent accessibility smaller than 50% are
shown in green. Residues which are not significantly shifted are colored in gray.
The secondary structure is given below as red (helix) and yellow (sheet) bars.

The area on p53 affected by Bcl-2 is – however less pronounced – similar but not

identical to the one by Bcl-xL and close to the DNA binding site of p53. As for Bcl-

xL, titration of Bcl-2 to 15N-p53 DBD did not result in large global chemical shift

perturbations, suggesting that binding of Bcl-2 does not induce major conformational

rearrangements of p53 DBD. However, the signals corresponding to the interaction

site of p53 have disappeared instead of shifted as in Bcl-xL suggesting that the

p53/Bcl-2 oligomer formation is in the intermediate exchange on the NMR chemical

shift time scale (the exchange rate is expected to be in ms). p53 residues Gln-136 and

Ala-138 (between S2’ and S23), Ala-161 and Tyr-163 (S4), Arg-175 (L2), His-179

(H1), Ile-195 (S5), Asn-236 (S8), Met-237, Asn-239, and Gly-244 (Joerger et al.,

2004). Residues which have disappeared upon complexation are localized at the

DNA-contact interface of p53 DBD. In contrast to Bcl-xL-induced residue shifts on

p53, Bcl-2 did not induce observable shifts on residues Leu-114, His-115, Gly-117,

Ser-121, Arg-202 and Glu-224.

The binding of p53 may also modulate the anti-apoptotic function of Bcl-2 and

Bcl-xL by changing its affinity to the pro-apoptotic BH3 domain-only Bcl-2 proteins
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such as Bim and Bid. If the affinity of Bim to Bcl-2/Bcl-xL is decreased by p53, the

released Bim can induce apoptosis through Bax/Bak pathway. Conversely, Bim or Bid

may be able to weaken the interaction between p53 and Bcl-2, or p53 and Bcl-xL. To

test this hypothesis, the 21mer Bid BH3 peptide was titrated into the p53/Bcl-2

complex in the NMR HSQC experiment. At as low as 1 : 0.5 ration of Bcl-2 to the Bid

peptide, the p53 signals in the 15N HSQC spectra started to be restored to the state of

free p53, suggesting that the Bid peptide can promote the dissociation of p53 from

Bcl-2. Similar findings were reported for the p53/Bcl-xL complex, where the 25-mer

Bad BH3 peptide (Kd 0.6nM to Bcl-xL) inhibited the association of p53 to 13C labeled

Bcl-xL monitored by 13C HSQC. This is a rather unexpected result from the structural

point of view since the p53 binding site and the peptide binding site (the BH3 binding

pocket) are almost at the opposite side of Bcl-xL nevertheless, a subtle global

structural changes in Bcl-xL caused by the Bad peptide binding prohibits p53 to bind

to the Bcl-xL/Bad complex.
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(A)

(B)

(C)

Figure 44: p53 DBD residues that are perturbed upon titration of Bcl-xLΔLT (A)
and Bcl-2 (B) are mapped onto the crystal structure of (p53 DBD, PDB-Code
1TSR) The color coding corresponding to figure 2. Residues which disappeared
upon titration with Bcl-2 (B) are given in blue. In figure 3(A) the binding sites S1
and S2 are indicated additionally. (C) Residues which are perturbed for Bcl-xL
upon titration with p53 DBD.
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6.4.1.3 A Model for the p53 DBD-Bcl-xL Complex

Based on the experimental NMR data, significantly shifted residues in the

HSQC spectra of p53 DBD and loop-deleted Bcl-xLΔLT upon complexation were

introduced as ambiguous interactions restraints in a calculation of an NMR-based

complex-model using HADDCOK (Dominguez et al., 2003). Docking calculations

were started from the monomeric structures for p53 DBD (PDB code 1TSR) and Bcl-

xL, Bcl-xLΔLT (PDB code 1LXL and 1BXL, respectively). For p53 DBD 7 residues

(Leu-114, His-115, Gly-117, Ser121, Glu-224, Arg-280, Glu-287) were defined as

active, and 12 additional residues as surface neighbors (passive residues). For Bcl-xL,

two active (Trp-24 and Phe-27) and six passive residues were defined (Table 3)

Figure 45 shows in the upper part the energetically best cluster of ten complex-

models after refinement in a “water-box” (Table 4).

Table 3: List of active and passive residues used for the definition of ambiguous interaction
restraints (AIRs) and flexible / fully flexible segments

p53 DBD Active residuesa L114, H115, G117, S121, E224, R280,

E287

Passive residuesb S116, K120, V122, P128, E221, P222,

P223, V225, S227, T231, R283, N288,

L289

Flexible interface G112-A129; P219-H233; P278-L289

Fully flexible segments none

Bcl-xL Active residuesa W24, F27

Passive residuesb S23, S25, Q26, F27, K157, E158

Flexible interface Q19-E31; V155-Q160

Fully flexible segments G21-P82; G196-E211
a All solvent accessible residues which are significantly shifted in the HSQC spectra are
defined as „active“.
b All solvent accessible residues which are surface neighbors of active residues are defined as
„passive“.
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Figure 45: Ribbon ensemble of 10 energetically best complex structures of loop-
deleted Bcl-xLΔLT bound to p53 DBD at the S2 surface, complex structure
calculations was done based on HSQC chemical shift changes using HADDOCK
(Dominguez et al., 2003). At the bottom a surface representation (residue labels
in gray) of the p53 DBD-Bcl-xL interface S2; Bcl-xL residues are given as “ball
and sticks” diagram labeled in black: Positive charged residues are colored blue,
negative charged residues are colored in red. Green residues are polar.
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Table 4: Structural statistics of the ten best water-refined Bcl-xL-p53 DBD model structures

Backbone RMSD (Å) with respect to mean
All backbone (including flexible loop regions) 2.49 ± 2.46
Backbone p53 DBD 1.21 ± 0.37
Backbone Bcl-xL 3.73 ± 2.94
Flexible interface backbone 1.45 ± 0.65
Number of ambiguous interactions restraints (AIRs)
From p53 DBD 7
From Bcl-xL 2
Total number of AIRs 9
Protein-protein intermolecular energies
E(vdW) (kcal mol-1) -35.50 ± 7.81
E(elec) (kcal mol-1) -575.42 ± 67.96
Proteins flexible interface energies
E(vdW) (kcal mol-1) -395.57 ± 11.09
E(elec) (kcal mol-1) -3961.62 ± 51.95
Buried surface area (Å2) 1359.01 ± 145.88
RMSD from idealized geometry
Bonds (Å) 3.2*10-03 ± 2.8*10-5

Angles (deg) 0.41 ± 0.004
Ramachandran analysis
Residues in most favored regions (%) 82.8
Residues in additional allowed regions (%) 14.0
Residues in generously allowed regions (%) 1.1
Residues in disallowed regions (%) 2.2
Based on the ten energetically best structures after flexible docking with HADDOCK 1.2
followed by refinement in explicit water.
a Definition of flexible interface see Table 1
b Non-bonded energies were calculated with the OPLS parameters using a cut-off distance of
8.5 Å.
c The buried surface area was calculated with CNS using a 1.4 Å radius water probe.

In the case of full-length Bcl-xL, these loop regions are defined as fully flexible

throughout the calculations. Using stepwise refinement as described in Methods,

complex formation according to the experimental shift data and stabilization of the

complex by additional attractive interactions can be modeled. The long loop region

(residues 21 – 82) of Bcl-xL has a predominant orientation towards the H2 helix of

p53 which is due to attractive interactions of negatively charged residues Aps-29, Glu-

31 and Glu-32 of Bcl-xL, which are not part of the deleted long flexible loop in Bcl-

xLΔLT, with positively charged residues Arg-283, Arg-280 and Lys-120 of p53 DBD

(Figure 45).

To corroborate that the calculated complex structures are not biased by the long

flexible loop region 44 - 82 of Bcl-xL in terms of binding interface rigid-body
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complex structures were generated using the loop-deleted structure 1BXL including

the same interactions restraints. As stabilizing interactions of the flexible loop are

restricted to the residues Asp-29, Glu-31 and Glu-32 the resulting complex structures

are identical in terms of binding interface and in directionality of this loop. Thus in

Bcl-xLΔLT, the loop shortening does not induce a significant tilt of these residues

compared to the configuration they have in the full-length protein. This result is in

agreement with NMR chemical shift titration experiments which yield no difference in

shift perturbations of p53 DBD using the loop-deleted or the full-length Bcl-xL

construct.

6.4.1.4 Model of the p53/Bcl-xL Complex in the Context of the Mitochondrial
Membrane

The data are consistent with a recent report by Petros et al. which provided a first

limited determination of chemical shift perturbation of 15N labeled p53 DBD upon

addition of Bcl-xL (Petros et al., 2004a). The chemical shift changes on p53 observed

in the Petros et al. report are Arg-280, Cys-277, Ser-241, Cys-38, Cys-182 and Val-

173, although they are rather small, not exceeding half a line width. The data confirm

and extend this observation, since residues Arg-280 and Cys-277 are identically

perturbed or in sequential neighborhood (e.g. our shifted residue Cys-242 is close to

Petros Cys-238 and Ser-241). Perturbations observed in the spectra here presented are

significantly pronounced and are supplemented by sequential residues of strongly

shifted signals. More importantly, in addition and in contrast to Petros, significant

changes for residues Leu-114 to Thr-123 from the p53 DBD loop region are observed.

Concerning the contact sites on Bcl-xL, significantly shifted residues of Bcl-xLΔLT

(Gln-19, Lys-20, Trp-24, Val-155 and Ser-164) in our 15N-HSQC spectra are in

general agreement with 13C-HSQC Bcl-xLΔLT/p53 DBD data of Petros et al. (Petros

et al., 2004a).

Taken together, this identifies a new unique binding interface (called S2). The

molecular modeling that used the NMR data as restraint localized this second surface

on the β-strand scaffolding of p53, at 90 degrees to the DNA and dimerization contact

surface. However, this result needs to be put in context with previously published

contextual model of Bcl-xL binding to the DNA contact surface of p53 DBD (which is

called S1) (Mihara and Moll, 2003). The “S1”–model was generated using mutational

analysis plus contextual restrains implemented in the Global Range Molecular

Matching program (Vakser et al., 1999) and was experimentally validated by HSQC

NMR results of Petros et al.
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Bcl-2 is a very close structural homologue of Bcl-xL, in fact their tertiary

structures are superimposable (residual mean squares deviation of 1.40A for 468

atoms involved). Our NMR data identify the binding site for Bcl-2 on the DNA

contact surface S1 of p53 DBD (Figure 43).

Assuming exclusive binding of Bcl-xL to the S2 surface, one might predict that

Bcl-xL is unable to displace p53 from it cognate DNA sequence. In fact,

electrophoretic mobility shift assays show that a substantial excess of Bcl-xL is

needed to compete against DNA binding (Figure 46) which would suggest that DNA

binding and Bcl-xL binding sites are not identical.

Figure 46: Inhibition of p53 DBD DNA binding activity in an electrophoretic
mobility shift assay (EMSA) by competition with Bcl-xLΔLT. 4 µM
fluorescence labeled consensus DNA was mixed with 8 µM p53 DBD and
incubated at 4°C for 20 min. Subsequently a molar excess of 30, 60, 120 and 240
of Bcl-xLΔLT was added to the mixture and DNA binding was quantified by
EMSA.

Integrating all available structural and biological data from this and our previous

studies and that of Petros et al (Petros et al., 2004a), the following unifying trimeric

model is proposed (Figure 47): Because of the ~90o relative orientation of S1 and S2

interaction sites, p53 can simultaneously interact with two molecules of anti-apoptotic

Bcl-xL proteins. In this model, the p53 interface on Bcl-xL is the solvent accessible

charged surface contributed by positions 17-24, 113-117 and 155-158 of Bcl-xL.

Moreover, C-termini of both Bcl-xL remain sterically available to anchor in the outer

mitochondrial membrane.
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Figure 47: Unifying trimeric model of the p53/Bcl-xL complex using data from
this study, Petros et al. (Petros et al., 2004a) and Mihara et al. (Mihara and Moll,
2003): Because of the ~90o relative orientation of S1 and S2 interaction sites, p53
(blue colors) can simultaneously interact with two molecules of Bcl-xL (green,
S2 and orange, S1). C-termini of both Bcl-xL molecules remain sterically
available to anchor in the outer mitochondrial membrane. The Figure was
generated using Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon,
1997).

In summary, the study identifies a novel interaction surface S2 for antiapoptotic

Bcl-xL on p53 DBD. This spectroscopic evidence, in conjunction with i) endogenous

population of Bcl-xL/p53 in 4:1 molar ratio on stressed mitochondria; ii) displacement

of cognate DNA from p53 DBD by Bcl-xL; iii) previously identified binding site

(Petros et al., 2004a) by mutational and docking studies, and iv) evidence that p53 can

bind Bcl-2 via S1 together provide a strong rationale for an oligomeric structural

model of the p53/Bcl-xL complex. Since the function of p53 is to liberate the

proapototic Bcl-2 family proteins from pre-existing inhibitory interactions with anti-

apoptotic Bcl-2 members such as Bak, Bax and Bid (Perfettini et al., 2004) and

reference therein), the ability of one p53 molecule to neutralize two anti-apoptotic

molecules increases the overall efficacy of this step.
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6.5 Sequential Backbone Assignment of p63 DBD

6.5.1 Results and Discussion

Triple labeled [75%-2H,U-13C,15N], double labeled [U-13C,15N], and [U-15N]-p63

DBD for the sequential resonance assignment were expressed and purified as

described in Materials and Methods and by Klein et al. (Klein et al., 2001a). From 2L

M9 minimal medium, 130 mg double labeled p63 DBD could be yielded. SDS gel

electrophoresis after size exclusion chromatography shows however that a small

fraction of p63 DBD is in a dimer-monomer equilibrium (Figure 48).

Figure 48: SDS-PAGE of [U-13C,15N]-p63 DBD after size-exclusion
chromatography in increasing concentrations. The small band at approximately
50 kDa indicates a possible dimerization of p63 DBD.

6.5.1.1 NMR Spectroscopy

All NMR spectra were acquired at 303 K on Avance spectrometers (Bruker,

Karlsruhe) operating at nominal 1H frequencies of 600, 750 and 900 MHz, equipped

with triple (1H, 13C, 15N) and quadruple (1H, 13C, 15N, 31P) probes including triple axis

pulse field gradients and lock switch units for 2H decoupling. The following 3D triple

resonance experiments were carried out with gradient selection and sensitivity

enhancement: [U-15N]-labeled sample; 2D 1H,15N-HSQC, 3D HNHA, 3D HNHB, 3D
15N-edited TOCSY-HSQC (50 ms mixing time), 3D 15N-edited NOESY-HSQC (80

ms mixing time) and 3D 15N,15Nedited HSQC-NOESY-HSQC (100 ms mixing time).

[U-15N, 13C, 75% 2H] labeled sample (with 2H decoupling): 3D HNCO, 3D TROSY-

HNCA, 3D TROSY-HN(CA)CO, 3D TROSY-HN(CO)CACB, 3D TROSY-

HNCACB. All the experiments were processed and analyzed using the XWinNMR

and Aurelia software (Bruker, Karlsruhe), respectively. The sequence specific

resonance assignments were obtained with the help of our automatic assignment
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program (Leutner et al., 1998). The backbone assignments could be confirmed

through the observation of sequential NHi-NHi+1 and Hαι- NHi+1 interproton NOEs.

Chemical shifts were indirectly referenced via the Ξ  ratios (Wishart et al., 1995a;

Wishart et al., 1995b).

Figure 49: 1H,15N HSQC spectrum with three expanded views of 15N, 13C-
labelled p63 in 90% H2O, 10% D2O at pH = 6.8, recorded on a 900 MHz Bruker
spectrometer at 303 K. The peaks are labeled according to their original position
in the complete p63 sequence (113–345). Sidechain amide proton resonances are
connected with horizontal lines.
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6.5.1.2 Extend of Assignment and Secondary Structure

The 2D 1H,15N HSQC spectrum of the p63 DBD (Figure 49) displays a good

dispersion of the proton and nitrogen resonances. From the abovementioned triple

resonance experiments, an almost complete backbone assignment (94% of the 214

non-Pro residues) could be achieved. Definitive assignments have not been obtained

for residues Gly113, Ser114 and the short segment His224-Arg227, whereas Ser115,

Arg212, Ser232, Tyr265, Met277, Ile284 and Asn331 could only be sequentially

assigned. Overall, the backbone chemical shifts of the p63 DBD were found to be very

similar to that of the p53 DBD for most sequence positions (Wong et al., 1999b). In

combination with the high sequence homology, this is consistent with a similar global

fold for both proteins. Overall, the secondary structure elements revealed by both

chemical shifts and interproton NOEs of the p63 DBD are essentially identical to

those found previously for p53, which is also consistent with a p53-like fold.

Figure 50: Secondary structural elements according to the consensus chemical
shift index (CSI) of Hα, Cα, Cβ and CO of p63 DBD. Secondary structure of
p53 DBD is given according to the crystal structure (Cho et al., 1994).

The chemical shifts for backbone resonances of p63 DBD have been deposited

in the BioMagRes-Bank (http://www.bmrb.wisc.edu/) under the accession number

BMRB-5700 (Furrer et al., 2003).
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7 Studies on the Molecular Chaperones Hsp90 and

Hsp12

7.1 Introduction

7.1.1 Protein Folding and Molecular Chaperones

Protein folding generates a particular three-dimensional structure from linear, one-

dimensional polypeptide chain with a particular sequence of amino acid residues.

However, most globular folded proteins are only marginally stable and slight changes

in pH or temperature can convert a solution of biologically active proteins in their

native state to a biologically inactive denatured state. The energy difference between

these two states under physiological conditions is rather small, about 5-15 kcal/mol,

which is comparable to the energy contribution of a single hydrogen bond in the order

of 2-5 kcal/mol (Branden and Tooze, 1998). The low stability of the native state over

the denatured state is biologically important, as living cells need active, globular

folded proteins in correct quantities at appropriate times, and proteins in cells usually

have a rapid turnover between protein synthesis and degradation. Furthermore, the

functional activities of many proteins depend upon large conformational changes

triggered by ligand binding, which would be inconsistent with a rigidly stabilized

structure. Investigations of protein folding began in the 1960s with experiments of

Christian Anfinsen and co-workers on the in vitro folding of ribonuclease A (Anfinsen

et al., 1961). Ribonuclease A was denatured by incubation with 8 M urea and a

reducing agent (Kauzmann, 1959), resulting in a loss of biological activity. When the

denaturant and the reducing agent were removed by dialysis in Anfinsen´s experiment,

the enzyme was found to slowly regain its activity and therefore obviously had

refolded in vitro (Anfinsen, 1973). This observation showed that the three-

dimensional structure of this protein is encoded in its amino acid sequence, and that

no other factors are required for protein folding which is an autonomous and, under

proper conditions, spontaneous process.

Intuitively one might imagine that all proteins search through all possible

conformations in a random fashion until they are frozen at the lowest energy in the

conformation of the native state. However, the biophysicist Cyrus Levinthal showed

in 1968 by a simple calculation that this is not possible. Assuming that each peptide

group has only three possible conformations in the Ramachandran diagram and that it

converts one conformation into another in the shortest possible time of one picosecond
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(10-12 seconds). A polypeptide chain of 150 residues would then have 3150 = 1068

possible conformations. To search all these conformations would require 1048 years

which is far beyond the actual folding time of 0.1 to 1000 seconds. Therefore the

folding process must be directed in some way through a kinetic pathway of unstable

intermediates (Fersht, 1995) and consequently the observed natively folded

conformation is possibly not the one with the lowest free energy but rather the most

stable conformation kinetically accessible.

Figure 51: Chaperone-assisted protein folding. Protein biosynthesis and cellular
stress result in unfolded polypeptide chains which fold via several intermediates
to their native functional state. Intermediates which expose hydrophobic surfaces
might be subject to aggregation processes. Molecular chaperones compete
against this aggregation by binding to these species. ATP-mediated
conformational changes trigger the release of the bound polypeptide chain.
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Therefore it is important for living cells to prevent intermediate stages which

block the further folding process. The most common obstacles to correct folding are

(1) aggregation of these intermediates through exposed hydrophobic groups

(prevented by molecular chaperones), (2) formation of incorrect disulfide bonds

(corrected by the DsbA,B,C system) and (3) isomerization of proline residues

(catalyzed by peptidyl-prolyl-cis/trans-isomerases). To circumvent these problems

cells developed molecular chaperones, a special set of proteins that assist the folding

process by preventing aggregation (Kiefhaber et al., 1991; Schwarz et al., 1996) and

promoting a productive folding in a complex ATP-dependent manner (Buchner and

Kiefhaber, 1990; Hartl, 1996). Although protein synthesis is the major source of

unfolded polypeptide chains, molecular chaperones are found in all compartments of a

cell where conformational rearrangements of proteins occur. In addition, at non-

physiological high temperatures or in the presence of other stress-inducing factors, the

possible loss of protein function, due to protein unfolding, is counteracted by

producing an increasing amount of specific heat-shock proteins, which prevent an

accumulation of protein aggregates (Figure 51). Several of these heat-shock proteins

are found to be molecular chaperones.
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7.1.2 Classes of Molecular Chaperones

Heat shock proteins can be divided into several major families or classes, according to

their molecular weight and sequence homologies: Hsp100, Hsp90, Hsp70, Hsp60,

Hsp40 and the family of small heat-shock proteins (Fink, 1999). Proteins from the

same class are often structurally and functionally related, while there are hardly any

homologies between chaperones from different classes. Nevertheless, they all share a

common set of functional features, as there are (1) binding to proteins with exposed

hydrophobic surfaces, (2) induction of conformational changes in the target proteins

and (3) a controlled release of the bound polypeptide chain (Walter and Buchner,

2002). In the following sections the different classes of molecular chaperones are

briefly presented. As most of the results in this chapter refer to Hsp90, a more detailed

discussion is given for this family.

7.1.2.1 Hsp100 Family

The members of the Hsp100 family perform a diverse set of functions, including

proteolysis. They are highly conserved, present in all organisms and contain an ATP

and a polypeptide binding site. Hsp104 and ClpA (ClpB in E. coli) form six-

membered rings; however, their diameter is much smaller than in GroEL, making it

unlikely that the Hsp100 functions analogously to Hsp60. Hsp104 may act in concert

with Hsp70 and DnaJ homologs to increase the yields of renatured protein (Glover et

al., 1998). In addition, Hsp104 has been observed to solubilize aggregated proteins

both in vivo and in vitro (Lee et al., 2004; Parsell et al., 1994; Shorter and Lindquist,

2004). Another feature of Hsp104 is its role in triggering a prion-like disorder in yeast,

involving the extrachromosomal element PSI+ (Debburman et al., 1997; Narayanan et

al., 2003; Reif et al., 2004).

7.1.2.2 Hsp60 Family

Many of the Hsp60 chaperones are known as chaperonins, like GroEL (cpn60), and

TCP-1 are barrel-shaped oligomeric protein complexes with a large central cavity in

which non-native proteins can bind (Saibil and Ranson, 2002). The term chaperonin

was originally proposed by Ellis to refer to non-heat-induced Hsp60 (Ellis, 1990).

GroEL is probably the most studied of all molecular chaperones; in combination with

its co-chaperonin GroES (cpn10) and ATP it facilitates protein folding by preventing

aggregation and in addition also allowing partially folding in an environment

conducive to stabilizing the native fold (Chen et al., 2001; Lilie and Buchner, 1995).

GroEL and its homologs are found in prokaryotes, chloroplasts, and mitochondria,

whereas TCP-1 and its homologs are found in the eukaryotic cytosol. Members of the
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Hsp60 family are also involved in the assembly of large multiprotein complexes such

as Rubisco (Cheng et al., 1989; Viitanen et al., 1990) and in the thermophilic archaea

(Heller et al., 2004; Horwich and Saibil, 1998). The structure of the E.coli chaperonin

GroEL has been solved by X-ray crystallography (Boisvert et al., 1996; Xu et al.,

1997) (Figure 52) and electron microscopy (Saibil, 1996) and consists of 14 identical

subunits (each 57 kDa) in two stacked heptameric rings, each containing a central

cavity with a diameter of 45 Å. This cavity is large enough to accommodate proteins

of 40-50 kDa. Each domain consists of three subunits, the equatorial, the intermediate,

and the apical. The latter, forming the entrance of the central cavity, undergoes major

conformational changes on binding of ATP and the co-chaperonin GroES (Heller et

al., 2004; Saibil et al., 2002), leading to substantial changes in the hydrophobic nature

of the cavity. The co-chaperone GroES is a dome-shaped ring-structure with a

diameter of 75 Å (Hunt et al., 1994), consisting of seven subunits (each 10 kDa).

Peptide binding is mediated by a so-called mobile loop of GroES (Landry et al., 1993;

Richardson et al., 2001) and is in addition dependent on nucleotides bound to the

equatorial domain of the GroEL ring.

Figure 52: Crystal structure of the asymmetric GroEL/GroES chaperonin
complex (pdb-entry: 1AON) (Xu et al., 1997). (A) Front view of the complex. In
red is shown the co-chaperonin GroES; GroEL is composed of two rings, each
consisting of seven subunits. The cis ring (blue) has bound seven ATP and is
associated with GroES, resulting in major structural changes of this GroEL ring.
Hydrolysis of ATP induces second conformational rearrangements, which allows
the trans ring (yellow) to bind polypeptide. Bound ATP to the trans ring induces
the release of polypeptide in the cis ring. (B) View from the bottom. The figures
were generated with Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon,
1997)
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The TCP-1 is a hetero oligomeric 970 kDa complex containing several

structurally related subunits of 52-65 kDa. These are assembled into a ring complex

that resembles the GroEL double ring. In contrast, to GroEL, the TCP-1 ring complex

appears to function independently of a small co-chaperonin protein such as GroES.

However, it has been shown that TCP-1 complexes are involved in the folding of very

few proteins in the eukaryotic cytosol (Frydman et al., 1992; Kubota et al., 1994).

7.1.2.3 Hsp70 Family

The Hsp70 family is very large, with most organisms having multiple members; many

eukaryotes have at least a dozen and more different Hsp70 proteins, occurring in a

variety of cellular compartments. For example, the yeast S. cerevisiae produces 14

different versions of Hsp70 (Craig et al., 1999). The most extensively studied member

of the Hsp70 family is DnaK from E. coli. It is involved in many cellular processes,

including protein folding and degradation of unstable proteins by binding short

hydrophobic segments in partially folded polypeptides (Fink, 1998; Frydman et al.,

1999; Hartl, 1996; Hartl et al., 1994). Hsp70 chaperones are composed of two major

functional domains. The N-terminal, highly conserved ATPase domain binds and

hydrolyzes ATP, whereas the C-terminal domain is required for polypeptide binding;

both act in a cooperative manner for target protein folding. Crystallographic structures

of the bovine ATPase domain, the DnaK peptide-binding domain complexed with a

peptide substrate and the human Hsp70 ATPase domain have been determined

(Flaherty et al., 1990; Sriram et al., 1997; Zhu et al., 1996). The ATPase domain is

structurally similar to actin and hexokinase, comprised of two subdomains separated

by a deep cleft within which the MgATP and MgADP bind (Flaherty et al., 1991). The

structure of the peptide binding domain consists of a β-sandwich subdomain followed

by α-helices. The peptide is bound to DnaK in an extended conformation through a

channel defined by the loops of the β-sandwich. Only five residues of the substrate

make significant contacts with Hsp70, which might explain the observed specificity

for short hydrophobic peptides. The stability of the Hsp70/polypeptide complex is

increased by the hydrolysis of ATP.

However, kinetic studies indicate that Hsp70 alone is not able to compete

against fast aggregation processes in the order of seconds, as the ATP hydrolysis is

too slow. The efficiency is enhanced by the co-chaperones Hsp40 and GrpE (Figure

53). In the presence of Hsp40, ATP hydrolysis is accelerated, thus forming the more

stable Hsp70/ADP/polypeptide (“closed”) complex. GrpE decreases the affinity of

Hsp70 for nucleotides and therefore facilitates nucleotide exchange (Langer et al.,

1992; Schroder et al., 1993) (Figure 53).



Studies on the Molecular Chaperons Hsp90 and Hsp12 117

Figure 53: Crystal structure of the nucleotide exchange factor GrpE (blue and
green), bound to the ATPase domain of the molecular chaperone DnaK (pdb-
entry: 1DKG). The nucleotide is bound in the cleft between the two subdomains
of the ATPase domain (Harrison et al., 1997). The figure was generated using
Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997)

7.1.2.4 Hsp40 Family

The Hsp40 or DnaJ (from E. coli) family consists of over 100 members and is defined

by the presence of a highly conserved J domain of about 78 residues (Caplan et al.,

1993). Mutational analysis revealed that this domain is essential for the interaction

between Hsp40 and Hsp70. Much variability is seen in the non-J domains of members

of this family. The most important features of Hsp40 are its binding to peptides and its

stimulation of ATP hydrolysis of Hsp70 (Cyr et al., 1994). Nuclear magnetic

resonance has been used to determine the three-dimensional structure of the J domain

in DnaJ from E. coli and humans (Hill et al., 1995; Qian et al., 1996; Szyperski et al.,

1994). The structure is dominated by two long helices, with a hydrophobic core of

highly conserved sided chains. A current model of Hsp40 and Hsp70 cooperativity

assumes that a polypeptide substrate first binds to Hsp40 (Schroder et al., 1993). The

Hsp40/substrate complex than associates with Hsp70/ATP, followed by a substrate

transfer to the open cleft of Hsp70 which is locked by Hsp40-stimulated ATP

hydrolysis. The functional cycle of Hsp70/Hsp40 is completed by the GrpE-mediated

(Liberek et al., 1991) exchange of ADP for ATP and the dissociation of the complex.
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7.1.2.5 Small Heat Shock Proteins

The small heat shock protein (sHsp) family consists of 12 to 43 kDa proteins

which form oligomeric complexes, mainly of 12 to 42 subunits (Figure 54). These

proteins have been found in almost all organisms studied so far. In contrast to the

other classes, they show a larger heterogeneity in sequence and size (Haslbeck et al.,

2004; Haslbeck and Buchner, 2002; Jakob and Buchner, 1994; Jakob et al., 1993).

They all have in common a conserved C-terminal domain, the α-crystallin domain,

which refers to the most prominent member of the family, the eye-lens protein α-

crystallin, its major role is being the binding of denatured proteins and preventing

their aggregation which would result in cataracts (Dejong et al., 1993). Compared to

the molecular chaperones, sHsps have a higher binding capacity. They are able to bind

large amounts of non-natively folded proteins, up to one target protein per subunit of

the oligomeric sHsp complex (Jakob and Buchner, 1994). Upon substrate binding

sHsps form, in a highly cooperative fashion, large, globular shaped complexes

(Haslbeck et al., 1999). In vitro studies on Hsp26 from yeast showed that at

temperatures above 40 °C, the well-defined oligomeric complex dissociates reversibly

into stable dimers which expose binding sites for non-native proteins (Haslbeck et al.,

1999). The resulting Hsp26/substrate complex shows an organization which is

completely different from the original Hsp26 complex. In contrast to other molecular

chaperones no active release mechanism has been found so far; furthermore the

release of substrate from these sHsp complexes is not spontaneous.

Figure 54: Biologically
active unit of the archaeal
sHsp16.5 as determined by X-
ray crystallography (Kim et
al., 1998). The figure was
generated using Molscript
(Kraulis, 1991) and Raster3D
(Merritt and Bacon, 1997).

However, it has been demonstrated that bound enzyme can be shifted back to its

native state by adding a ligand which stabilizes its functional conformation

(Ehrnsperger et al., 1997). In addition, in some organisms the expression of sHsp and

Hsp70 is genetically linked (Michelini and Flynn, 1999). These findings imply that

sHsps bind non-native proteins under stress conditions where large quantities of
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unfolded proteins occur, and thereby prevent their aggregation, making a subsequent

refolding by Hsp70 or other ATP-dependent chaperones possible (Kampinga et al.,

1994; Kim et al., 2003).

The three-dimensional structure of an archaeal sHsp (Hsp16.5) has been studied

by X-ray crystallography (Kim et al., 1998), showing a hollow sphere with openings

to the inside and an external diameter of 120 Å, consisting of 12 identical dimer

subunits. The C-terminal domain of each monomer is predominantly a β-sheet

(Figure 54), whereas the N-terminal domain could not be resolved in detail.
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7.1.3 Hsp90 Family

Members of the Hsp90 family are highly conserved, essential proteins found in all

organisms from bacteria to humans. Examples include the cytosolic form in

eukaryotes, the ER form Grp94, and the E. coli homolog HtpG. The Hsp90 system is a

chaperone complex which is far more complex than both GroEL/GroES and Hsp70, as

it includes the Hsp70 system, at least in parts of the chaperone cycle. Furthermore it

includes a large number of cofactors. In contrast to other chaperone systems, a

growing number of client proteins have been identified which depend on Hsp90 in

order to reach their native and functional state (Richter and Buchner, 2001). The

common structural feature of client proteins is not yet known; however, Hsp90 has

several specific interactions, for example with cytoskeleton elements, signal

transduction proteins and protein kinases (Bose et al., 1996; Buchner, 1999; Jakob and

Buchner, 1994; Yahara, 1998; Young et al., 2001). Therefore Hsp90 is an important

key component in the regulation of the cell cycle, revealing an additional level of

regulation and consequently constituting an interesting target for therapeutic

intervention (Buchner, 1999). For example, in vivo screens for src inhibitors led to the

selection of the ansamycin Geldanamycin. However, subsequent analysis showed that

this potential src inhibitor binds in fact to Hsp90 with high affinity and specificity,

leading to Hsp90 inactivation and in turn to decreased levels of active src kinase

(Whitesell et al., 1994).

7.1.3.1.1 Hsp90 Domain Organization and Structural Properties

Hsp90 consists of two highly conserved domains which are connected by a charged

linker region. This linker region has a variable length for different eukaryotic species,

whereas prokaryotic Hsp90 family members such as E. coli HtpG miss this linker

region at all (Lindquist and Craig, 1988). Hsp90 is functional as a homodimeric

protein with a dimerization subdomain localized at the very C-terminal end of the C-

terminal domain with a dissociation constant of about 60 nM (Harris et al., 2004;

Richter et al., 2001). The N-terminal domain of Hsp90 (residues 1-215) binds and

hydrolyses ATP and it has been shown that the hydrolysis of ATP by the N-terminal

domain of Hsp90 is necessary to perform its chaperone task in vivo, because mutant

Hsp90 proteins that do not hydrolyze ATP do not support the functions of Hsp90

essential for viability (Obermann et al., 1998; Panaretou et al., 1998; Prodromou et al.,

1997).
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Figure 55: Domain organization of Hsp90 in yeast. The N-terminal ATP binding
domain is shown in blue. A charged linker (red) separates the N-terminal from
the C-terminal domain (green). At the very end of the C-terminal domain the
dimerization site of Hsp90 is localized. The ATP binding domain also binds the
competitive inhibitors Geldanamycin (GA) and its analogs 17AAG and
Radicicol.

Recent studies indicate that ATP binding to the N-terminal domain leads to a

transient dimerization of the N-terminal domains, inducing major conformational

changes, followed by the stimulation of the ATPase activity (Prodromou et al., 2000;

Richter et al., 2001). This N-terminal dimerization is achieved by a “strand swapping”

mechanism, which includes the first 24 amino acids of the N-terminal domain (Richter

et al., 2002). These ATP-induced conformational changes might be needed for the

specific interactions with different cofactors and partner proteins (Walter and

Buchner, 2002).

Figure 56: ATP binding to the N-terminal domain induces its transient
dimerization. Major conformational changes might be necessary during the
ATPase cycle in order to bind to different cofactors and partner proteins. A
indicates bound ATP.

Up to now, the X-ray crystallographic structures of the N-terminal nucleotide-

binding domain from yeast and human Hsp90 in complex with ADP, ATP, Radicicol

and Geldanamycin are known (Prodromou et al., 1997; Roe et al., 1999; Stebbins et
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al., 1997). These structures identified Hsp90 as a member of the GHKL (Gyrase,

Hsp90, Kinase, MutL) superfamily of proteins (Bergerat et al., 1997), whose

nucleotide binding sites share a common fold (Dutta and Inouye, 2000) (Figure 57).

Studies on gyrase and MutL also indicated that the nucleotide binding domains

dimerize in response to ATP binding.

Figure 57: Schematic representation of the core elements of the GHKL ATP-
binding fold (Bergerat) (Bergerat et al., 1997) as deduced from the structures of
the ATP-binding domains of EnvZ, CheA, DNA gyrase B, Hsp90 and MutL.
Three helices form a layer over a four-stranded antiparallel β sheet. The most
unique feature characterizing this fold is the long flexible ATP-lid (L4). Hsp90
has two additional helices (α´and α´´) within this L4 loop between helices H2
and H3. High mobility of this ATP-lid has been indicated of the solved structures
of all the member families of the GHKL superfamily (Dutta and Inouye, 2000).

The three-dimensional structures of the N-terminal domain of Hsp90 (Figure
58) has nine helices and an antiparallel β sheet of eight strands that together fold into

an α/β sandwich. One face of the β sheet is hydrophobic and packs against a layer of

five helices. A second layer of helices is localized at the periphery of the sandwich. At

the center of the “helical face” of the α/β sandwich, a wide opening extending into the

hydrophobic core of the structure forms a pronounced pocket of about 15 Å depth.

The pocket has the β sheet as its base and at its side three helices and a loop,

containing residues which are highly conserved throughout species (Stebbins et al.,

1997). All ligands have been shown to bind into this pocket; for ATP and ADP, the

nucleotides adopt a unique kinked conformation which has not been observed for any

other type of ATP binding protein. In this conformation, the γ-phosphate points to the

outside of the protein and is the only part of the nucleotide which is solvent-

accessible. Unexpectedly, in crystal structures of the N-terminal domains, ligand
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binding did not result in detectable conformational changes (Prodromou et al., 1997;

Roe et al., 1999; Stebbins et al., 1997).

Figure 58: Three-dimensional structure of the N-terminal of Hsp90 (pdb-entry:
1A4H). The domain consists of an α/β sandwich with a central 15 Å deep
nucleotide binding pocket with the β sheet as its base. The competitive inhibitor
Geldanamycin is shown as CPK model. The figure was generated using
Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).

Furthermore the three-dimensional structures of the middle domain of Hsp90

from yeast (residue 273-560) (Meyer et al., 2003) and the C-terminal domain of HtpG

from E. coli (residue 511-624) have been solved (Harris et al., 2004). The crystal

structure of the middle segment of yeast Hsp90 reveals considerable evolutionary

divergence from the equivalent regions of other GHKL protein family members such

as MutL and GyrB, including an additional domain of new fold. The middle domain

of Hsp90 has been identified as the binding site for the co-chaperones p50 (cdc37) and

Aha1. These results suggest possible mechanisms by which p50 inhibits and Aha1

stimulates Hsp90s ATPase activity (Meyer et al., 2004; Roe et al., 2004). The C-

terminal domain of HtpG folds to an α/β sandwich, containing five helices and a small

three-stranded β  sheet. The C-terminal helices H4 and H5 interact with their

equivalent counterparts from a second molecule around a 2-fold symmetry axes to

form the dimer via a four-helix bundle. The helix-helix interface is predominantly

hydrophobic and fringed by a few charged residues (Harris et al., 2004).
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7.1.3.1.2 Role and Function of Hsp90

Hsp90 is highly abundant, comprising up to 1-2 % of the total cellular proteins

(Buchner, 1999). As Hsp90 is involved in the regulation of ligand binding to steroid

receptors and also influences the phosphorylation status of many key signal

transduction proteins such as c-Raf-1, Akt or ErB2, as well as cell cycle checkpoint

control proteins such as Polo-1 and other mitotic kinases, it has a major impact on all

the pathways that regulate cellular outcome, including cell growth, division,

differentiation and apoptosis (Sreedhar and Csermely, 2004; Buchner, 1999; De

Carcer et al., 2001; Isaacs et al., 2003; Maloney and Workman, 2002) (Figure 59).

Furthermore recent studies revealed that Hsp90 plays a key role in development and

evolution, by acting as a buffer against phenotypic mutations which can be effectively

kept functionally hidden by Hsp90 (Queitsch et al., 2002).

Figure 59: Hsp90 – depending on a number of cofactors – regulates the folding
of several key components in signal transduction, cell cycle control and
apoptosis.

The activity of Hsp90 is regulated positively and negatively by various co-

chaperones and partner proteins. These include the Hsp70 system and Hop/p60/Sti1

which bring the Hsp90 and Hsp70 system together and function as an ATPase

inhibitor of Hsp90 upon binding (Walter and Buchner, 2002). Cdc37/p50, Sba1/p23

are other partner proteins and co-chaperones. In addition, the recently discovered

Aha1 functions as an activator of Hsp90 ATPase activity (Meyer et al., 2004;
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Panaretou et al., 2002). Further Hsp90 cofactors belong to the class of peptidyl-prolyl

isomerases (PPIases) (Walter and Buchner, 2002).

For the regulation of the conformation, client proteins have to pass through three

complexes during a ATPase chaperone cycle (Figure 60), which differ in the

composition of cofactors. Thereby also Hsp90 undergoes large conformational

changes involving regions C-terminal of the ATP-binding site (Grenert et al., 1997;

Weikl et al., 2000) which are also required for an efficient proceeding of the ATPase

reaction. Figure 60 illustrates the Hsp90-assisted hormone uptake of a steroid

hormone receptor (SHR). First, a non-hormone-binding conformation of the SHR is

captured by the Hsp70 system, which then binds via Hop/Sti1 to the Hsp90 dimer.

ATP hydrolysis by Hsp70 results in a substrate transfer from Hsp70 to Hsp90,

forming the intermediate complex. Hsp70/Hop are replaced by peptidyl-prolyl

isomerase and the co-chaperone p23 upon binding of ATP to Hsp90, forming the

mature complex. The receptor switches to its active conformation and upon hormone

binding the SHR is released (Walter and Buchner, 2002; Pratt and Toft, 2003).

Figure 60: Hsp90-assisted steroid hormone uptake. Hsp70 captures an inactive
conformation of the SHR, followed by Hop mediated interaction with Hsp90.
ATP hydrolysis of Hsp70 results in the substrate transfer from Hsp70 to Hsp90.
Hsp70 and Hop are replaced by p23 and PPI upon ATP binding to Hsp90. Upon
binding of the hormone ligand the SHR is released from the complex. Adapted
from (Walter and Buchner, 2002).
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As it has been shown for steroid receptors, also p53 shuttles between the

cytoplasm and the nucleus. And like unliganded steroid receptors (Pratt and Toft,

2003), some cytoplasmic p53 mutants retained in the cytoplasm were found to be

heterocomplexed with Hsp90. These p53-Hsp90 complexes are formed by the same

Hsp90/Hsp70-based chaperone system that assembles steroid receptor complexes

(King et al., 2001)s. One effect of Hsp90 complexation is the stabilization and

protection of client proteins from degradation by the ubiquitin-proteasome pathway.

This has been shown for p53, where its binding to Hsp90 inhibits MDM2-mediated

degradation (Figure 18) (Peng et al., 2001). Another effect is the Hsp90-mediated

transport to the nucleus. It is known that p53 tracks along microtubules by

cytoplasmic dynein “motors” to the nucleus (Gee et al., 1997; Vallee and Gee, 1998).

In a recent study it could be demonstrated that Hsp90 is responsible for the linkage

between the p53 “cargo” and the immunophilin-dynein complex and that prevention

of this link in vivo inhibits the nuclear transport of p53 (Galigniana et al., 2004; Pratt

et al., 2004).
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7.1.4 Heat Shock Proteins as Pharmalogical Targets in Apoptosis Modulation

Heat shock proteins such as Hsp70, Hsp27 and Hsp90, which can inhibit apoptosis by

direct physical interaction with apoptotic molecules, are overexpressed in several

tumor cells (Jolly and Morimoto, 2000). Hsp70 is highly expressed in human breast

tumors and is needed for their survival (Nylandsted et al., 2002), and Hsp90 was

reported in prostata carcinomas (Akalin et al., 2001). Heat shock proteins can bind to

procaspases and inhibit their activation (Beere and Green, 2001), they also can block

several caspase-independent pathways of apoptosis, which makes their inhibition an

efficient tool in inducing a relatively tumor-cell-specific apoptosis. Vice versa, key

pro- and antiapoptotic processes also regulate the synthesis of heat shock proteins, by

down-regulating the respective transcription factor, HSF-1 and by apoptosis-induced

proteolysis of HSF-1 (Sreedhar and Csermely, 2004). Moreover, tumors undergo

facilated evolution due to the increased proliferation and selection pressure, and the

overexpression of heat shock proteins may help the accumulation of hidden mutations

in tumors (Fares et al., 2002; Rutherford and Lindquist, 1998), which can help their

further progression to more aggressive types of metastatic cells. The induction of

Hsp70 by hyperthermia and anticancer drugs was shown to be more effective in

chemoresistant tumors.

Various heat shock protein inhibitors for Hsp60 and Hsp70 are known; however,

because of the specific ATP-binding site of Hsp90 (Bergerat et al., 1997), targeting of

Hsp90 became a central attraction in Hsp-related tumor inhibition. The most important

Hsp90 inhibitors are Geldanamycin, its less toxic analogs, 17-allylamino-17-

demethoxy-Geldanamycin (17-AAG) (Schulte and Neckers, 1998), Radicicol and the

more stable oxime derivatives (Soga et al., 1998), which have a higher affinity for

Hsp90 than Geldanamycin (Roe et al., 1999). New Geldanamycin analogous and a

third class of inhibitors, the purine scaffold inhibitors were developed (Hargreaves et

al., 2003). When Hsp90 becomes activated, it forms a large complex with several co-

chaperones in tumor cells, whereas in normal cells a latent uncomplexed Hsp90 is

found (Kamal et al., 2003).

In a recent report it could be shown that the Geldanamycin-derivative, 17-AGG,

binds to the tumor-specific, complexed form of Hsp90 with a 100-fold higher affinity

that the latent form in normal cells (Kamal et al., 2003). This specific accumulation in

tumor cells helps to explain why Hsp90 inhibitors are generally not as toxic to patients

as one would expect from the pleiotropic roles of Hsp90 inhibited by them.
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Table 5: Pharmalogical modifiers of Hsp action (Sreedhar and Csermely, 2004).

Drug Affected Hsp
Hsp inhibitors
Geldanamycin and 17-AGG Hsp90
Radicicol Hsp90
Cisplatin Hsp90
Novobiocin Hsp90
Deoxyspergualine Hsp70, Hsp90
MKT-077 Hsp70
Mizobirin Hsp60

Hsp inducers
Amphetamine all Hsp
Carbenoxolone all Hsp
Geldanamycin and 17-AGG all Hsp
Proteasome inhibitors all Hsp
Stannous chloride all Hsp
p38 kinase inhibitors Hsp27
Geranyl-geranyl-acetone Hsp70

Hsp co-inducers
Aspirin all Hsp
Bimoclomol all Hsp

Hsp90 inhibition induces apoptosis of various tumor cells and leads to a defect

in a number of proliferative signals, including the Akt-dependent pathway (Sreedhar

and Csermely, 2004). In addition, it has been shown that inhibition of Hsp90 was

successful in reducing chemoresistant tumors with poor prognosis (Munster et al.,

2001). Many other drugs, widely used in chemotherapeutic agents, such as cisplatin

(Itoh et al., 1999), taxol (Byrd et al., 1999) or novobiocin (Marcu et al., 2000) were

shown to interact with Hsp90.

Although the very first Hsp90 inhibitor, Geldanamycin, showed clear antitumor

effects, it encountered difficulties in clinical trials due to its high hepatoxicity (Supko

et al., 1995). 17-AAG possesses all the Hsp90-related characteristics of

Geldanamycin, but, with lower toxicity and could enter Phase I clinical trials

(Neckers, 2002; Neckers and Lee, 2003).
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7.2 Chemical Shift Perturbation Study of the N-terminal Domain of

Hsp90 upon ADP, AMP-PNP, Geldanamycin and Radicicol

7.2.1 Results

7.2.1.1 Sequential Backbone Assignment of the N-terminal Domain

To analyze the consequences of ligand binding to the N-terminal domain of Hsp90

initially the 1H, 13C and 15N backbone resonances of the free [70%-2H, U-13C, 15N]-

labeled N-terminal domain of Hsp90, residue 1-210 (Nhsp90), have been assigned

using a set of triple resonance experiments (see Materials and Methods).

Figure 61: Strip plot representation of the 3D HNCA experiments for the
sequential assignment of the N-terminal domain of Hsp90. Signals in red belong
to the Cα  resonance of the same residue, signals in blue belong to the Cα
resonance of the preceding amino acid.

All assignments have been confirmed by a recently published backbone signal

assignment of a Hsp90 construct comprising amino acids 1 to 207 (Salek et al., 2002).

The secondary structure of Nhsp90 in solution is indicated by the consensus chemical

shift index of Cα , Cβ and CO chemical shifts (Wishart et al., 1992). With the

exception of the loop region 97-101 the secondary structure in solution is identical to

that in the crystal (Figure 62) (Prodromou et al., 1997).
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Figure 62: Comparison of the secondary structures of Nhsp90 in solution,
indicated by the consensus chemical shift index (Wishart et al., 1992), compared
to the crystal structure (Prodromou et al., 1997).

This provided the basis for analyzing the interaction of ATP, ADP and the

competitive inhibitors Geldanamycin and Radicicol with Nhsp90. Furthermore R1, R2

und {1H}15N-hetero NOE relaxation measurements of Nhsp90 reveal a ms time-scale

dynamic around the “ATP-lid” region 85-110, recognizable from reduced R2

relaxation times for surrounding residues.

Figure 63: T1, T2 und {1H}15N-Hetero NOE relaxation measurements of Nhsp90
at 750 MHz. Secondary structure of Nhsp90 is indicated by yellow (β sheet) and
red (helix) bars.
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7.2.1.2 Titration with AMP-PNP, ADP, Geldanamycin and Radicicol

The 1H,15N-correlation spectrum of a protein and its specific pattern can be regarded

as a fingerprint of its structure. Changes in resonance frequencies of individual nuclei

are due to a different electronic and/or conformational environment. Perturbations of
15N and HN chemical shifts of a protein upon complexation with a ligand are a

qualitative tool for mapping residues involved in binding sites and/or identifying

conformational rearrangements (Gemmecker et al., 1997; Shuker et al., 1996).

However, there is no quantitative correlation between the size of the induced shift and

the strength of binding or the conformational rearrangement. In addition, complete

disappearance of peaks can occur upon complexation, and this has to be taken into

account when analyzing the data. Since these effects can extend beyond the binding

site, a comparison of the chemical shifts of all cross peaks in the presence and absence

of ligands is required to correctly define the area of the protein directly involved in

binding and those only indirectly perturbed due to conformational rearrangements.

Figure 64: Superposition of the 1H-15N HSQC spectra of free Nhsp90 (red
contours) and Nhsp90/ADP complex (blue contours). Cross peaks are labeled at
their position in the free Nhsp90 (red). Both samples contained approximately
550 µM Hsp90 in 40 mM phosphate buffer, pH 7.5, in 90% H2O/10% D2O.
Spectra were recorded at 298 K.

In Figure 64 a superposition of the 15N-fHSQC (Mori et al., 1995) of free 15N-

Nhsp90 (red contours) and ADP bound 15N-Nhsp90 (blue contours) is shown. The
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titration of Nhsp90 with ADP (but also with AMP-PNP, Radicicol and Geldanamycin;

data not shown) caused significant shifts in several crosspeaks in the HSQC spectrum,

while the large majority of peaks were rather slightly affected. Due to the strong

binding constants of the nucleotides and the inhibitors, the complexes are long-lived

on the NMR chemical shift time scale (τ > 10 ms), which resulted in a second signal

set, instead of a successive signal shifting during the titration experiments. Thus, it is

not possible to trace the signals from the free state to the complexed state as is feasible

for binders of lower affinity. A classical assignment would have required a set of

triple resonance experiments and triple labeled Nhsp90 for each ligand complex. Due

to the low sample stability, a different strategy was used (Lüttgen et al., 2002), where

chemical shift perturbations of the Nhsp90 complexes were determined by the

minimum deviation between each position of the free and complexed peak in the

HSQC spectra (Lüttgen et al., 2002). Using the disappearance of a signal and by

identifying the next neighbor the minimal induced shift due to complexation of each

residue was determined.

To prevent chemical shift changes in the 1H-15N correlation spectra due to fast

hydrolysis of ATP to ADP the non-hydrolysable AMP-PNP was used for the

perturbation experiments. In Figure 65, changes in chemical shifts are exhibited using

the normalized weighted chemical shift average (Grzesiek et al., 1996) Δav between

the free Nhsp90 and its complex with AMP-PNP, ADP, Radicicol and Geldanamycin.

Titration of all four ligands to 15N-labelled Hsp90 caused significant chemical shift

perturbations and disappearance of individual resonances in the 1H,-15N-fHSQC

spectra, while the chemical shifts of the remaining signals were slightly affected or

unaffected at all.

Figure 65: Average chemical shift perturbation of 1H and 15N chemical shifts of
Nhsp90 given by Δav = [(Δδ2

NH + Δ δ2
N/25)/2]1/2 [ppm] versus residue number

upon titration with AMP-PNP; ADP; Radicicol and Geldanamycin. Negative
gray bars indicate amino acids which could not be unambiguously assigned in the
ligand complex. The secondary structure is given by yellow bars indicating a β-
strand and red bars indicating a helix.
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The results for the AMP-PNP ligand are depicted in the Figure 65. Three

defined regions show severe chemical shift changes in the spectra. The first is

localized in the so-called binding pocket of Hsp90 (Figure 66), which, according to

the crystal structure determined for the Hsp90/ATP complex, is the main interaction

surface of the protein (Prodromou et al., 1997). The largest chemical shift

perturbations can be found for residues Gly81, Gly83, Asn92, Leu93, Gly94, Ile117,

Gly118, Gly121, Val122 and Gly123 and the peaks of Ile77 and Ile96 which could not

be followed upon complexation. The second region perturbed due to AMP-PNP

binding is the very N-terminal part encompassing the first α-helix (Ala10-Thr22) and

the second α-helix (Glu28-Leu50), which surround the central binding pocket.

Figure 66: Ribbon representation of the binding pocket of Hsp90. Residues in
orange represent the helices 28-50, and 85-94 and the loops 117-124 and 81-85.
Residues in blue are 77, 79, 136, 138, 171 and 173 in the base building β-sheet
(Prodromou et al., 1997).

In these helices, Ala12, Leu15, Ser17, Ile20, Arg32, Glu33, Ala38, Ser29, Ala41

and Lys44 show significant shift changes, whereas the signal for Asn21 could not be

followed. The third region is localized in the β-sheets forming the C-terminal part

(150-210) of Nhsp90 and the base of the binding pocket (residues Ile77, Asp79,

Val136, Ser138, Thr171 and Ile173; (Figure 66). In particular, residues Glu144,

Asn151, Ser155, Ile172, Leu173, Lys178 and Lys191 show significant shift

perturbations, whereas the signal for Ile167 completely disappears.

The results for the ADP-Nhsp90 complex are presented in Figure 65. Despite of

localized differences, the overall chemical shift perturbation pattern is similar to that

for the AMP-PNP complex described above which is expected, given the very similar

chemical structure of the nucleotides. The largest chemical shift changes due to

complexation are localized in the binding pocket and in the surrounding N-terminal α-
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helices (Ala10-Thr22, Glu28-Leu50) and C-terminal β-sheets (Arg133-Lys139,

Tyr146-Pro150, Ser155-Leu160 and Gly170-Leu177). The signals for residues Asn21,

Glu28, Ser36 in the first α-helix and Glu144, Thr157 in the C-terminal part could not

be followed upon ligand binding.

For the Radicicol-Nhsp90 complex the results are shown in Figure 65. The

overall chemical shift perturbation map is different from that described above for

AMP-PNP and ADP, which indicates that Radicicol binding leads to different effects

within the ATP binding domain of Hsp90. While some residues, namely Ile77, Gly81,

Ile82, Gly83, Asn92 and Gly93, show strong chemical shift perturbations, the overall

binding pocket is less affected upon Radicicol binding compared to AMP-PNP and

ADP. In addition, the shifts changes observed within the two surrounding α-helices

(Ala10-Thr22, Glu28-Leu50) remain rather weak. In contrast, the residues belonging

to the loop region Ser126-Asp132 and the four β-sheets Arg133-Lys139, Tyr146-

Pro150, Ser155-Leu160 and Gly170-Leu177 forming the base of the binding pocket

are more affected.

Among the four discussed ligands, the overall strongest chemical shift

perturbations were induced by Geldanamycin (Figure 65). Within the binding pocket

the shift changes are strong, especially the signals of residues Gly94, Gly121 and

Val122 are extremely affected. In addition the signals of Ile82 and Asn92 could not be

followed, which is not the case for AMP-PNP, ADP and Radicicol binding. Similar to

AMP-PNP and ADP complexation, the shift differences for the residues within the

two surrounding α-helices (Ala10-Thr22, Glu28-Leu50) are strongly affected and the

signal for Ala39 is missing at all. In contrast, the residues in the β-sheet belonging to

the base of the binding pocket (Arg133-Lys139, Tyr146-Pro150, Ser155-Leu160 and

Gly170-Leu177) are similarly perturbed as upon Radicicol binding.

7.2.2 Discussion

The binding of ATP to the N-terminal domain of Hsp90 marks the beginning of the

ATPase-cycle which leads to the hydrolysis of the nucleotide via a coordinated series

of conformational changes (Weikl et al., 2000). These changes involve as a critical

transient state a conformation in which the N-terminal domains dimerize (Maruya et

al., 1999; Prodromou et al., 2000; Richter and Buchner, 2001). In this state, it is

speculated that at least a part of the N-terminal α-helix is swapped from one N-

terminal domain to the other (Richter et al., 2002). Furthermore, the ATP molecule

becomes trapped inside the protein, possibly by interactions of the N-terminal with the

central domain (Weikl et al., 2000). These conformational changes require a ligand-

specific behavior of the ATP binding domain which cannot be explained on the basis
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of the crystal structures in the complexed state because no differences in the

conformation compared to the free state were observed (Prodromou et al., 1997; Roe

et al., 1999).

The NMR data aim to explore the ligand binding site and additional

conformational effects of the N-terminal domain of Hsp90 due to AMP-PNP, ADP,

Radicicol and Geldanamycin binding. Chemical shift perturbations of 15N are a

qualitative tool to detect changes in the electronic environment of specific nuclei

which could result either from a direct ligand interaction or from a conformational

rearrangement around the observed nuclei. Mapping these sites on the three

dimensional structure of the N-terminal domain determined by X-ray crystallography

(Figure 66) provides the structural basis for the described chemical shift perturbations

mapping. Significant shift deviations of signals belonging to residues which are not

coinciding with the binding site can be interpreted as conformational flexibility

induced by ligand binding (Figure 67).

Figure 67: Comparative representation of relative chemical shift perturbations
(normalized by Δav/Δmax=1.0 for each ligand) larger than Δav > 0.2 for AMP-PNP,
ADP and Radicicol and Δav > 0.11 for Geldanamycin upon ligand binding versus
residue number. Chemical shift perturbations which are within the binding
pocket are indicated by a box.

Even though all four ligands are known to bind to the same site of the protein in

competition with each other, the effects on the N-terminal domain of Hsp90 are

different. The front and back views of Nhsp90 displayed in Figure 68 represent a

colorcoding of amino acids significantly affected upon AMP-PNP, ADP, Radicicol
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and Geldanamycin binding. As expected, the strongest induced chemical shift changes

for all four ligand complexes occur within and around the binding pocket. In particular

the loop 81-85, the helix 85-94 and the loop 117-124 are most strongly affected as

they are in direct contact with the ligands. In addition, it is likely that these flexible

loops experience a conformational rearrangement and thus experience stronger

chemical shift changes upon ligand binding. Located just between the β2 strand and

the so-called “ATP-lid” region (residues 85-110), residues Gly81, Val82 and Gly83

are significantly perturbed upon binding of each ligand. The backbone amide of

residue Gly83 had been shown to be involved in water-bridged hydrogen bonds with

each ligand (Roe et al., 1999). These residues belong to the “ATP-lid”, which is a part

of the nucleotide binding motif common within the GHKL superfamily (Dutta and

Inouye, 2000). At the end of helix α´ of this “ATP-lid”, the signals of residues Asn92,

Val93 and Gly94 show stronger chemical shift perturbations, especially for the

titration with AMP-PNP and ADP. In particular, the sidechain carbonyl of Asn92 had

been shown to make direct contacts with the O2´ of the ribose sugar of ATP and ADP

(Roe et al., 1999). In contrast, Radicicol and Geldanamycin complexes do not display

strong chemical shift deviations for these residues (except for Gly94 for

Geldanamycin). This is in agreement with the crystal structure, where both inhibitors

are not involved in direct contacts with Asn92, Val93 or Gly94 (Roe et al., 1999). The

L4 loop (residues 95-102) (Dutta and Inouye, 2000; Young et al., 2001) of this ATP-

lid region remains not visible in the NMR spectra at all and could not even be

assigned in the free Nhsp90 protein, indicating a millisecond-timescale flexibility

which is corroborated by R1/R2 relaxation measurements of Nhsp90 which exhibit

reduced R2 values around and within this “ATP-lid” region. Taken together, the

results corroborate that this loop region is subject to conformational rearrangements

upon AMP-PNP, ADP and Geldanamycin binding. Another ligand-specific

perturbation can be observed for residues Gly121, Val122 and Gly123, which are

strongly affected upon AMP-PNP, ADP and Geldanamycin binding only. Figure 69

illustrates a ribbon representation of this region, in which the localization and the

orientation of ADP, Radicicol and Geldanamycin are shown. Regarding the

conformation and the smaller size of ADP, it is likely that the additional γ-phosphate

group of bound ATP is involved in water-bridged contacts with these residues, in

particular with the carbonyl group of Gly121 and the amide proton of Gly123. These

direct interactions are reproduced by Geldanamycin, with HN of Gly123 strongly

bonding to the macrocycle (Roe et al., 1999), whereas the smaller Radicicol ligand is

directed away from this loop region and therefore exhibits weaker direct interactions

with these three residues.
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Figure 68: Residues affected by chemical shift perturbation are mapped onto the
crystal structure of Hsp90 using a Connolly surface with a probe radius of 1 Å.
The relative orientation of the protein is identical to the ribbon diagram in Figure
66. The residues are colored according to the following scheme: Residues with a
relative chemical shift perturbation (normalized by Δav/Δmax=1.0 for each ligand)
smaller than twice the average over all (0.11 in the case of Geldanamycin and
0.20 for AMP-PNP, ADP and Radicicol) are not significantly shifted and color
coded in gray. Residues with a large relative chemical shift perturbation of 0.60
are given in red. Residues with relative chemical shift perturbations between 0.20
and 0.60 are given from blue to red. Residues which are missing in the
complexed spectrum or which could not be unambiguously assigned are given in
orange (negative gray bars in Figure 65). Residues G94, G81, G123 and V122
are within the binding pocket and therefore buried by the solid surface. (a)
Titration with AMP-PNP; (b) with ADP; (c) with Radicicol; and (d) with
Geldanamycin.

Several residues belonging to the base of the binding pocket (residues 138–178)

are significantly affected upon each ligand complexation (Figure 68). Especially

residues Val136, Ser138, Thr171 and Ile173 are particularly affected upon Radicicol

complexation. Due to its smaller size, it seems to insert more deeply into the binding

pocket which is in agreement with the crystal structure of the Radicicol-complexed N-

terminal domain (Roe et al., 1999). Residues Ile77 and Asp79 are also part of the

binding pocket´s base. The interaction of the ATP/ADP N6 exocyclic amino group

with the carboxyl side chain of Asp79 has been shown to be critical for the function of

Hsp90 in vivo (Obermann et al., 1998; Panaretou et al., 1998). Mutation of Asp79 to

Asn is sufficient to abolish ATP-binding. Our results show that the backbone amide

group of Asp79 is perturbed by this interaction with AMP-PNP, ADP, and with

Radicicol. Even though binding of Geldanamycin resembles the binding of

nucleotides (Roe et al., 1999), as it has been observed that very similar residues are

involved in the binding reaction, the chemical shift perturbation of Asp79 backbone

amide upon Geldanamycin binding is not pronounced.

The long helix α2 (Glu28-Leu50) flanking the binding pocket is also affected

upon binding of AMP-PNP, ADP and Geldanamycin. This helix in particular contains

residues such as Glu33, which are critical for the catalysis reaction. Therefore, it is

likely that residues in this helix form direct contacts with the bound nucleotides.

Mutation of Glu33 to Ala reduces the catalytic efficiency of full-length Hsp90 to

undetectable levels, but still allows efficient binding of nucleotides (Grenert et al.,

1997; Panaretou et al., 1998). The distinct perturbation effect of AMP-PNP, ADP and

Geldanamycin on this helix again highlights the similarity between Geldanamycin

binding and nucleotide binding. In contrast the effect of Radicicol on this helix is
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much less pronounced, which confirms that Radicicol penetrates more deeply into the

binding pocket.

Figure 69: Localization of ADP, Radicicol, and Geldanamycin within the
binding pocket with respect to the loop 117-124 according to the crystal
structures viewed perpendicular to Figure 66. Ribbon representation in blue is
given for residues Gly121, Val122 and Gly123. Additionally residue Asp79 is
displayed in the β-sheet for orientation. In the lower panel the relative chemical
shift perturbation of this loop region is given according to Figure 65.

Another interesting structural element is the first helix α1 (Ala10-Thr22) of the

protein. Although the chemical shift deviations are not pronounced, this helix merits

attention, as it has been suspected to form a flexible structure, which may be involved

in a “strand swapping” reaction between the two N-terminal domains during the ATP-

hydrolysis reaction (Richter et al., 2002). Specific chemical shift perturbations could

be evidenced for residues localized in this first α-helix (Ile12, Leu15, Ser17, Ile19 and

Ile20) upon AMP-PMP, ADP and Geldanamycin binding. The crystal structure

(Prodromou et al., 1997) of the domain suggests that these residues are involved in

conformational rearrangements together with the loop region 90-103 which is also

strongly affected upon AMP-PNP, ADP and Geldanamycin binding (but not

Radicicol). As the deletion of the first 24 amino acids does not affect nucleotide

binding to the N-terminal domain (Richter et al., 2002), a direct involvement of these

residues can be ruled out. Thus, it is likely that the observed chemical shift deviations
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of these residues are the result of a different chemical environment and therefore a

ligand-induced conformational change.

The large degree of similarity in the pattern of chemical shift changes of AMP-

PNP and ADP binding suggests that they lead to similar – although not identical –

effects on the structure of the domain. Clear differences in chemical shift

perturbations between AMP-PNP and ADP can only be observed for Gly121, Val122

and Gly123 which may be explained by the presence or absence of a water-bridged

hydrogen bond. This observation may point to additional effects of the other domains

of Hsp90, which have been suspected to make contact with the exposed γ-phosphate

residue of the ATP (Weikl et al., 2000).

The differences in chemical shift perturbations upon ligand binding add to our

understanding of conformational effects induced by AMP-PNP, ADP and the

competitive inhibitors in the N-terminal domain of Hsp90. Ligand-specific internal

dynamic may be transferred to the C-terminal domain of Hsp90 and thereby controls

its functionality. Taken together, our results imply that binding of ATP to the N-

terminal domain of Hsp90 affects the conformation in a specific way. In the light of

biochemical data (Prodromou et al., 2000; Richter et al., 2001) it is reasonable to

assume that these changes are necessary for subsequent domain interactions in the

Hsp90 molecule, linking ATP hydrolysis to a coordinated sequence of conformational

changes required for assisting protein folding.
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7.3 NMR Spectroscopic Studies of Unfolded and SDS-Micelle Folded

Hsp12

7.3.1 Results and Discussion

7.3.1.1 Introduction

Because of its low molecular weight and the overexpression during heat shock, Hsp12

was classified as a member of the small heat shock protein family in yeast (Varela et

al., 1995); (Praekelt and Meacock, 1990). A sequence alignment with other sHsps in

S. cerevisiae such as Hsp26 or Hsp42 reveals a low overall homology between those

sHsps and Hsp12 in general and the homology to the conserved α-crystallin domain is

low. Interestingly, an analysis of the Hsp12 sequence using different protein databases

revealed no significant homology to any other known polypeptide sequence.

To clarify the membership of Hsp12 to the group of the small heat shock protein

family, the secondary structure of this polypeptide was further investigated by NMR

spectroscopic methods. As described in section 7.1.2.5, most of the known members

of the sHsp family tend to form large oligomeric complexes. However, even at high

concentrations of Hsp12 (25 µM) and glutaraldeyde (40 mM) as a crosslinking agent,

a detectable Hsp12 oligomerization was not observed. The equilibrium sedimentation

analysis of Hsp12 resulted in a molecular mass of 12 kDa, which is consistent with the

monomeric protein size of Hsp12 (Fischer, 2003).

Since Hsp12 showed no significant structure in aqueous solutions by CD

spectra, the effect of different solvents and conditions on the conformation of Hsp12

was tested. The protein has a tendency to adopt an α-helical structure in the presence

of different alcohols such as methanol, propanol or TFE. Here, the highest structural

changes were achieved by the addition of 70 % TFE, a helix-supporting solvent

(Jasanoff and Fersht, 1994). Under this condition, the deconvolution of the CD

spectrum suggests the presence of approximately 34 % α-helical conformation. Also

in presence of SDS, the CD spectrum of Hsp12 changed significantly. The addition of

uncharged CHAPS micelles had no influence on the structure of Hsp12 (Fischer,

2003). These results lead to the assumption that Hsp12 potentially interacts with

anionic charged membrane components in vivo.

Figure 70:  15N HSQC spectra of Hsp12 at 310 K. (a) 1.2 mM in sodium
phosphate buffer pH 7.5, 90% H2O / 10% D2O at 600 MHz. (b) 1.2 mM in
sodium phosphate buffer pH 7.5 + 300 mM SDS micelles, 90% H2O / 10% D2O
at 600 MHz.
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7.3.1.2 Sequential Backbone Assignment of SDS-folded and Unfolded Hsp12

To gain further insight into structural properties of Hsp12 protein (residues 1- 109)

initial titration of Hsp12 with d25-SDS was done recording a set of 15N-HSQC spectra

(see Material and Methods). Figure 70 (a) displays the 15N-HSQC spectrum of Hsp12

in sodium phosphate buffer pH 7.5 without any SDS. The small amide proton

resonance dispersion in a spectral range of 7.7 ppm up to 8.7 ppm and the

accumulation of NH2-sidechain signals at their random coil regions of 7.5 and 6.8

ppm support the idea of an highly unfolded protein.

Titration of Hsp12 with SDS at 20 mM, 50 mM, 100 mM, 150 mM up to a

concentration of 300 mM changed the signal pattern of the 15N-HSQC spectrum

significantly, resulting mainly in a broadening of the signal dispersion in the proton

dimension ranging from 7.5 ppm to 8.9 ppm. This is most obvious comparing the

glycine residues (ω1 = 105-110 ppm) and the NH2-side chain signals in Figure 70 (b)

(with 300 mM SDS) and Figure 70 (a). Thus the titration of Hsp12 with SDS suggests

that the unfolded Hsp12 becomes at least partially structured under SDS micelle

conditions.

Despite the rather small signal dispersion and strongly overlapping signals, 96

of the 106 non-proline residues (90.5 %) of Hsp12 protein in 300 mM SDS micelles

could be assigned using a set of triple resonance experiments (see Materials and

Methods). Unique assignments are obtained for HN, N, Cα, Cβ and partially for Hα

chemical shifts except for the first three and last two residues as well as for residues

H57, D58, K62, D80, D91 (Figure 70 b). Hsp12 without any SDS could be assigned

only partially, due to high signal overlap even in the triple resonance experiments (see

Materials and Methods). Thus 63 of the 106 non-proline residues (59.4 %) could be

assigned on the basis of typical chemical shift combinations of sequential amino acids

(Figure 70 a).

7.3.1.3 Secondary Structure of Hsp12

Consensus chemical shift values of Cα , Cβ, CO and partially Hα  were used to

determine secondary structural elements in SDS-folded Hsp12 and unfolded Hsp12

(Figure 71) (Wishart et al., 1992). Random coil shift values were referenced in both

cases to those published by Wüthrich et al. (Wüthrich, 1986) The chemical shift index

for Hsp12 in SDS micelles is given in Figure 71 as orange bars, indicating a long C-

terminal helix H3 ranging from residue L74 to V96 and two smaller helices at the N-

terminus ranging from residue E11 – S14 (H1) and Y25 – K39 (H2), which are

interrupted by a proline residue at sequence position 19. Interestingly helix H2 and

helix H3 form amphiphilic helices displaying their hydrophobic and hydrophilic
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residues to only one side of a helical wheel (Figure 73). In contrast the consensus

chemical shift index for Hsp12 without SDS shows a clear random coil structure over

the entire sequence.

7.3.1.4 Hydrogen Exchange Rates of Unfolded Hsp12

Hydrogen exchange rates of amid protons are strongly reduced if they are involved in

hydrogen bonds of secondary structural elements. Therefore rapid amid-water

exchange rates were measured using the NewMEXICO experiment (Gemmecker et

al., 1993; Koide et al., 1995) and mixing times of 40, 80 and 160 ms for each, the

SDS-folded Hsp12 and the unstructured Hsp12. Signal intensities of the MEXICO-

HSQC spectra compared to a standard HSQC spectrum are dependent on mixing time

and exchange rate as described in Material and Methods.

For the SDS-folded Hsp12 all three mixing times could be used in a fitting

procedure to calculate the amide exchange rates which are given in Figure 71 as blue

bars. Within the helices (orange bars) the exchange rates are about 1.0 Hz and in

average two times slower than in regions between the helices, especially around

residue 20, 21, 22 and in the region between residue 50 and 73 (also there are a few

signals missing due to signal overlap in the HSQC spectrum). Thus the measured

exchange rates and their pattern corroborate the secondary structural elements

indicated by the chemical shift index.

The unfolded Hsp12 (without SDS micelles) showed the full intensity of the

New MEXICO HSQC spectrum already after 80 ms – thus indicating a very fast

proton exchange (Koide et al., 1995). Therefore only the 40 ms New MEXICO

experiment could be used for calculating exchange rates. These are plotted in Figure

71 as red squares for the non-overlapping signals. All measured exchange rates are in

between 5 and 30 Hz with an average of about 14 Hz. This average is in perfect

agreement with theoretical calculated exchange rates (gray dots in Figure 71) for a

random coil structure of this specific sequence – taking into account pH, temperature

and salt concentration (Bai et al., 1993). Thus Hsp12 without SDS micelles contains

no secondary structural elements and behaves in terms of hydrogen exchange like an

unstructured polypeptide sequence.
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Figure 71: Fast amide exchange rates (blue bars) of SDS-micelles folded Hsp12
as determined by 40 ms, 80 ms and 160 ms NewMEXICO experiments (Koide et
al., 1995) against amino acid sequence. Orange bars represent the consensus
chemical shift index indicating an α helix. Fast amide exchange rates (red
squares) of unfolded Hsp12 as determined by a 40 ms NewMEXICO experiment
against amino acid sequence. Grey dots are theoretical calculated hydrogen
exchange rates for a random coil polypeptide of this specific sequence taking into
account pH, temperature and salt conditions (Bai et al., 1993).

7.3.1.5 PFG Diffusion Measurements of Unfolded Hsp12

Spin-echo diffusion measurements of unstructured Hsp12 at 298 K yield a diffusion

coefficient of 1.0066 x 10-10 ± 4 x 10-13 m2s-1 (Figure 72). Using the equation of

Cantor and Schimmel (Cantor and Schimmel, 1980) and a Perrin factor of F = 1

(representing a spherical shape) one calculates an apparent molecular weight of

approximately 34 kDa for Hsp12 which is three times larger than its actual weight of

11.7 kDa. For this molecular weight the dimensionless Perrin factor yields a value of

1.4. F is related to the shape of the molecule and can be calculated for ellipsoids in

which two of the semiaxes are identical; it is defined by the following equation:
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where p = a/b, and a and b are the long and short semiaxes of the ellipsoid. For

the unstructured Hsp12 p yields a value of 9.3 which is in good agreement with a

more or less extended conformation of Hsp12. The regularized random coil structure
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of Hsp12 generated by X-PLOR (Brünger, 1992), used for hydrodynamic calculations,

exhibits a diameter of approximately 180 Å versus 19Å. The diffusion coefficient

using the bead model of HYDRONMR (García de la Torre et al., 2000b) yields a

value of DHydroNMR=0.7216 x 10-10 m2 s-1, of same magnitude but 28% smaller than the

experimental value, which is probably due to a single model structure used in the

hydrodynamic calculations instead of a conformational ensemble.

Figure 72: Pulsed field gradient diffusion experiment of unfolded Hsp12.
Squares represent averaged experimental values of 40 convergent non-
exchangeable signal decays with increasing gradient strength. Non-linear least
square regression using the equation of Stejskal and Tanner (Stejskal and Tanner,
1965) yields the diffusion coefficient. The thin black line represents the signal
decay for a regularized extended model structure of Hsp12 using the theoretical
diffusion coefficient calculated by HYDRONMR (García de la Torre et al.,
2000b).
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7.3.1.6 Spin Label Experiments

Paramagnetic broadening experiments yield information about the position of Hsp12

in the SDS micelle (Figure 75). Therefore the spin label 5-doxyl-stearic acid, which

inserts into the SDS membrane, as well as Mn2+ ions were used to induce selective

broadening of resonances of amino acids close to the paramagnetic probes. 5-doxyl-

stearic acid broadens resonances close to the micelle surface whereas Mn2+ affects

resonances outside the SDS micelle. Figure 74 shows the effect of both paramagnetic

agents on the signal intensities in a 15N HSQC spectrum. 5-doxyl-stearic acid affects

amino acids located in helical regions of the protein as indicated by orange bars. Mn2+

has an opposite effect. Basically residues located outside the assumed helices are

affected.

               

Figure 73: Helical wheel representation of helix 2 and helix 3 as indicated by the
chemical shift index. Polar residues are labeled in green, unpolar residues are
shown in red. Positively charged residues are labeled in blue and glycine is given
in yellow. Helix 2 and helix 3 clearly display amphiphilic helices.

From these experiments it can be concluded that Hsp12 “swims” in the SDS

membrane, where all hydrophilic and charged residues of the amphiphilic helices

interact with the charged head groups of SDS, while lipophilic residues are located

within the SDS membrane, interacting with the hydrophobic SDS tails (Figure 75).
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Figure 74: Relative signal intensities of 15N HSQC peaks of Hsp12 in 300 mM
SDS after addition of (a) 5 mM 5-doxyl-stearic acid and (b) 1 mM MnCl2

referenced to a 15N HSQC without a paramagnetic agent (blue). Orange bars
represent helical regions of the protein.
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Figure 75: Model of the Hsp12 structure in SDS micelles. Helix 1 and 2 display
charged residues to the outside of the SDS micelles, interacting with the charged
head group of SDS, while unpolar residues are directed to the inside of SDS
micelle establishing hydrophobic interactions.

The physiological role of this SDS-induced secondary-structure gain is still

elusive, as it is known that proteins tending to build up an amphiphilic helix gain

secondary structure upon addition of SDS (Parker and Song, 1992). However, the

model suggests that Hsp12 is possibly localized at the cell membrane of S. cerevisiae.

This is corroborated by fluorescence microscopy of S. cerevisiae cells expressing

GFP-Hsp12 fusion proteins (Fischer, 2003). Moreover, it has been shown that Hsp12-

depleted cells growing under increased temperatures exhibit a diffuse actin

cytoskeleton (Haslbeck, 2001). Thus Hsp12 might be involved in an anchoring of

actin during periods of growth or other stress stimuli. The localization of two further

heat shock proteins, Hsp30 (Seymour and Piper, 1999) and Hsp17 (Tsvetkova et al.,

2002), has been identified and both could be localized in the plasma membrane,

regulating the membrane stability and integrity. Weinreb and coworkers (Weinreb et

al., 1996) have observed that for a prominent member of the young group of natively

unfolded proteins, α-synuclein, the addition of SDS leads to the formation of α-helical

structure and suggest a model where parts of the protein interact with the membrane

cytoplasmatic surface.
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8 Material and Methods

8.1 General Materials and Methods

8.1.1 Chemicals

All chemicals used were of analytical grade and obtained from commercial suppliers:

Roche Molecular Biochemicals, Mannheim; Merck Eurolab, Darmstadt; Sigma

Aldrich, Irvine, UK; Amersham Pharmacia Biotech, Freiburg; Invitrogen, Karlsruhe;

Quiagen, Hilden; Biozym, Oldendorf; Biorad, München; Millipore, Bedford, CT,

USA. DNA oligonucleotides were purchased from MWG-Biotech AG, Ebersberg,

Germany and TIB Molbiol. Berlin, Germany 15NH4Cl and 13C6 glucose were obtained

from Spectra Stable Isotopes, Columbia, MD, USA.

8.1.1.1 Vectors and DNA Oligonucleotides

The expression vectors p17007 (wild-type p53 DBD, residues 94-312, pQE40) under

control of a T5 promotor and p20002 (GST-wild-type p53 DBD, pGEX-4T) under

control of a tac promotor are a kind gift of Dr. Silke Hansen and Dr. Christian Klein

(Roche Diagnostics GmbH, Penzberg). DNA oligonucleotides for cloning, sequencing

and binding studies are specified in Table 6, Table 7 and Table 10.

Table 6: Sequencing primer for the expression vector pQE40 and pGEX.

Name Sequence
Mia-1 for 5´-ATTTATTTGCTTTGTGAGCGG-3´
PQ40 rev 5´-CATTACTGGATCTATCAACAGG-3´
pGEX for 5´-GTATATAGCATGGCCTTTGC-3´
pGEX rev 5´-CATGTGTCAGAGGTTTTCAC-3´

Table 7: p53 consensus oligonucleotides (Hupp et al., 1992; Pavletich et al., 1993).

Name Sequence
PG for 5´-AGCTTAGGCATGTCTAGGCATGTCTA-3´
PG rev 5´-AGCTTAGACATGCCTAGACATGCCTA-3´
CON1x5A 5´-GGAGGCACC-3´
CON1x5B 5´-GGTGTCTCC-3´
CON2x5 5´-CCTAGACATGCCTAAT-3´
CON4x5 5´-CCTAGACATGCCTAGACATGCCTAAT-3´
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8.1.1.2 Bacteria Strains

The following E. coli bacteria strains have been used for cloning and protein

expression:

Table 8: E. coli bacteria strains used.

E. coli genotype reference
BL21 E. coli B

F- ompT hsdS(r-
B, m-

B) dcm+ gal
(Grodberg and Dunn, 1988;
Sambrook and Russell, 2001)

HB101 E. coli K12 x E. coli B hybrid
F- supE44 hsdS20(r-

B, m-
B) recA13 ara14

proA2 lacY1 galK2 rpsL20 (Strr) xyl-5 mtl-1
mcrB thi-1 leuB6 glnV44l

(Bolivar and Backman, 1979;
Boyer and Roulland-Dussoix,
1969)

UT5600 E. coli K12
F- ara14 proC14 leuB6 azi-6 lacY1 tsx67
entA403 trpE38 secA6 rfbD1 rpsL109 xyl-5
mtl-1 thi-1 (ompT-fepC)266

(Grodberg and Dunn, 1988)

8.1.1.3 Culture media

All media were prepared according to Sambrook and Russell (2002), 20 minutes

autoclaved at 121 °C and 2 bar pressure, sterilized or sterile filtered.

Table 9: Culture media for protein expression.

LB medium 10 g/L Bactotrypton
5 g/L Bactoyeast extract
5 g/L NaCl

M9 minimal medium 7.5 g/L Na2HPO4

2.5 g/L KH2PO4

0.24 g/L MgSO4
2 g/L NH4Cl (or 15NH4Cl)
20 mL/L 50% (w/v) glucose (or 13C6 glucose)
4 mL/L glycerol
100 µL/L trace elements according to Maass
10 mL/L MEM vitamins
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8.1.1.4 Buffer solutions
Brij buffer 6% (v/v) Brij (pH 7.0), 1.5 M NaCl

60 mM EDTA

Solubilization buffer 100 mM TRIS/HCl (pH 7.5), 6 M GdnCl/HCl
100 mM DTT

SDS gel solution 12.5% 0.375 M TRIS/HCl (pH 8.8)
12.5% acrylamide, 0.3% bisacrylamide
0.1% (w/v) SDS
+ 0.015% (w/v) APS, 0.01% (v/v) TEMED

SDS gel solution 3% 0.125 M TRIS/HCl (pH 6.8)
3% acrylamide, 0.1% bisacrylamide
0.1% (w/v) SDS
+ 0.03% (w/v) APS, 0.02% (v/v) TEMED

10x TG running buffer 250 mM TRIS/HCl (pH 8.5), 1.92 M glycerol

10x TG-SDS running buffer 250 mM TRIS/HCl (pH 8.5), 1.92 M glycerol
1% (w/v) SDS

Coomassie staining sol. 30% (v/v) ethanol, 10% (v/v) conc. acetic acid, 1% (w/v)
Coomassie Brilliant Blue R-250

Coomassie bleaching sol. 30% (v/v) ethanol, 10% (v/v) conc. acetic acid

2x DNA binding buffer 40 mM HEPES (pH 8.0), 50 mM KCl, 10 mM MgCl2

20% (v/v) glycerol, 5mM DTT, 0.1% (v/v) Triton X100,
1 mg/mL BSA

Native 4% gel solution 30 mM TRIS (pH 8.4), 30 mM boric acid, 4% acrylamide,
0.15% bisacrylamide, 0.1% (v/v) Triton X100,
1mM EDTA, + 0.1% (w/v) APS, 0.1% (v/v) TEMED

10x DNA sample buffer 4% (w/v) brom phenol blue, 50% (v/v) glycerol

10x TAE running buffer 400 mM TRIS/acetat (pH 8.0), 10 mM EDTA

TBS buffer 50 mM TRIS/HCl (pH 7.4)
150 mM NaCl

TE buffer 10 mM TRIS/HCl (pH 8.0)
1 mM EDTA

10x PBS buffer 0.1 M Na2HPO4, 0.01 M KH2PO4 (10x pH 7.0; 1x pH 7.4)
1.37 M NaCl, 27 mM KCl

10x TBE buffer 890 mM TRIS (pH 8.4), 890 mM boric acid,
20 mM EDTA
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8.1.2 General Methods

8.1.2.1 Conservation of E. coli Strains

E. coli strains were grown at 37 °C in LB medium supplemented with corresponding

antibiotics. Cultures were inoculated by a single colony of an LB plate or from a

glycerol culture. The determination of cell density was done by measuring the optical

density at 595 nm, while an OD595 = 1.00 equaling a cell density of about 109

cells/mL. For long-term conservation 0.5 mL of an over-night culture were added to

0.5 mL glycerol, flash-frozen and stored at –80 °C.

8.1.2.2 Polymerase Chain Reaction

For the amplification of DNA fragments the polymerase chain reaction (PCR) was

used. A typical preparation of 100 µL contains 1-10 ng template cDNA, each 1 µM

oligonucleotide primer, 0.2 mM dNTP PCR nucleotide mix and 2.5-5 U Pwo DNA

polymerase in Pwo PCR buffer. PCR amplification was achieved on a Perkin Elmer

thermocycler using the following program:

Denaturation 2 min, 93 °C

Addition of polymerase

Denaturation 30 sec, 94 °C

Hybridization 30 sec, 58-63 °C

Elongation 1 min, 72 °C (cycle)

Elongation 10 min 72 °C

8.1.2.3 Site-Directed Mutagenesis

Site-directed mutagenesis was performed using the QuikChange Site-directed

Mutagenesis Kit (Stratagene, La Jolla, CA, USA) according to the specifications.

Mutagenic primer must contain the desired mutation and anneal to the same sequence

on opposite strands of the plasmid. Primers should be between 25 and 45 bases in

length, with a melting temperature TM of > 78 °C. The following equation has been

used to estimate the TM of primers,

€ 

TM = 81.5 + 0.41(%GC) − 675 /N −%mismatch 8-1

where N is the primer length in bases. The minimum GC content should be 40% and

the desired mutation is supposed to be in the middle of the primer Table 10. A typical

sample reaction contains 5 µL 10x reaction buffer, 5-50 ng template dsDNA, 125 ng

oligonucleotide forward primer and 125 ng oligonucleotide reverse primer, 1 µL

dNTP mix in a total volume of 50 µL ddH2O. The reaction is started by adding 1 µL

PfuTurbo DNA polymerase (2.5 U/µL) in a thermocycler:
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1. Denaturation 30 sec, 95 °C

Denaturation 30 sec, 95 °C

Hybridization 1 min, 55 °C

Elongation 1 min/kb of plasmid length, 68 °C (cycle 16)

For digestion of parental (nonmutated) DNA, 1 µL DpnI restriction enzyme was

added to the amplification reaction and incubated for 1h at 37 °C. 1 µL of the DpnI-

treated DNA was transformed into XL1-Blue supercompetent cells by mixing,

incubation on ice for 30 min followed by a 45 sec heat pulse at 42 °C and another 2

min on ice. After addition of 0.9 mL LB medium and incubation / shaking (225-250

rpm) at 37 °C, transformed cells were plated on LB-ampicillin agar plates. Single

colonies were analyzed by plasmid isolation and sequencing.

8.1.2.4 Restriction Analysis

For the verification of restriction sites and for the preparation of sequence specific

DNA fragments during cloning, 200-500 ng plasmid DNA were treated with 5-10 U

restriction endonuclease under recommended buffer and temperature conditions for 1

h. DNA fragments were analyzed by gel electrophoresis.

8.1.2.5 Agarose Gel Electrophoresis

The analytical and preparative separation of DNA fragments according to their

molecular weight was done by electrophoresis using 1% (w/v) agarose gels (0.5-10

kb). 1g agarose was dissolved in 100 mL TAE buffer boiled up in a microwave and

after cooling to about 60 °C supplemented with 50 mg ethidiumbromide. DNA

samples were supplemented with 10x DNA sample buffer and separated by

electrophoresis under constant voltage (50-100 V). DNA bands were identified by

their fluorescence at 254 nm.

8.1.2.6 Isolation of DNA Fragments from Agarose Gels

Single DNA fragments after restriction digestion and gel electrophoresis in low

melting SeaPlaque agarose gels are recovered by the QIAquick Gel Extraction Kit

(Quiagen, Hilden) according to the specifications.

8.1.2.7 Ligation

Ligation of isolated DNA fragments from restriction digestion was achieved by T4

DNA-ligase using the Rapid DNA Ligation Kit (Roche Molecular Biochemicals,

Mannheim) according to the specifications. A typical digestion of 200 ng vector DNA

was mixed with a five times molar excess of insert DNA and 15 min. at 20 °C ligated.

Ligation products were transformed into competent E. coli cells.
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8.1.2.8 Transformation of E.coli

For the transformation of recombinant DNA, 100 µL competent E. coli cells were

chilled on ice and supplemented with 0.2-0.4 µg DNA from a ligation reaction or

0.01-0.1 µg plasmid DNA and incubated for 30 min on ice. Subsequently the cell were

heat shocked for 90 sec at 42 °C in a water bath and again incubated on ice for another

5 min. After addition of 900 µL LB medium the transformation reaction is incubated

for 1h at 37 °C and subsequently plated onto LB-agarplates containing the

corresponding antibiotics. For analysis, plasmid DNA was isolated from 5-10 single

colonies and subjected to restriction digestion and gel electrophoresis.

8.1.2.9 Isolation of Plasmid DNA from E. coli

Plasmid DNA for further experiments such as PCR, cloning, restriction analysis and

sequence analysis were isolated using the QIAprep Spin Miniprep Kit (Quiagen,

Hilden) according to the specifications. 1.5 mL of an over-night culture were

subjected to an alkaline lyses, cellular RNA was digested by RNase A addition and

plasmid DNA was bound to a silica matrix under high-salt conditions. Elution of

plasmid DNA with concentrations of 100-200 ng/µL was done with 50 µL low-salt

buffer.

8.1.2.10 DNA Sequencing

The sequence of all plasmid constructs were analyzed by the chain-terminating

method (Sanger et al., 1977) by insertion of fluorescence labeled didesoxynucleotides

using a Big Dye Terminator Cycle Sequencing Kit (Perkin-Elmer) according to the

specifications. A typical reaction volume of 20 mL contained 500 ng plasmid DNA

supplemented with 5 pmol sequencing primers and 4 mL sequencing mix. The

sequencing reaction was done on an GeneAmp 2400 Thermocycler (Perkin Elmer)

using the following program:

Denaturation 10 sec, 94 °C

Hybridization 15 sec, 55 °C

Elongation 4 min, 60 °C (cycle)

Free nucleotides were removed by the QIAquick DyeEx Kit (Quiagen, Hilden)

according to the specifications. Electrophoretic separation and fluorescence detection

was done using a capillarelectrophoresis system (ABI Prism 310; Perkin Elmer)

8.1.2.11 Expression Analysis

For the analysis and optimization of expression conditions, each 5 mL LB medium

was inoculated 1:100 with an over-night culture using different parameters such as

induction, IPTG concentration, temperature induction time. Bacteria pellets were
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subsequently spinned down (500 rpm, 10 min.) and suspended in 250 µL 50 mM

TRIS (pH 7.5), 50 mM EDTA and lysed using a supersonic Sonifier Cell Disruptor

B15 (Branson). Soluble proteins were separated from the pellet by centrifugation

(1200 rpm, 10 min.) and the later one was again suspended in 250 µL 50 mM TRIS

(pH 7.5), 50 mM EDTA. Each 10 µL of the soluble and resuspended insoluble

fraction were subjected to an SDS-PAGE and analyzed.

8.1.2.12 Purification of Inclusion Bodies

For the preparation of inclusion bodies followed by in vitro refolding, 100 ng E. coli

in 500 mL 100 mM TRIS/HCl (pH 7.0), 1 mM MgSO4 at 4 °C were homogenized

using a Ultraturrax T25 Basic (IKA) supplemented with 300 ng lysozyme and 500 U

benzonase. After incubation at room temperature for 20 min the cell suspension was

digested in an APV-Gaulin Lab 60-15 RPF high pressure press and subsequently

incubated at room temperature for another 30 min. The lyses was diluted 2:1 with Brij

buffer and incubated for another 30 min at room temperature; the insoluble fraction

was separated by centrifugation (8000 rpm, 20 min). The inclusion bodies were

washed twice using an Ultraturrax in 100 mL 100 mM TRIS/HCl (pH 6.5), 20 mM

EDTA and stored at –20 °C.

8.1.2.13 In Vitro Refolding

Isolated and washed inclusion bodies were solubilized in 6 M GdnCl, 100 mM TRIS

(pH 7.5), 100 mM DTT. The in vitro folding is done at 4° - 10 °C in steps of 3-4

pulses, each 200 µg/mL solubilized inclusion bodies over 24 h in 4 L of the following

buffer: 0.1 M TRIS (pH 8.0), 0.5 M GdnCl, 0.5 M L-arginine, 20 mM ZnCl2, 5 mM

DTT, 1mM benzamidine. After in vitro folding in 4 L, the volume has to be

concentrated to 1/20 by ultrafiltration using a Provario Pall Filtron and subsequently

dialyzed against 50 mM potassium phosphate buffer (pH 6.6), 50 mM KCl, 5mM

DTT. Not successfully folded protein precipitates and is separated by centrifugation

(13000 rpm, 20 min).
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8.2 Mutational Study on the Dimerization Interface of p53 DBD

8.2.1 Cloning, Expression and Purification of p53 Dimerization Mutants

Residues 94-312 of human p53 coding for the wild-type p53 DBD (Bullock et al.,

2000; Cho et al., 1994; Wong et al., 1999a) were amplified from plasmid pT7.7Hup53

(Midgley et al., 1992) by polymerase chain reaction and cloned into a modified

pQE40 vector (Quiagen). Single and double mutations were introduced by Quick-

Change Site-directed Mutagenesis (Stratagene) according to the specifications (see

section 6.2.1.2.3). Gene-specific oligonucleotide primers were synthesized as given in

Table 10 by MWG Biotech AG or metabion.

Table 10: Forward and backward primer for the site-directed mutagenesis of p53 DBD
dimerization mutants.

Mutant Forward and Backward Sequence
5´-GGCGCTGCCCCGCCCATGAGCGCTGCTCAGATAGCG-3´

H178A 5´-CGCTATCTGAGCAGCGCTCATGGGCGGGGCAGCGCC-3´
5´-CTGCCCCCACCATAGGCGCTGCTCAGATAGC-3´

E180R 5´-GCTATCTGAGCAGCGCCTATGGTGGGGGCAG-3´
5´-GCTGCCCCCACCATAGGGAATGCTCAGATAGCG-3´

E180R/R181E 5´-CGCTATCTGAGCATTCCCTATGGTGGGGGCAGC-3´
5´-GCCCCCACCATGAGGCCTGCTCAGATAGC-3´

R181A 5´-GCTATCTGAGCAGGCCTCATGGTGGGGGC-3´
5´-GGCGCTGCCCCCACCATGAGGAATGCTCAGATAGC-3´

R181E 5´-GCTATCTGAGCATTCCTCATGGTGGGGGCAGCGCC-3´
5´-GCCCCCACCATGAGCGCGCCTCAGATAGCGATGG-3´

C182A 5´-CCATCGCTATCTGAGGCGCGCTCATGGTGGGGGC-3´

The mutant p53 DBD cDNA was PCR-amplified, sequenced (Sequencing

primer are given in Table 6) using the Big Dye Terminator Sequencing Kit (Perkin

Elmer) and introduced into the NdeI/XhoI site of a modified pQE40 (Quiagen)

expression vector. The mutant p53 DBD expression vectors were identical to the wild-

type vectors except for specific single and double site nucleotide substitutions.

p53 DBD wild-type and p53 DBD mutants were expressed in Escherichia coli,

co-transfected with pUBS520 at 37 °C in LB medium as inclusion bodies, refolded in

vitro and purified as described elsewhere (Klein et al., 2004) (see section

6.2.1.2.12 – 13). For the preparation of uniformly 15N-labeled p53 DBDs, bacteria

were grown at 37 °C in M9 minimal medium containing antibiotics, minerals and

vitamins supplemented with 2 g/L 15NH4Cl as sole nitrogen source. The polymerase

chain reaction product was subcloned into a pGEX-4T-1 vector (Amersham

Pharmacia Biotech). The resulting recombinant expression vector pGEX-4T(GST-p53
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DBD) codes for the corresponding GST-p53 DBD (mutant) fusion protein including a

Gly-Ser-Gly linker that remains at the N-terminus after digestion of the fusion protein

with thrombin. All vector constructs were confirmed by sequencing. Fusion proteins

were expressed in Escherichia coli strains HB101 and UT5600, which were grown at

20 °C in Luria broth medium, and soluble protein was purified as described in (Klein

et al., 2004). All proteins were concentrated using 5K Ultrafree 4 centrifugal filter

devices (Millipore), dialyzed against 50 mM potassium phosphate, pH 6.8, 50 mM

KCl and 5 mM DTT, flash-frozen and stored at –80 °C.

8.2.2 Analytical Procedures

Protein concentration was measured spectrophotometrically according to the method

of Bradford (Bradford, 1976) or using an extinction coefficient of ε280 nm = 15.930 M-1

cm-1 for the p53 DBD and 14.650 M-1 cm-1 for p63 DBD, calculated according to the

method of Edelhoch (Edelhoch, 1967). SDS-polyacrylamide gel electrophoresis was

performed with 12.5% gels.

8.2.3 Electrophoretic Mobility Shift Assay (EMSA)

DNA binding was examined via electrophoretic mobility shift assay (EMSA) as

described (Hupp et al., 1992). For each lane 200 ng of p53 DBD wild-type, p63 DBD

wild-type or mutant p53 DBD as indicated were incubated on ice for 15 min in 10 µl

DNA binding buffer (40 mM HEPES (pH 8.0), 50 mM KCl, 10 mM MgCl2, 0.1%

Triton X-100, 1 mg/mL bovine serum albumin, 5 mM DTT, 15% glycerol) with a 1.1

µM solution of fluorescence labeled double-stranded PG consensus-site

oligonucleotide (5’-IRDye700-AGCTT AGACA TGCCT AGACA TGCCTA-3’ and

3’–ATCTG TACGG ATCTG TACGG ATTCGA-5’) in the presence of 200 ng

unspecific unlabeled pBluescript II SK+ competitor DNA (Stratagene) in 10 µL DNA

binding buffer. DNA complexes were separated from unbound oligonucleotides on

native 4% polyacrylamide gels; the running buffer consisted of 30 mM Tris-HCl (pH

7.5), 30 mM boric acid and 1 mM EDTA with 0.01% Triton X-100. and quantified

with an Odyssey Imager (LI-COR).

8.2.4 NMR Spectroscopy

NMR investigations were carried out on a Bruker DMX700 spectrometer equipped

with a triple channel (1H, 13C, 15N) inverse probe. Water suppression was achieved by

employing heteronuclear or homonuclear WATERGATE gradient echoes (Piotto et

al., 1992). Standard sample conditions were 200 – 800 µM 15N-labeled protein in

50 mM potassium phosphate, pH 6.8, 50 mM KCl and 5 mM DTT. Standard
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temperature was 298 K. DNA oligonucleotides containing one 10-mer p53 consensus

half site, 16-meric CON2x5 (5´-CCT AGACA TGCCT AAT-3´) were annealed with

complementary oligonucleotides, diluted into the NMR buffer, and titrated to the

NMR sample. A 1.2 M excess of consensus quarter sites relative to the p53 DBD was

used to achieve a stoichiometric 1 : 2 = dsCON2x5 : p53 DBD  binding. Spin-echo

diffusion measurements were performed on apo p53 DBD wild-type and mutants and

on their DNA complexes using a standard stimulated echo pulse train with sine-

shaped bipolar diffusion-encoding gradients, one z-spoil gradient and a

WATERGATE water suppression scheme. 64 1H spectra were recorded using a

gradient ramp ranging from 1.07 to 50.80 G/cm and stored as a pseudo-2D

experiment. The dephasing and refocusing gradient length LD was set to 4 ms, and the

diffusion delay BD was 120 ms. The evaluation of the data was carried out using the

T1/T2 relaxation menu of XWin-NMR 3.5. Convergent non-exchangeable signal

decays between 4.0 ppm and 0 ppm were averaged and a nonlinear least-squares

regression onto the signal decay using Origin Version 5.0 yielded the translational

diffusion coefficient.

8.2.5 Hydrodynamic Calculations

Hydrodynamic calculations were performed with HYDRONMR Version 5a (García

de la Torre et al., 2000b) using the published crystal structure of the p53 DBD (pdb-

ID: 1TSR, chain B) with and without DNA and a dimeric p53 DBD-DNA complex as

proposed by Klein et al. (Klein et al., 2001b) to build up the bead model.
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8.3 NMR Spectroscopic Analysis of the N-terminal Domain of p53

8.3.1 Cloning, Expression and Purification of Np53 and MDM2

Cloning, expression and purification of Np53 and MDM2 was done in the group of

Prof. J. Buchner, Garching and is described in (Dawson et al., 2003). For NMR

experiments, 15N Np53 was expressed and purified as described, except that bacterial

growth was performed in M9 medium containing 15NH4Cl (Spectra Gases). Samples

used for NMR experiments were concentrated using 5 K Ultrafree 4 centrifugal filter

devices (Millipore) to a final concentration of 1.2 mM in 20 mM sodium phosphate

pH 7.5, 300 mM sodium chloride and supplemented with 0.01 (v/v) sodium azide.

8.3.2 NMR Experiments

All spectra were acquired at 298 K on a 750 MHz Avance Bruker spectrometer

equipped with a four channels probe and triple axis gradients. For the 1H-15N HSQC

spectrum a total of 1024 complex points in t2 and 512 t1 increments were acquired.

The spectral width used was 8865.2 Hz for 1H and 2057.6 Hz for 15N. Water

suppression was carried out using the WATERGATE sequence (Piotto et al., 1992).

NMR data were processed using the Bruker program package XWin-NMR Version

3.1 and Aurelia. Zero-filling, gaussian (t2) and 90° shifted sine-bell apodisation (t1)

were applied prior to Fourier transformation, and subsequent baseline corrections

were carried out in both dimensions. Titration experiments were performed using a

series of 1H-15N HSQC spectra of 15N Np53 up to an eightfold excess of unlabelled

MDM2. Spin-echo diffusion measurements were performed at 298 K using a standard

stimulated echo pulse train with bipolar diffusion gradients, one z-spoil gradient and a

WATERGATE water suppression schema (Piotto et al., 1992). 16 1H spectra were

recorded using sine shaped gradients, a gradient ramp between 0.7 and 33.2 G/cm, 32

scans, a sweep width of 8865.2 Hz and a digital resolution of 8k real data points and

stored as a pseudo-2D experiment. The dephasing and refocusing gradient length LD

was set to 4 ms, and the diffusion delay BD was 300 ms. The evaluation of the data

were carried out using the T1/T2 relaxation menu of XWin NMR 3.1 with the provided

fitting function for variable gradient strength. 23 convergent non-exchangeable signal

decays between 3.5 ppm and 0 ppm were averaged and a nonlinear curve fitting

procedure using Origin 5.0 was performed. Hydrodynamic calculations were

performed using HYDRONMR Version 5a (García de la Torre et al., 2000b) and a

regularized random model structure of Np53 generated by XPLOR Version 3.851

(Brünger, 1992).
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8.4 Mapping the Binding Sites of Bcl-xL / Bcl-2 and the p53 DBD

8.4.1 Cloning, Expression and Purification of p53 DBD and Bcl-xL

Residues 94 – 312 of human p53 coding for the wild-type p53 DNA binding domain

(DBD) cloned into a modified pQE40 vector (Qiagen) were expressed in Escherichia

coli BL21(DE3) co-transfected with pUBS520 as described (Klein et al., 2001a; Klein

et al., 2004). Unlabeled and uniformly 15N-labeled p53 DBD proteins were prepared

as previously described (Klein et al., 2001a; Klein et al., 2004).

Full-length human Bcl-xL cloned into pGEX-2T (Amersham Bioscience, Inc.),

was expressed as GST-Bcl-xL fusion protein in E. coli as described (Chittenden et al.,

1995; Zhou et al., 2000) and purified via GSH-Sepharose (Amersham Bioscience,

Inc.). The GST-tag was cleaved off by over-night Thrombin cleavage at 4 °C and free

Bcl-xL was recovered after adsorption of free GST and uncleaved GST-Bcl-xL on

GSH-Sepharose. For the NMR studies, a more soluble version of Bcl-xL was

constructed by removing the putative C-terminal trans-membrane domain, Bcl-xLΔT

(containing Bcl-xL residues 1-213). The Bcl-xL gene was subcloned from pcDNA-

Bcl-xL (a gift from RJ, Biochemistry Section, Surgical Neurology Branch, National

Institute of Neurological Disorders and Stroke, National Institutes of Health,

Bethesda, MD 20892, USA) into the pET30 overexpression system, which contains an

N-terminal His6-tag (Novagen, Darmstadt, Germany), and transformed into the

Escherichia coli BL21(DE3) cells (Nogaven). The 15N labeled protein was expressed

and purified as previously described (Petros et al., 2001). Briefly, Ni-NTA (Novagen)

affinity chromatography, His-tag removal by Thrombin digestion, ion-exchange

chromatography with a HiLoad Q-FF (Amersham Bioscience, Inc.), and size-

exclusion chromatography with a 16/70 Superdex G75 column (Amersham

Bioscience, Inc.) were used. The p53 and Bcl-xLΔT samples were finally dialyzed

against 25 mM Na phosphate (pH 7.2), 150 mM KCl, and 5 mM DTT for the NMR

studies.

In addition, another Bcl-xL deletion mutant lacking both a large flexible loop

between helix 1 and 2, and the C-terminal putative transmembrane domain, Bcl-

xLΔLT (containing Bcl-xL residues 1-43, 83-209) was constructed to simplify 15N

HSQC spectra as follows (Sattler et al., 1997): point mutation E43A was generated by

site directed mutagenesis on the wild type template, resulting in an additional NcoI

site. Digestion with NcoI, followed by re-ligation results in deletion of residues 44-82.

The C-terminus of this construct was then deleted by PCR, using an antisense primer

spanning residues 203-209, followed by a His6-tag and subsequently cloned into a



Material and Methods 163

modified pQE40 vector via NdeI/XhoI restriction sites. The anti-apoptotic potential of

Bcl-xLΔLT is not affected by this deletion (Sattler et al., 1997). Unlabeled and 15N

labeled Bcl-xLΔLT was expressed in E. coli UT5600 co-transfected with pUBS520.

The protein was purified by affinity chromatography on a Zn-NTA column (Roche

Molecular Biochemicals). Final purification was achieved by size exclusion

chromatography on a High Load 26/60 Superdex 75 column (Amersham Bioscience,

Inc). p53 DBD and Bcl-xLΔLT samples were dialyzed into an uniform buffer (50 mM

potassium phosphate (pH 6.8), 50 mM KCl, 5 mM DTT) and both samples were

concentrated to a final concentration of 250 mM.

8.4.2 Cloning, Expression and Purification of Bcl-2

Cloning, protein expression and purification of Bcl-2 constructs were performed by

York Tomita, Lombardi Cancer Center, Georgetown University Medical Center,

Washington, DC as follows:

Several entries of Bcl-2 genes are deposited in GenBank and they differ by only

a few residues. Two isoforms were described in the recent publication of the Bcl-2

structures, isoform 1 (Bcl-2 (1)) with Ala at position 96 and Gly at 110 and isoform 2

with Thr at 96 and Arg at 110 (Petros et al., 2001). The isoform 2 was used for our

study since this isoform has higher affinity to the Bak and Bad peptides in the FP

assay than the isoform 1. Bcl-2 was sub-cloned into pET28b plasmid (Novagen) and a

large flexible loop of Bcl-2 was replaced with a shortened loop of Bcl-xL at the

equivalent position (between the helixes 1 and 2) and the putative transmembrane

helix was removed to increase the protein solubility and stability without alternating

its native biological functions (Petros et al., 2001). The protein was expressed and

purified as previously described (Petros et al., 2001).

8.4.3 NMR Spectroscopy

The NMR spectra for 15N p53 DBD and unlabeled Bcl-xLΔLT were acquired at 300 K

on a DMX Bruker spectrometer (700 MHz 1H frequency) equipped with a triple-

channel probe and z-gradients. All experiments were processed and analyzed by

XWin-NMR 3.5 (Bruker Biospin) and Sparky Version 3.106. The titration

experiments were performed by titrating a molar 1:1.1-fold excess of Bcl-xLΔLT into

350 µM samples of uniformly 15N-labeled p53 DBD in 50 mM potassium phosphate

buffer (pH 6.8), 50 mM KCl, 5 mM DTT at 300 K. For the 1H,15N HSQC spectra a

total of 1024 complex points in t2 with 128 t1 increments were acquired, with 32 scans

for each increment. NMR data were processed with the Bruker program package

XWin-NMR Version 3.5 and analyzed with the program Sparky Version 3.106
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(Goddard and Kneller; Kneller and Kuntz, 1993). Zero-filling, gaussian (t2) and 90°

shifted sine-bell apodisation (t1) were applied prior to Fourier transformations, and

subsequent baseline corrections were performed in both dimensions. Prior to titration

of Bcl-xLΔLT, a single reference 1H,15N HSQC of the free p53 DBD sample was

recorded. Backbone assignments of 1H, 15N chemical shifts of p53 DBD were taken

from the published assignment (Wong et al., 1999b) and could be transferred onto the

measured spectra. Chemical shift perturbations of the p53 DBD-Bcl-xLΔLT

complexes were determined from the minimum deviation between each position of the

free and the complexed peak in the 1H,15N HSQC spectra (Dehner et al., 2003). For

analysis of the chemical shift perturbations of 1H and 15N backbone resonances, a

weighted average chemical shift change given by Δav=[(Δδ2
NH+Δδ2

N/25)/2]1/2 used

was calculated and normalized by Δav/Δmax, where Δmax is the maximum observed

weighted shift difference (Grzesiek et al., 1996).

NMR spectra for 15N p53 DBD with unlabeled Bcl-xLΔT or unlabeled Bcl-2,

and 15N Bcl-xLΔLT with unlabeled p53 DBD were acquired at 293 K in the sample

buffer (25 mM Na Phosphate (pH 7.2), 150 mM KCl, and 5 mM DTT) on DMX

Bruker spectrometers (500 and 750 MHz 1H frequency) equipped with a triple-

resonance, (xy)z-gradient probe. All experiments were processed and analyzed by use

of nmrPipe and nmrDraw (Delaglio et al., 1995). Approximately 200 µM of the 15N

labeled protein was titrated with 0 - 200 µM of the unlabeled protein.

8.4.4 Modelling and Chemical Shift Based Protein-Protein Docking

Structural coordinates of the DNA binding domain of p53 (pdb entry 1TSR) and Bcl-

xL (pdb entries 1BXL and 1LXL) were taken from the RCSB Protein Data Bank.

Docking was performed using the Python scripts of HADDOCK 1.2 (Dominguez et

al., 2003). Ambiguous interaction restraints (AIRs) for the subsequent structure

calculations are defined by significant shift perturbations (> 0.4) in the 15N HSQC

spectra of p53 DBD and Bcl-xL upon titration of a 1.1 molar excess of unlabeled Bcl-

xLΔLT and p53 DBD, respectively. In addition so-called active residues have to be

solvent accessible, which was calculated using NACCESS (Hubbard and Thornton,

1993). Only these residues which show a backbone or side-chain solvent accessibility

above 50 % were considered in the definition of active and passive residues. Whereas

passive residues are surface neighbors of active residues and were determined visually

using VMD (Humphrey et al., 1996). Interface residues are active and passive

residues taken together plus one or two sequential residues (Table 3). The loop region

29 – 82 and the C-terminal region 196 – 211 in Bcl-xL were defined as fully flexible

segments throughout the calculation.
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200 rigid-body structures were generated and for each starting conformation, ten

rigid-body trials were performed. Only the best solutions in terms of intermolecular

energy were kept, resulting in 2000 total rigid-body trials. The best 60 solutions

according to van der Waals, electrostatic and AIRs energy terms were subjected to a

semi-flexible simulated annealing refinement (4000 steps from 2000 to 50 K with 4 fs

time steps; side-chains are allowed to move) and a third refinement (1000 steps from

500 to 50 K with 2 fs time steps) in which side-chains and backbone in the interface

are allowed to move. Fifteen of the best solutions in terms of total energy were further

refined in a 8 Å shell of TIP3P water molecules (Dominguez et al., 2003). Due to the

long flexible loop in Bcl-xL the solutions were clustered manually and sorted by total

energies; the ten lowest-energy structures were further analyzed (Table 4). As NMR

titration experiments were performed with the loop-deleted construct Bcl-xLΔLT we

also generated 200 rigid-body complex structures using pdb entry 1BXL as a starting

structure which does not contain this loop regions in order to prove that calculated

full-length Bcl-xL complex structures are not biased by this loop in terms of binding

sites

8.4.5 Electrophoretic Mobility Shift Assay

DNA binding was examined via electrophoretic mobility shift assay (EMSA) as

described (Klein et al., 2001a). For each lane, 100 ng of p53 DBD protein was

incubated with 0, 50, 100, 200, 400 and 800 ng of full length Bcl-xL or Bcl-xLΔLT

protein in 15 mL DNA binding buffer (15 mM Tris, 50 mM KCl, 5 mM DTT, pH 7.2)

on ice for 15 min. Separately, 12 ng of fluorescence-labeled double-stranded PG13

consensus-site oligonucleotide (sense 5’-IRDye700-GGAACATGTTCC-3’) was

dissolved in 30 mL of binding buffer in the presence of 200 ng unspecific competitor

DNA (pBluescript, Stratagene) and 5 mL aliquots were added to each p53 tube to

incubate for another 15 min on ice. Each sample was mixed with 5 mL of 75%

glycerol and then p53 DBD-DNA complexes were separated from unbound

oligonucleotides on native 8% polyacrylamide gels and quantified with an Odyssey

Imager (LI-COR).
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8.5 Sequential Backbone Assignment of p63 DBD

8.5.1 Expression and Purification of p63 DBD for NMR Studies

A modified pQ40 expression vector p20020 (C. Klein, Roche Diagnostics) (Klein et

al., 2001a), codes for human p63 DBD residues 114-349 without tags, including an

additional N-terminal glycine residue. Unlabeled and double-labeled [U-13C,15N]-p63

DBD were expressed in E. coli BL21 cells which were cotransfected with pUBS520

(Brinkmann et al., 1989). Cells were grown in LB medium and M9 minimal medium

(using 13C6-glucose and [15N]-NH4Cl), respectively, at 37 °C supplemented with

ampicillin (100 g/mL) and kanamycin (50 g/mL) to an absorbance of OD595 = 0.5–0.8

before overnight induction at 37 °C with 1 mM isopropyl-β-D-thiogalactopyranoside.

After induction, cells were harvested by centrifugation; resuspended in 50 mM Tris

(pH 6.8), 5 mM DTT, 1 mM benzamidine, and Complete protease inhibitor mixture

(EDTA-free; Roche Molecular Biochemicals) and disrupted by high-pressure

dispersion using an APV Gaulin Lab 40 homogenisator. For purification of the p63

DBD, soluble lysat was loaded onto an SP-Sepharose Fast Flow cation-exchange

column (Amersham Pharmacia Biotech) and eluted with a linear KCl gradient (0–0.5

M). Final purification was achieved by preparative size-exclusion chromatography on

a Superdex 75 HiLoad 26/60 column (Amersham Pharmacia Biotech) in 50 mM Tris

(pH 7.0), 150 mM KCl, and 5 mM DTT. NMR samples were dialyzed against 50 mM

potassium phosphate (pH 6.8), 50 mM KCl and 5 mM DTT, supplemented with 5%

(v/v) D2O, shock frozen and stored at –80 °C.

8.6 Chemical Shift Perturbation Study of Hsp90 upon Ligand Binding

8.6.1 Protein Purification and Sample Preparation

In collaboration with J. Buchner the N-terminal domain of Hsp90 (Nhsp90),

consisting of the amino acids 1 to 210, was purified from the E. coli strain BL21

(DE3) carrying the plasmid pET11a-Nhsp90 (Scheibel et al., 1998). The bacteria were

grown in M9 medium containing 15N-labeled NH4Cl (Cambridge Isotope

Laboratories, Andover, USA) as the sole nitrogen source. For preparation of 13C-

labeled protein, 13C6-Glucose (Cambridge Isotope Laboratories, Andover, USA) was

used as sole carbon source. Bacteria were grown to an OD600 of about 0.5. Protein

induction was then started with the addition of 1.5 mM IPTG and continued over night

at 30 °C. Protein purification was achieved as described previously (Scheibel et al.,
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1998). Purified protein was concentrated and dialyzed against 40 mM potassium

phosphate, pH 7.5, which was the buffer used for the NMR-experiments.

The 2H, 13C, 15N-labeled protein has been purified according to the same

procedure, except that the bacterial growth was performed in 1 L LB until a OD600 of

about 1.5 was obtained. The cells were spun down and resuspended in M9 medium

containing 15NH4Cl, 13C6-glucose and 70% D2O (Cambridge Isotope Laboratories,

Andover, USA). Bacterial growth was continued at 37°C until the OD600 had doubled

once and 1.5 mM IPTG was added thereafter. Protein expression was performed at

30°C over night.

Samples for the NMR experiments were concentrated to about 550 µM Nhsp90.

Geldanamycin was a kind gift of the Experimental Drug Division (NIH, Bethesda,

USA). Radicicol was obtained from Sigma, AMP-PNP and ADP from Roche Applied

Sciences (Mannheim, Germany).

8.6.2 NMR Spectroscopy

8.6.2.1 Sequential Backbone Assignment

For the sequential assignment of the N-terminal domain of Hsp90, a uniformly 15N,
13C, 2H (70%)-labeled sample in 40 mM phosphate buffer (pH = 7.5) in 90% H2O /

10% D2O with a concentration of 800 µM Nhsp90 was used. All NMR spectra were

acquired at 303 °K on a 800 MHz Bruker Avance spectrometer equipped with a four-

channel probe and triple axis gradients. The assignments of 1H, 15N, 13CO, 13Cα and
13Cβ chemical shifts were determined by a series of TROSY-type triple resonance

experiments with 2H decoupling: HNCO, HNCA, HN(CO)CA, HN(CA)CO and a

HN(CO)CACB (Salzmann et al., 1998; Salzmann et al., 1999). All the experiments

were processed and analyzed using XWin-NMR 3.1 and Aurelia 3.5. Sequence

specific resonance assignments were obtained with the assignment program PASTA

(Leutner et al., 1998). The obtained backbone assignment independently confirms the

recently published assignment (Salek et al., 2002).

The titration experiments were performed with uniformly 15N-labeled Nhsp90

using four 600 µL samples (550 µM protein, 40 mM potassium phosphate buffer, pH

7.5, 10% 2H2O), at 298 K on a 750 MHz Bruker Avance spectrometer equipped with a

four-channel probe and triple axis gradients. The 1H and 15N assignment was taken

from the complete backbone resonance assignments deposited in the BioMagResBank

with the accession number 5355 (Salek et al., 2002) and could be completely

transferred onto our 1H-15N HSQC spectra which exhibit only slight chemical shift

changes for the amide resonances, due to different sample preparation strategies. The



168 Material and Methods

1H-15N HSQC spectra were obtained using the fast-HSQC method (Mori et al., 1995),

in order to obtain a suitable signal to noise ratio for the water exchangeable amide

protons and good water suppression which was carried out using the WATERGATE

sequence (Piotto et al., 1992; Sklenar et al., 1993). A total of 2048 complex points in t2

with 512 t1 increments were acquired with 16 scans for each increment. The spectral

width used was 12.818 ppm for 1H and 39.15 ppm for 15N. The NMR data were

processed using the Bruker program package XWin-NMR Version 3.1 and Sparky

Version 3.106 (Goddard and Kneller; Kneller and Kuntz, 1993). Zero-filling, gaussian

(t2) and 90° shifted sine-bell apodisation (t1) were applied prior to Fourier

transformations, and subsequent baseline corrections were performed in both

dimensions.

8.6.2.2 Titration Experiments

The titration experiments were carried out using the nonhydrolysable AMP-PNP

(Adenylyl-imidodiphosphate) instead of ATP. For AMP-PNP and ADP a 50 mM

aqueous solution was prepared in 40 mM KP buffer (pH 7.5) and 100 mM Mg2+. The

ligands were added to a 550 µM solution of 15N-labeled Nhsp90, and a series of 15N-

fHSQC spectra were recorded at various ligand concentrations in the range of 0 – 2.26

mM in the case of AMP-PNP (0 – 96% bound complex; Kd(AMP-PNP) ~ 70 µM) and

0 – 4.64 mM for ADP respectively (0 – 99% bound complex; Kd (ADP) ~ 10 µM)

(Richter et al., 2002). The competitive inhibitors Radicicol and Geldanamycin were

dissolved to a 60 mM solution in d6-DMSO each. Prior to titration of the inhibitors, a

single reference 1H-15N-fHSQC was recorded of the free Nhsp90 sample to which 1%

d6-DMSO was added. A series of 15N-fHSQC spectra were recorded afterwards using

increasing concentrations of Radicicol (0 – 0.8 mM; Kd(Radicicol) ~ 0.9 nM) and

Geldanamycin (0 – 0.6 mM; Kd(Geldanamycin) ~  1.2 µM). Due to the binding

constants of AMP-PNP, ADP and the inhibitors (Kd < 100µM) the complexes were

long-lived on the NMR chemical shift time scale (τ > 10 ms). Accordingly, a second

signal set for the ligand-complexed Nhsp90 appeared during the titration. Chemical

shift perturbations of the Nhsp90 complexes were determined by the minimum

deviation between each position of the free and complexed peak in the HSQC spectra

(Lüttgen et al., 2002). For the analysis of the chemical shift perturbations of 1H and
15N backbone resonances a weighted average chemical shift change was calculated

and normalized by Δav/Δmax = 1.0, where Δmax is the maximum observed weighted

shift difference (Grzesiek et al., 1996).
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8.7 NMR spectroscopic Studies of Unfolded and SDS-Folded Hsp12

8.7.1 Sample Preparation

Hsp12, consisting of the amino acids 1 to 109, was purified from the E. coli strain

BL21 DE3. The bacteria were grown in M9 medium (minimal growth medium)

containing 15N-labeled NH4Cl (Cambridge Isotope Laboratories, Andover, MA, USA)

as the sole nitrogen source. For preparation of 13C-labeled protein, 13C6-glucose

(Cambridge Isotope Laboratories, Andover, MA, USA) was used as sole carbon

source. Samples for the NMR-experiments were concentrated to about 1.2 mM and

dialyzed against 10 mM sodium phosphate, pH 7.5, which was the buffer used for the

NMR-experiments.

8.7.2 Titration Experiments

Titration experiments were carried out using perdeuterated d25-SDS (Cambridge

Isotope Laboratories, Andover, USA) added to a 1.2 mM solution of 15N-labeled

Hsp12. Four 15N-HSQC spectra were recorded at SDS concentrations of 20, 50, 150

and 300 mM on a 600 MHz Bruker Avance spectrometer (Karlsruhe, Germany) at

310 K. A total of 1024 complex points in t2 and 256 t1 increments were acquired. The

spectral width used was 12.8581 ppm for 1H and 25.0536 ppm for 15N. Water

suppression was carried out using the WATERGATE sequence (Piotto et al., 1992).

8.7.3 Sequential Assignments

For the sequential assignment of the SDS-micelle-folded Hsp12, a uniformly 15N, 13C

labeled sample in 40 mM phosphate buffer (pH = 7.5) and 300 mM d25-SDS in 90%

H2O / 10% D2O with a concentration of  1 mM Hsp12 was used. NMR spectra were

acquired at 310 K on a 750 MHz Bruker Avance spectrometer (Karlsruhe, Germany)

equipped with a four-channel probe and triple axis gradients. The assignments of 1H,
15N, 13CO, 13Cα  and 13Cβ chemical shifts were determined using a set of triple

resonance experiments: HNCO, HNCA, HN(CA)CO, HNCACB and a

CBCA(CO)NH. For the sidechain assignments 3D CC(CO)NH and 3D H(CCCO)NH

TOCSY experiments were performed. The backbone assignments of unfolded Hsp12

could be achieved partially, using the following set of triple resonance experiments:

HNCO, HN(CA)CO, HNCACB and a CBCA(CO)NH. Identification of secondary

structural elements on the basis of 13C and Hα chemical shifts (chemical shift index)

was calculated using the program CSI Version 2.0 (Wishart et al., 1992) which was

referenced to random coil shift values according to Wüthrich et al. (Wüthrich, 1986).
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8.7.4 Fast Water Exchange

Fast water exchange rates of amid protons was measured by New MEXICO (Koide et

al., 1995) experiments at 310 K with mixing times of 40, 80 and 160 ms each for the

SDS-micelle folded Hsp12 and unfolded Hsp12. Peak intensities were referenced to a

standard HSQC pulse train without sensitivity enhancement. Exchange rates were
calculated using the equation 

€ 

I(mix) = I0 1− e
−kexτmix( ), where I(mix) is the peak

intensity for a given mixing time τmix, I0 the reference peak intensity and kex the

exchange rate given in s-1. Temperature dependent random coil hydrogen exchange

rates were theoretically calculated using sequence specific correction factors and low

salt conditions as described in Y. Bai et al. (Bai et al., 1993)

8.7.5 Diffusion Measurements

Spin-echo diffusion measurements were performed at 298 K on the unfolded Hsp12

without SDS micelles using a standard stimulated echo pulse train with bipolar

diffusion gradients, one z-spoil gradient and a WATERGATE water suppression

schema (Piotto et al., 1992). 32 1H spectra were recorded using sine shaped gradients,

a gradient ramp between 0.7 and 33.2 G/cm, 32 scans, a sweep width of 8865.2 Hz

and a digital resolution of 8k real data points and stored as a pseudo-2D experiment.

The dephasing and refocusing gradient length LD was set to 4 ms, and the diffusion

delay BD was 220 ms. The evaluation of the data were carried out using the T1/T2

relaxation menu of XWin-NMR 3.5. 40 convergent non-exchangeable signal decays

between 4.0 ppm and 0 ppm were averaged and a nonlinear least-squares regression

onto the signal decay using Origin Version 5.0 yields the translational diffusion

coefficient. The apparent molecular weight, M , of the diffusing species can be

calculated from the diffusion coefficient using the following equation (Cantor and

Schimmel, 1980),

€ 

M =
kT

6πηFD
 

 
 

 

 
 

3
4πNA

3 v2 + δ1v1[ ]

 

 
 

 

 
 8-2

where k is the Boltzmann constant (JK-1), T the temperature which is 298 K, η is

the viscosity of the solution which was taken to be that of water at 298 K (8.909 x 10-4

kg m-1 s-1), D the translational diffusion coefficient determined by the spin echo

diffusion experiment (1.0066 x 10-10 m2 s-1), NA is Avogadro’s number (mol-1), v2 is

the partial specific volume of the molecule (0.73 x 10-6 m3 kg-1), δ1 is the fractional

amount of water bound to the molecule (0.34 g(H2O)/g(protein)) corresponding to a

protein hydration shell which is one water molecule thick. v1 is the partial specific

volume of water (m3 kg-1). For calculating the apparent molecular weight of Hsp12 the
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dimensionless Perrin factor F was set to F = 1 which represents a hard sphere. For

calculating F the molecular weight was set to 11.7 kDa. The Perrin factor is related to

the shape of the molecule and one can calculate the relative dimensions of an diffusing

ellipsoid (Cantor and Schimmel, 1980).

Hydrodynamic calculations were performed using HYDRONMR Version 5a

(García de la Torre et al., 2000b) and a regularized random coil model structure of

Hsp12 generated by X-PLOR Version 3.851 (Brünger, 1992).

All experiments were processed and analyzed using XWin-NMR 3.5, Aurelia

3.5 and Sparky 3.106 (Kneller and Kuntz, 1993). Sequence specific resonance

assignments were obtained with the help of our assignment program PASTA (Leutner

et al., 1998).

8.7.6 Paramagnetic Broadening Experiments

Spinlabel titration was done using a 600µM Hsp12 sample in 300 mM d25-SDS,

10 mM sodium phosphate pH 7.5. A total SDS micelle aggregation number of 60 was

assumed which corresponds to a micelle concentration of 5 mM. A 5-doxyl- stearic

acid solution in d4-methanol was added up to a concentration of 5 mM. This

corresponds to a spin-label/micelle ratio of 1. Furthermore a sample containing 1 mM

MnCl2 was prepared. The MnCl2 was dissolved in H2O before added to the sample.

Both experiments were measured at pH 7.5 and 310 K.
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9 Appendix

9.1 Sequential Backbone Assignment of p63 DBD

The chemical shifts for backbone resonances of p63 DBD have been deposited

in the BioMagRes-Bank (http://www.bmrb.wisc.edu/) under the accession number

BMRB-5700 and can be found there.

9.2 Sequential Backbone Assignment of the N-terminal of Hsp90

The obtained backbone assignment independently confirms the recently

published assignment (Salek et al., 2002).

Table 11: Chemical shift backbone resonances of Nhsp90 in ppm.

Residue N NH CO CA CB
Met 1 - - 176.8 55.1 32.3
Ala 125.0 8.50 178.0 52.3 18.4
Ser 171.1 55.2 61.5
Glu 123.8 8.45 171.9 52.6 31.2
Thr 117.9 8.02 170.1 58.9 67.0
Phe 124.5 8.51 - 53.0 -
Glu - - - - -
Phe - - - - -
Gln - - - - -
Ala - - - - -

Glu 11 - - - - -
Ile - - - - -
Thr - - - - -
Gln - - 176.0 56.0 25.0
Leu 122.0 7.86 176.0 55.5 37.6
Met 116.8 8.43 174.8 57.8 29.8
Ser 111.6 7.72 174.5 58.6 -
Leu - - - - -
Ile - - - - -
Ile - - - - -

Asn 21 - - - - -
Thr - - - - -
Val - - - - -
Tyr - - - - -
Ser - - - - -
Asn - - - - -
Lys - - - - -
Glu - - - - -
Ile - - - - -

Phe - - - - -
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Residue N NH CO CA CB
Leu 31 119.5 7.97 174.2 54.2 -

Arg 121.5 7.90 174.4 52.9 31.3
Glu 128.2 9.00 171.8 52.4 30.1
Leu 115.4 8.13 171.7 54.9 37.1
Ile 122.1 8.36 175.1 62.8 33.2
Ser 116.9 8.15 174.8 59.1 -
Asn 118.9 7.91 175.5 53.0 34.8
Ala 124.1 7.73 176.1 51.8 14.8
Ser 111.8 8.44 174.2 58.8 -
Asp 119.1 8.12 175.8 54.6 37.3

Ala 41 122.2 7.72 179.5 52.3 -
Leu 123.7 8.20 175.8 54.8 37.7
Asp 120.0 8.80 176.8 54.5 36.6
Lys 116.5 7.87 178.1 57.3 30.1
Ile 117.8 7.44 173.8 57.1 35.3

Arg 127.3 8.57 177.2 57.2 26.6
Tyr 117.8 8.55 177.1 58.2 34.7
Lys 119.8 7.84 176.5 56.3 -
Ser 112.7 8.15 172.5 57.3 -
Leu - - - - -

Ser 51 - - - - -
Asp - - - - -
Pro - - 176.9 62.0 28.6
Lys 117.7 7.98 177.0 55.7 27.7
Gln 115.8 7.91 174.6 54.3 24.3
Leu 112.9 7.14 176.8 52.1 39.2
Glu 116.1 7.37 174.5 56.3 26.2
Thr 105.1 6.97 173.3 59.4 65.8
Glu 114.3 7.13 169.9 52.4 -
Pro - - 173.7 61.8 29.3

Asp 61 116.9 8.51 172.9 50.8 39.1
Leu 122.4 8.23 172.2 50.9 37.2
Phe 119.3 7.44 - 53.4 38.7
Ile 117.9 8.08 171.9 57.7 36.7

Arg 128.1 10.08 172.6 51.5 31.5
Ile 130.0 9.50 171.6 57.5 36.6
Thr 122.8 9.16 179.1 56.2 -
Pro - - - - -
Lys - - - - -
Pro - - 176.9 63.0 28.6

Glu 71 117.8 9.33 175.1 56.2 25.0
Gln 115.0 7.21 172.0 52.5 27.2
Lys 114.6 7.81 171.3 55.3 -
Val - - - - -
Leu - - - - -
Glu - - - - -
Ile - - - - -

Arg - - - - -
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Residue N NH CO CA CB
Asp - - - - -
Ser 115.9 9.07 171.6 51.5 58.8

Gly 81 109.4 9.84 169.9 41.6 -
Ile 115.5 6.80 171.6 59.9 37.3
Gly 105.7 7.61 169.7 40.9 -
Met 117.4 8.07 173.1 51.6 33.7
Thr 113.1 8.94 171.1 57.6 67.6
Lys 120.2 8.76 175.4 53.7 34.1
Ala 115.8 8.20 172.3 51.6 -
Glu 123.3 8.08 172.7 54.3 33.2
Leu 121.4 7.68 - 52.6 39.6
Ile 119.5 8.41 175.8 53.4 31.7

Asn 91 118.5 8.59 174.4 54.3 37.6
Asn 113.4 8.36 174.7 50.4 -
Leu - - - - -
Gly 105.3 7.64 172.5 43.5 -
Thr - - - - -
Ile - - - - -
Ala - - - - -
Lys - - - - -
Ser - - - - -
Gly - - - - -

Thr 101 - - - - -
Lys - - - - -
Ala - - - - -
Phe - - - - -
Met - - - - -
Glu - - - - -
Ala - - - - -
Leu - - - - 38.0
Ser 115.2 7.75 58.3 59.7
Ala 121.8 7.33 175.1 48.8 -

Gly 111 105.7 7.61 172.4 42.5 -
Ala 122.6 7.95 172.8 49.3 16.1
Asp 117.6 7.92 - 50.5 -
Val - - - - -
Ser - - - - -
Met 122.5 7.55 175.0 55.2 -
Ile 117.8 7.42 173.9 57.7 -
Gly 113.7 8.32 171.9 44.8 -
Gln 119.8 7..98 174.3 54.2 24.7
Phe 115.1 7.30 - 55.0 -

Gly 121 - - - - -
Val - - - - 28.0
Gly 107.9 8.78 173.0 44.7 -
Phe 123.5 8.98 175.9 58.4 -
Tyr - - - - -
Ser - - - - -
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Residue N NH CO CA CB
Leu - - 171.3 55.8 42.3
Phe 115.6 9.11 - 57.3 -
Leu 121.4 7.30 176.5 54.5 40.0
Val 103.3 6.84 170.4 57.4 30.3

Ala 131 124.2 7.68 172.8 48.0 18.8
Asp 117.0 8.20 169.5 51.3 39.1
Arg 114.5 7.49 180.4 52.0 30.0
Val 121.2 8.67 171.0 55.7 -
Gln 122.7 8.81 171.8 51.0 -
Val 125.0 10.39 171.9 58.4 -
Ile - - - - -
Ser - - - - -
Lys - - - - -
Ser - - - - -

Asn 141 - - - - -
Asp - - - - -
Asp - - - - -
Glu - - - - -
Gln - - - - -
Tyr - - - - -
Ile - - - - -
Trp - - - - -
Glu - - - - -
Ser - - - - -

Asn 151 - - - - 35.5
Ala 117.0 8.54 174.1 50.6 13.4
Gly 105.9 8.05 172.8 42.3 -
Gly 105.4 8.34 - 43.5 -
Ser 114.3 7.91 - 54.0 63.7
Phe 118.6 8.70 170.4 52.3 37.9
Thr 109.6 8.50 - 56.2 69.7
Val 120.2 9.06 173.9 58.8 32.0
Thr 124.4 9.33 171.1 58.6 68.9
Leu 130.2 8.61 174.4 54.0 38.2

Asp 161 127.5 8.51 174.4 51.7 39.3
Glu 127.9 8.77 173.9 52.3 27.8
Val 114.1 8.57 173.6 59.7 31.6
Asn 120.9 9.84 173.6 51.2 36.2
Glu 119.9 8.74 173.1 53.7 26.2
Arg 120.8 8.56 175.3 51.9 27.5
Ile 122.4 8.47 - 57.4 -
Gly - - - - -
Arg - - - - 27.8
Gly 115.6 9.26 169.4 40.8 -

Thr 171 115.5 7.77 - 58.8 -
Ile 124.4 9.95 171.9 58.4

Leu 129.8 9.60 - - -
Arg - - - - -
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Residue N NH CO CA CB
Leu - - - - -
Phe - - - - -
Leu - - - - -
Lys - - - - 26.0
Asp 115.9 7.11 170.8 55.8 40.5
Asp 125.9 8.42 - 50.1 36.4

Gln 181 119.2 7.94 173.1 51.0 24.5
Leu 114.7 7.66 177.3 53.4 35.8
Glu 120.4 8.63 174.1 55.3 25.1
Tyr 113.8 6.64 169.3 57.4 33.9
Leu 110.5 7.27 174.4 51.0 39.0
Glu 117.3 7.41 174.3 52.5 26.9
Glu 126.0 8.93 174.8 57.5 26.4
Lys 115.8 8.80 176.4 56.9 28.7
Arg 119.0 6.85 175.6 54.2 26.4
Ile 117.8 8.20 175.7 175.7 34.6

Lys 191 116.6 8.35 176.8 57.6 29.0
Glu 118.9 7.62 176.4 56.1 26.2
Val 120.3 7.95 176.3 63.8 27.9
Ile 119.0 8.35 175.9 62.4 34.4

Lys 119.0 7.87 175.6 55.8 28.6
Arg 115.5 7.49 175.8 55.5 27.5
His 112.8 7.60 174.6 54.4 30.3
Ser 114.5 8.21 174.5 55.5 -
Glu 120.8 7.93 174.4 55.6 26.1
Phe 114.1 7.94 173.1 54.0 35.0

Val 201 121.8 7.14 173.7 60.0 29.1
Ala 129.1 8.89 173.7 49.9 15.4
Tyr 116.2 6.60 169.6 52.8 -
Pro - - 172.7 60.3 29.0
Ile 120.8 7.98 174.0 57.3 35.7
Gln 127.4 9.24 171.8 51.1 26.5
Leu 127.0 8.68 173.6 50.9 39.3
Val 128.9 8.74 172.1 59.5 28.8
Val 122.4 8.10 173.1 58.0 30.2
Thr 122.6 7.88 176.7 60.4 -
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9.3 Sequential Backbone Assignment of SDS-micelle Folded Hsp12

Table 12: Chemical shift backbone resonances of SDS-micelle folded Hsp12 in ppm

Residue N HN CO CA CB HA
Met 1 - - - - - -
Ser 2 - - - - - -
Asp 3 - - 173.24 51.88 38.6 -
Ala 4 123.43 8.28 175.51 50.11 16.44 4.66
Gly 5 107.53 8.24 171.52 42.75 4
Arg 6 120.38 8.37 174.02 53.71 27.66 4.37
Lys 7 120.78 8.22 174.45 54.23 29.96 4.35
Gly 8 107.93 8.17 172.3 43.08 4.01
Phe 9 120.17 8.11 174.3 57.29 36.58 4.44
Gly 10 107.73 8.47 172.85 44.14 3.67
Glu 11 120.99 8.05 175.87 56.22 27.08 4.17
Lys 12 118.95 7.96 175.94 55.69 29.39 4.14
Ala 13 121.39 8.26 175.74 51.98 15.58 4.06
Ser 14 111.2 8.06 173.55 58.47 60.45 4.65
Glu 15 119.76 7.76 174.88 55.29 27.08 4.65
Ala 16 120.58 7.76 175.35 51.04 16.74 4.28
Leu 17 116.3 7.68 173.71 52.25 39.74 4.14
Lys 18 120.17 7.8 172.19 51.71 29.71 4.62
Pro 19 - - 174.38 - 29.1 4.4
Asp 20 119.15 8.44 174.02 51.7 38.3 4.49
Ser 21 115.89 8.11 172.26 56.35 61.02 4.45
Gln 22 120.58 8.49 173.36 53.96 26.22 4.41
Lys 23 120.58 8 173.59 53.43 30.82 4.49
Ser 24 117.32 8.45 173.09 55.29 61.05 4.39
Tyr 25 121.6 8.26 175.2 58.21 34.85 4.51
Ala 26 120.78 8.29 176.45 52.77 15.58 4.1
Glu 27 117.11 7.95 176.6 56.75 26.8 4.07
Gln 28 118.54 8.23 176.6 56.22 26.51 4.21
Gly 29 107.93 8.86 171.87 44.8 3.94
Lys 30 121.19 8.46 176.37 57.68 29.39 3.73
Glu 31 119.76 8.12 175.55 56.75 26.54 4.05
Tyr 32 119.56 8.09 175.47 36.16
Ile 33 116.7 8.3 174.92 61.26 35.15 4.41
Thr 34 114.05 8.31 173.98 63.65 65.92 -
Asp 35 120.99 7.91 175.33 54.36 38.88 4.54
Lys 36 - 7.72 175.39 - 28.82 -
Ala 37 121.39 8.35 176.21 52.65 15.58 4.05
Asp 38 116.3 8.08 175.74 53.96 38.01 4.46
Lys 39 118.54 7.78 175.98 55.55 29.69 4.19
Val 40 - - 174.1 - 29.39 3.97
Ala 41 122.41 8.14 176.52 51.84 15.58 4.17
Gly 42 104.88 8.08 172.34 43.21 3.99
Lys 43 118.95 7.86 174.06 53.96 30.54 4.4
Val 44 - 7.74 172.42 - 29.67 -
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Residue N HN CO CA CB HA
Gln 45 122.01 8.21 171.25 50.91 26.22 4.19
Pro 46 - - 174.69 - 29.39 -
Glu 47 119.36 8.54 173.87 54.62 27.37 4.26
Asp 48 119.15 8.19 173.24 51.84 38.3 4.26
Asn 49 117.72 8.23 172.38 50.91 36.3 -
Lys 50 120.17 8.16 174.38 54.1 30.25 4.37
Gly 51 109.16 8.33 172.62 43.07 4.09
Val 52 - 7.99 173.79 - 29.1 -
Phe 53 118.13 8.09 173.87 55.95 35.74 4.65
Gln 54 119.36 8.02 174.57 54.76 26.22 4.2
Gly 55 107.73 8.15 172.66 43.43 4.02
Val 56 - - - - - -
His 57 - - - - - -
Asp 58 - - 174.49 - 38.3 -
Ser 59 116.3 8.18 172.46 57.01 61.02 4.4
Ala 60 125.07 8.24 175.59 50.77 16.15 4.33
Glu 61 118.33 8.15 174.41 54.49 27.09 4.27
Lys 62 - - 174.84 - 29.96 -
Gly 63 108.75 8.35 171.8 42.97 -.-
Lys 64 120.38 8.07 174.02 53.96 30.26 4
Asp 65 120.58 8.35 173.59 51.97 38.38 4.34
Asn 66 118.74 8.28 172.62 50.64 36.15 -
Ala 67 124.04 8.26 175.31 50.24 16.44 4.23
Glu 68 119.15 8.33 174.65 54.23 27.37 4.33
Gly 69 109.57 8.36 171.76 42.81 4.04
Gln 70 119.56 8.25 173.91 53.3 26.8 4.45
Gly 71 109.77 8.48 171.37 42.81 4.01
Glu 72 120.38 8.3 174.02 53.83 27.66 4.46
Ser 73 117.72 8.75 172.81 55.27 61.89 4.47
Leu 74 124.25 8.56 175.82 55.15 38.88 4.27
Ala 75 120.17 8.19 176.41 52.52 15.58 4.06
Asp 76 117.11 7.81 175.86 54.36 37.73 4.46
Gln 77 119.36 8.03 175.43 55.69 26.51 4.21
Ala 78 121.6 8.55 176.37 52.37 15.58 4.21
Arg 79 116.91 8.16 - 56.88 27.38 4.06
Asp 80 - - 176.29 - 36.31 -
Tyr 81 120.17 8.17 175.23 58.08 35.42 -
Met 82 118.13 8.43 175.59 55.95 29.67 4.29
Gly 83 106.51 8.35 174.14 44.53 3.93
Ala 84 125.27 7.94 177.58 51.97 15.58 4.07
Ala 85 52.5 4.07 15.58
Lys 86 116.91 8.4 175.86 57.41 29.38 3.93
Ser 87 113.44 7.89 173.87 58.87 60.16 4.35
Lys 88 120.78 7.87 175.94 55.02 29.11 -
Leu 89 119.76 8.23 175.59 55.42 38.88 4.13
Asn 90 116.91 8.26 175.2 54.36 36.01 3.86
Asp 91 - - 176.21 - 37.18 -
Ala 92 123.84 8.3 176.37 52.77 15.56 -



180 Material and Methods

Residue N HN CO CA CB HA
Val 93 - - 176.17 - - -
Glu 94 120.38 8.22 176.72 57.02 26.58 -
Tyr 95 120.58 8.24 175.78 58.88 35.72 -
Val 96 - - 175.16 - 29.1 3.32
Ser 97 114.26 8.69 174.26 59.01 60.45 4.08
Gly 98 107.32 7.95 172.97 43.74 3.99
Arg 99 119.76 7.63 175.27 54.36 27.08 4.23
Val 100 - 8.2 173.79 - 29.38 -
His 101 117.32 8.1 172.81 53.03 26.51 4.82
Gly 102 108.95 8.02 171.6 42.94 4.05
Glu 103 119.97 8.09 173.87 53.71 27.66 -
Glu 104 121.8 8.4 173.2 53.69 27.66 4.34
Asp 105 122.41 8.41 173.2 48.92 38.7 4.31
Pro 106 - - 175 - 29.4 -
Thr 107 111.81 8.39 172.26 60.07 66.5 4.32
Lys 108 - - - - - -
Lys 109 - - - - - -

9.4 Sequential Backbone Assignment of Unfolded Hsp12

Table 13: Chemical shift backbone resonances of unfolded Hsp12 in ppm

Residue N HN CO CA CB
Met 1 - - 173.38 - 35.84
Ser 2 117.83 8.06 171.42 59.03 67.01
Asp 3 122.82 - 173.41 51.54 38.59
Ala 4 124.56 8.34 175.68 50.24 16.13
Gly 5 107.43 8.35 171.58 42.62
Arg 6 120.27 7.99 173.77 53.3 30.18
Lys 7 - - - - -
Gly 8 - - - -
Phe 9 - - 173.69 - 36.86
Gly 10 110.59 8.35 171.42 42.48
Glu 11 - - - - -
Lys 12 - - 171.85 - 61.02
Ala 13 125.57 8.29 175.25 49.96 16.31
Ser 14 114.67 8.18 172.12 55.83 60.9
Glu 15 122.62 8.27 173.45 53.69 27.51
Ala 16 124.15 8.09 174.59 49.66 16.36
Leu 17 121.5 8.05 173.55 52.25 39.45
Lys 18 - - - - -
Pro 19 - - 174.16 - 29.23
Asp 20 119.97 8.39 173.96 51.68 38.16
Ser 21 115.79 8.14 172.05 56.15 60.89
Gln 22 121.39 8.27 173.34 53.26 26.36
Lys 23 121.8 8.08 173.73 53.55 30.25
Ser 24 116.4 8.2 171.69 55.42 61.03
Tyr 25 - - 173.06 - 35.74



Appendix 181

Residue N HN CO CA CB
Ala 26 124.45 8.06 175.02 49.81 16.43
Glu 27 119.46 8.14 173.92 53.83 27.37
Gln 28 120.78 8.22 174.55 55.14 27.23
Gly 29 109.67 8.34 171.46 42.62
Lys 30 120.48 8.08 173.73 53.4 30.22
Glu 31 121.09 8.46 173.28 54.85 27.23
Tyr 32 - - - - -
Ile 33 - - - - -
Thr 34 - - - - -
Asp 35 - - - - -
Lys 36 - - 173.73 - 29.96
Ala 37 124.35 8.2 174.82 49.95 16.3
Asp 38 119.05 8.17 173.65 51.68 38.22
Lys 39 121.09 8.07 173.96 53.46 30.07
Val 40 - - 173.26 - 29.82
Ala 41 127.41 8.27 175.41 49.81 16.31
Gly 42 107.93 8.23 171.15 42.33
Lys 43 120.78 8.01 173.75 53.26 29.92
Val 44 - - - - -
Gln 45 - - - - -
Pro 46 - - 174.31 - 29.24
Glu 47 120.38 8.54 173.57 53.81 27.39
Asp 48 120.99 8.23 173.31 51.53 38.47
Asn 49 - - 173.26 - 38.38
Lys 50 119.05 8.27 172.44 50.49 36.01
Gly 51 - - - -
Val 52 - - - - -
Phe 53 - - - - -
Gln 54 - - 174.47 - 29.68
Gly 55 108.95 8.31 171.34 42.62
Val 56 118.95 7.76 173.34 59.46 29.82
His 57 122.82 8.4 172.12 52.97 27.51
Asp 58 - - - - -
Ser 59 - - - - -
Ala 60 - - - - -
Glu 61 - - - - -
Lys 62 - - - - -
Gly 63 - - - -
Lys 64 - - 173.69 - 30.21
Asp 65 120.99 8.32 173.26 51.68 38.38
Asn 66 119.05 8.27 172.36 50.49 36.16
Ala 67 124.15 8.24 175.17 50.15 16.31
Glu 68 119.56 8.29 174.57 54.12 27.23
Gly 69 - - - -
Gln 70 - - 173.84 - 26.49
Gly 71 109.87 8.4 171.42 42.62
Glu 72 120.58 8.28 173.96 53.71 27.66
Ser 73 116.91 8.38 172.09 55.42 61
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Residue N HN CO CA CB
Leu 74 124.25 8.27 174.94 52.73 39.28
Ala 75 123.74 8.14 175.25 50.24 16.2
Asp 76 118.74 8.1 173.96 52.02 38.15
Gln 77 119.86 8.08 173.38 53.55 26.39
Ala 78 123.64 8.11 175.29 50.06 16.09
Arg 79 119.36 8 173.49 53.55 27.95
Asp 80 120.07 8.16 173.61 51.53 38.09
Tyr 81 120.27 7.97 173.55 55.72 35.57
Met 82 - - 174.47 - 30.12
Gly 83 109.77 8.37 171.34 42.62
Ala 84 123.54 8.02 175.05 49.75 16.38
Ala 85 122.62 8.15 173.65 50.16 27.79
Lys 86 122.52 8.29 174.31 53.57 30.09
Ser 87 - - - - -
Lys 88 - - - - -
Leu 89 - - - - -
Asn 90 - - 172.16 - 36
Asp 91 120.48 8.13 173.18 51.68 38.31
Ala 92 123.54 8.03 174.94 49.68 16.44
Val 93 118.95 7.92 173.34 59.61 29.96
Glu 94 - - 173.73 - 27.57
Tyr 95 121.8 8.41 172.98 55.15 36
Val 96 122.62 7.93 173.2 59.45 30.15
Ser 97 - - 172.44 - 60.98
Gly 98 110.59 8.3 171.23 42.44
Arg 99 120.48 8.08 173.71 53.4 30.25
Val 100 - - 173.26 - 29.82
His 101 123.13 8.41 172.83 53.41 27.5
Gly 102 110.79 8.32 171.23 42.49
Glu 103 120.48 8.25 173.73 53.52 27.53
Glu 104 - - - - -
Asp 105 - - - - -
Pro106 - - - - -
Thr 107 - - - - -
Lys 108 - - - - -
Lys 109 - - - - -
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