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1. Introduction

1.1 Biological Background

Guanine nucleotide binding proteins (G proteins) are a large family of molecules
responsible for signal transduction between transmembrane receptors and cellular effectors
[Wittinghofer et al., 2000; Bos, 1997]. Signal transducing G proteins occur in two forms:
“small G proteins” that are low molecular weight monomeric GTP-binding proteins (Ras
superfamily) and heterotrimeric G proteins that are composed of o, £, and y subunits. The
structure of these proteins share a structural core called G domain, consisting of six £ strands
and five « helices [Wittinghofer er al., 1991]. The large superfamily of Ras-like GTPases is
divided into several families, one of which is the Ras family. The beginning of Ras research
can be traced back to 1964 when Jennifer Harvey observed that the preparation of a virus,
taken from a leukaemic rat, induced sarcomas in new born rodents (thereby the name Ras is
derived from rat sarcoma). Ras is called an oncogene, a gene that is able to induce tumors in
animals or in cell cultures [Scolnick et al., 1979; Lowy et al., 1993]. In humans, the Ras
family consists of three Ras proteins: Harvey (H)-Ras, Kirsten (K)-Ras, and neuroblastoma
(N)-Ras [Kuhlmann et al., 2000]. Numerous studies have shown that different Ras proteins
are activated in different tumors (K-Ras in colon and pancreatic carcinomas, H-Ras in bladder
and kidney carcinomas, and N-Ras in myeloid and lymphoid cancers) [Bos, 1989]. The Ras
proteins consist of 189 amino acids, having a molecular mass of 21 kDa [Wittinghofer et al.,
2000]. It has been shown that the first 166 residues of Ras are necessary and sufficient for its
biochemical properties. The C terminus is only necessary for localization in the plasma
membrane and is not involved in any other interactions [Willingham et al., 1980]. The Ras
protein is strongly conserved among different species. It is found in fruit fly, nematode, yeast,
and mammals. The first 85 amino acids of N-, H-, and K-Ras are identical and the next 80
amino acids exhibit 85% homology between any pair of Ras isoforms. [Malumbres et al.,
1998]. The presented studies were carried out on human H-Ras (in the following H-Ras will
be abbreviated Ras) with truncated C terminus (amino acids 1-166) and a molecular mass of

19 kDa.
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MTEYKLVVVG AGGVGKSALT IQLIQNHFVD EYDPTIEDSY RKQVVIDGET CLLDILDTAG QEEYSAMRDQ
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YIETSAKTRQ GVEDAFYTLV REIRQHKLRK LNPPDESGPG CMSCKCVLS

Figure 1.1 Primary structure of H-Ras consisting of 189 amino acid residues (shown here in
1 letter code). Amino acids 1 to 166 are marked in red, indicating the truncated form of Ras
employed in our studies. The N-terminal residue in the truncated form of Ras is methionine

(M) and the C-terminal residue is histidine (H).

Ras acts as a molecular switch (Figure 1.2) [Wittinghofer et al., 1991]. It is complexed

with GDP in its resting (“off”) state [Wittinghofer ez al., 1995]. In its active (“on”) state, GTP

is bound to the molecule.

Figure 1.2 Activation -
inactivation cycle of Ras.
Ras is inactive in the GDP-
bound form. It can be
activated by the action of

GEFs (guanine nucleotide _
exchange factors). In the ~ “on” ERas.

GTP-bound form, it in-
teracts with  effectors.
Deactivation of the active
state results in the
hydrolysis of GTP to GDP
and inorganic phosphate

(Py).

hydrolysis
H,O | GAP | P
GDP :GEF GTP

nucleotide exchange

Ras molecules relay signals from receptor tyrosine kinases (RTKs) to the nucleus to

promote cell differentiation, proliferation, and apoptosis in all multicellular organisms. As

mentioned before, Ras is activated by GDP-to-GTP exchange, initiated by membrane-bound

receptors such as RTKs. A resting cell maintains its RTKs as inactive monomers (separate

subunits).

Figure 1.3 Ras signal transduction
pathway. Recruitment of the
RasGEF SOS (son-of-sevenless) to
the plasma membrane by activating
growth factor GH (growth hormone)
bound RTKs leads to the activation
of Ras. Activated Ras interacts with
an effector (e.g., Raf) which
activates the MAP (mitogen
activated protein) kinase module
thus permitting the transmission of
the biological signal to the nucleus.
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The binding of a peptide such as the growth hormone (GH) causes the RTKSs to dimerise, and
this activates their kinase activities, leading to autophosphorylation. This phosphorylation
produces binding sites for proteins with Src (where Src is an oncogene originally isolated
from a Sarcom) homology 2 (SH2) domains, such as growth factor receptor bound protein 2
(Grb2). Grb2, complexed with son-of-sevenless protein (SOS) then binds to the RTK, which
activates SOS. SOS is a guanine nucleotide exchange factor (GEF) which activates Ras by
inducing it to release GDP and exchange it by GTP [Bos, 1997].

In the active state Ras interacts with so-called downstream targets or effectors, which
in turn communicate with other partners located further downstream in the signal cascade.
Effectors are defined as proteins that interact much more tightly with the GTP-bound form of
the nucleotide binding protein than with its GDP-bound form. This interaction is determined
by the hydrolysis of protein-bound GTP to GDP, which restores the GDP-bound form and
terminates the interaction with the effector. Recently, multiple effector pathways have been

found contributing to the Ras function [Vojtek et al., 1998].

Ras
1
v Y v ' L] ' v
Rin1 pi20 GAP MEKK Raf AFB RalGDS PI3K
R ' Y ' ] F ¥
Abl 7 p190 SEK MEK 7 Hal [} PIP3
L 1I‘ + ¥y ooy W
Rac JNK ERK1/2 PLD RBP1 S0S Vav AKT
R N R ' ' WA
NF-kB SRFATF2 Jun Elk-1 CDC42 Rac ? BAD
Y L L
Gene Remodeling Coll
expression of Actin survival

Lytoskeleton

Figure 1.4 Multiple effector pathways contribute to Ras function. Once in the active form,
Ras is able to stimulate a number of effector proteins, each representing distinct signalling
pathways. p120 GAP - GTPase activating protein; p190 - GAP for Rho family members;
SEK, SAPK/JNK kinase; MEKK, MEK, ERK1/2 kinase; PIP3 - phospatidylinosotol; SRF -
serum response factor; PLD - phospholipase D; RalGDS - Ral guanine nucleotide
dissociation stimulator; AF6 - fusion partner for chromosome 6; Rin1 - Ras
interaction/interference; Rac - related to A and C kinases; CDC42 - cell division cycle 42;
RBP1 - RNA-binding protein 1.

One intriguing aspect of Ras signalling is that Ras can promote both cell death and cell
survival through the interaction with distinct effectors. For example, activation of the best
known signalling pathway downstream from Ras, i.e. the serine-threonine kinase pathway

Raf-MEK-ERK promotes apoptosis (programmed cell death), while activation of PI3K
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(phosphatidylinositol-3-kinase) promotes cell survival (see Figure 1.4). There is no sequence
homology and no functional relationship among these effectors. So far, only for three
effectors namely Raf, PI3K, and RalGDS, the activation of their biological function by Ras
could be demonstrated [Kuhlmann et al., 2000].

The intrinsic GTPase reaction is usually very slow and can be accelerated by several
orders of magnitude by GTPase activating proteins (GAP). In the resting state, Ras is
activated by the action of guanine exchange factors (GEF) catalysing the dissociation of GDP,
thus facilitating subsequent binding to GTP. The latter is the more abundant guanine
nucleotide in living cells [Feig, 1994; Ma et al., 1997; Wittinghofer et al., 1995]. The
conversion of the Ras gene from a proto-oncogene to an oncogene is the result of a point
mutation at position 12, 13, or 61 [Barbacid, 1987]. The mutated proteins are continuously
activated, producing a permanent signal since the intrinsic and the GAP stimulated GTPase
activities are strongly reduced [McCormick, 1991]. Together with mutations in some other
genes, e.g. the gene of the tumor suppression p53, the cell becomes transformed which finally
results in tumor growth. This happens because the Ras protein regulates diverse extracellular
signalling pathways for cell growth, differentiation, and apoptosis. The deregulated function
of other cellular components can then cause aberrant Ras protein function in the absence of
mutations of the Ras genes themselves. Thus, although oncogenic Ras is not alone responsible
for cell transformation but only in concert with other genetic disruptions, Ras is one of the
most frequent oncogenes. It is estimated that up to 30% of human tumors carry a mutated Ras
oncogene [Takai et al., 2001].

Recently, Bivona et al. [2003] have shown that the Ras protein is also activated on the
Golgi apparatus inside the cell (see Figure 1.5). The Golgi is involved in protein secretion. It
thereby controls how signals leave the cell. The critical event in the pathway described by
Bivona et al. is an increase in the intracellular level of calcium ions, which causes a Ras
guanine-nucleotide-exchange factor, known as RasGRP1, to move to the Golgi, and a Ras
GTPase-activating protein, CAPRI (Ca*"-promoted Ras inactivator), to move to the plasma
membrane. We know that GEFs activate Ras and GAPs turn Ras off. It was suggested [Di
Fiore, 2003] that the relative levels of RasGRP1 and CAPRI determine, whether Ras signals
primarily emanate from the plasma membrane or from intracellular membranes. Bivona et al.
predict that Ras signalling occurs mainly from the Golgi in cells displaying persistent
intracellular increases of Ca®" level. But when these rises are short-lived, signalling might be

mostly from the plasma membrane.
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Figure 1.5 Activation of Ras in different cellular locations. a: When receptors on the cell
surface are activated, they recruit the enzyme Src. Simultaneously, another enzyme,
phospholipase Cy1 (PLC-1), is recruited and phosphorylated by Src (represented by a
circled 'P'), activating it. b: PLC-y1 leads to the generation of diacylglycerol (DAG) and an
increase in the level of Ca* ions. ¢: DAG and Ca? cause a cytoplasmic protein,
RasGRP1, to move to the Golgi. This protein activates Golgi-associated Ras, by
catalysing the exchange of GDP by GTP. This new pathway coexists in the cell with the
pathway: receptor—»Grb2—Sos. The latter protein activates Ras at the plasma
membrane (d) in a Ca**-independent way. e: The increase in Ca** level also leads to the
activation of CAPRI (Ca**-promoted Ras inactivator) and, possibly, to its transport to the
plasma membrane. f: CAPRI inhibits Ras by stimulating its intrinsic GTPase activity,
which hydrolyses GTP to GDP.

The structure of Ras was determined both in diphosphate-bound [Tong ef al., 1991]
and triphosphate-bound form. For this purpose, non- or slowly hydrolysing GTP analogues
were used: GppNHp [Pai et al., 1989] and GppCHyp [Briinger et al., 1990] where the -y
oxygen bridge was replaced by NH or CH, group (see Figure 1.6). The Ras structure was also
determined in the GTPyS-bound form [Scherer ef al., 1988]. For the GTPyS analogue, the
oxygen of the jyphosphate group is replaced by a sulphur atom resulting in a smaller
polarization of P, leading to a slower rate of hydrolysis. Among the described analogues,
GTPyS is the most unstable one [Stumber et al., 2002].

The X-ray crystallographic studies were carried out on truncated Ras (amino acids 1-
166 or 1-171) expressed in E.coli. X-ray studies of full length Ras were also made, but the C-
terminal part was not well enough resolved. The structure encompasses five « helices and six
f strands. The S strands form a mixed £ sheet. Because of the mainly parallel £ strands, both
surfaces are hydrophobic and must interact with layers of amphiphatic helices to mediate

contact with the surrounding solvent.
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Figure 1.6 Frequently used triphosphates.

Structural studies show that the differences between Ras‘GDP and Ras-GppNHp (see
Figure 1.7) are confined to two small flexible areas which were denoted as switch I (residues
30-38, within loop L2 and £2) and switch II (residues 60-76, within loop L4 and helix o2)
[Milburn et al., 1990].

Ras(wt)*"GDP Ras(wt)*GppNHp
inactive state active state

switch | switch |

Figure 1.7 Schematic representation of GDP- and GppNHp-bound structures of Ras.
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There are five acidic residues in switch I: Asp30, Glu31, Asp33, Glu37, and Asp38. These
five residues create a negatively charged surface that interacts with GAPs. Originally, Gln61
in switch II was considered to be essential for GTP hydrolysis, but subsequent experiments
and theoretical studies have excluded this model [Li et al., 2004].

The determined structures showed how the conformational change is triggered since
both switch regions are bound to the j-phosphate through two invariant residues: switch I by
Thr35 and switch II by Gly60. The conformational change can be described best as a loaded-
spring mechanism where release of the y~phosphate after GTP hydrolysis allows the two
switch regions to relax into the conformation characteristic for the GDP-bound state (Figure

1.8).

Figure 1.8 Schematic view of the
switch mechanism where the switch |
‘and Il domains are bound to the »
phosphate via the backbone NH
groups of the conserved Thr and Gly
residues (symbolized by springs in
this figure). Release of the
phosphate  group  after GTP
hydrolysis allows the switch regions
to relax into a different conformation.

1.2 Goal of the Thesis

The switching process of Ras between the GTP-bound "on" state and the GDP-bound
"off" state is accompanied by conformational changes in the switch I and switch II region. In
the "on" state, hydrogen bonding occurs between the j-phosphate of the nucleoside
triphosphate and two conserved residues (Thr35 and Gly60 in Ras). Previous liquid-state *'P
NMR spectroscopic experiments have shown that the small GTPase Ras complexed with a
metal ion (Mg”") and nucleoside triphosphates such as GppNHp [Geyer ef al., 1996; Spoerner
et al., 2001] exhibits an equilibrium between two conformational states in solution. Similar
effects could be observed for another member of the Ras superfamily, Ran, complexed with
Mg*"GTP [Geyer et al., 1999]. One of these conformers, the so-called state 2, appears to be

very similar to the conformation of Ras in the "on" state which is observed for Ras interacting
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with effector proteins. That means, state 2 is stabilized by effector binding. In contrast, an
"open", disordered conformation of the switch regions similar to the GDP-bound state is
assumed for the other conformer, state 1 [Spoerner et al., 2001]. The conserved threonine
residue (Thr35 in Ras) located in switch I is then no longer coordinated to the Mg*" ion. Most
likely, the above-described hydrogen bond to the y~phosphate group does also not exist in
state 1.

Intriguingly, X-ray crystallographic studies have revealed only one single
conformation for wild-type Ras complexed with GppNHp in the presence of Mg*"
(Ras(wt))Mg”-GppNHp) [Pai et al, 1990]. The same is in principle true for
Ras(wt):Mg”"-GppCHap although a slightly different effector loop structure is observed for
the four crystallographically inequivalent molecules in the unit cell [Briinger et al., 1990].
The switch II region exhibits a relatively low electron density in the X-ray diffraction patterns
for both complexes which may be considered as an indication for conformational disorder
and/or the presence of internal thermal motions. The presence of the two conformations
(states 1 and 2) in the crystalline samples could, however, be detected in initial solid-state *'P
NMR spectroscopic studies of Ras(wt)-Mg*"GppNHp microcrystals [Stumber et al., 2002]. It
is, furthermore, important to note that the conformational equilibrium is shifted towards the
"open" state 1 for proteins with partial loss-of-function mutations of the totally conserved
threonine residue (Thr35 in Ras) as it could be shown by liquid-state *'P NMR spectroscopy
[Spoerner et al., 2001]. The affinity of these effector loop mutants (partial loss-of-function
mutants) such as Ras(T35S) or Ras(T35A) to various effector proteins is drastically decreased
while the overall structure of the molecule is very similar to the wild-type. X-ray
crystallography turned out to be unable of resolving the structure of the two switch regions for
Ras(T35S) bound to the GTP-analog GppNHp [Spoerner ef al., 2001]. This is in line with the
fact that the switch regions in state 1 - which is the preferred state of Ras(T35S) - could not be
detected in Ras(wt) as well [Pai et al., 1990; Briinger ef al., 1990].

Thus, X-ray crystallography fails to detect one of the two states. It also does not allow
to study the mobility of individual molecules, motions of molecular groups or chemical
exchange processes. Therefore, dynamic aspects of solid-state structures should be studied by
solid-state NMR spectroscopy. Chemical exchange phenomena can be detected even if the
system is in equilibrium. This is because NMR detects the molecular motion itself, rather than
the numbers of molecules in different states. The aim of this work was to study the reason for
the obvious contradiction between liquid-state NMR and X-ray crystallographic studies

observed for the Ras protein and to correlate these results with the solid-state NMR data.
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Furthermore, the effector loop mutants Ras(T35S) and Ras(T35A) were also studied

especially with respect to intramolecular conformational changes and other thermal motions.
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2. Principles and Techniques of Solid-State NMR

2.1. Internal Magnetic Interactions of *'P Nuclei and their

Hamiltonians

During the last three decades, *'P NMR has made substantial contributions to our basic
knowledge of biological structures and processes. Since the spin % nucleus *'P exhibits 100%
abundance and a substantially high gyromagnetic ratio (y = 10.8394x10’ rad s T™) solid-state
'P NMR combined with MAS (magic angle spinning), CP (cross-polarization), and high
power decoupling has developed into a powerful tool for elucidating structure and dynamics
in many biological solids [Bak et al., 2001; McDowell et al., 1996; Pinheiro et al., 1994;
Stumber et al., 2002; van Dam et al., 2000].

The *'P nuclear spin interactions relevant for biological solids and their Hamiltonians
will be discussed briefly below. The width of the nuclear magnetic resonance signals arises
from so-called internal magnetic interactions. In particular, it is determined by the
simultaneous influence of the chemical shift anisotropy (CSA) and the magnetic dipole-dipole
interaction for spin 'z nuclei. CSA arises from the nonspherical distribution of electrons in the
environment, especially the phosphate group screening the external magnetic field spatially
anisotropic. Phosphate groups have a relatively large CSA. Dipole-dipole interactions arise
from the mutual magnetic coupling between neighbouring spins through space. In a rigid
lattice, the dipolar interactions split the energy levels which usually results in a line
broadening for multi-spin systems.

The state of a spin system and its response after a perturbation is given by both

internal and external interactions. The external part (FI ) consists of the Zeeman interaction

ext

of the spins with the static magnetic field B, ([;V ,) and with a time dependent field B, (t),

(H . ), induced by a radio-frequency (r.f.) pulse. The internal Hamiltonian (H. ) describes the

nt
interaction of a spin with its surrounding and contains the chemical shift and the magnetic
dipole-dipole interactions. The chemical shift anisotropy provides insight into the electronic

structure and bonding, while the dipolar coupling offers access to the internuclear distances.
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2.1.1 Zeeman Interaction

The external interactions can be given by the following Hamiltonian:
=H,+H, [2.1]

The coupling of a spin to an external static magnetic field, the nuclear Zeeman interaction, is

described by:

Iy

H = u’ ' BO = _yszO = wsz [2. 2]

0 —

where p is the nuclear magnetic moment, @, the Larmor frequency at which the spin

polarisation axis precesses around the external magnetic field, and / . the z component of the

A

I spin angular momentum operator.

The interaction of a spin with a r.f. field is:
H, =-p-B, [2. 3]

If the r.f. field is applied along the x-direction of the static laboratory frame (LF) the external

part of the Hamiltonian for one spin is:

A

H, = a)OfZ + o, cos(a),_eft +O, )fx [2. 4]

where w, . is the spectrometer reference frequency at which the magnitude o, of the r.f. field

ref
oscillates, / . the x component of the I spin angular momentum operator, and @ , the phase

of the r.f. pulse. It is useful to imagine that the r.f. field is a sum of two rotating components.
Both components rotate in the xy-plane, at the same frequency but in opposite directions. One
component rotates in the same sense as the spin precession. The other component rotates in
the opposite sense to the Larmor frequency. It may be shown [Levitt, 2001] that this last
component of the r.f. field has almost no influence on the motion of the spins and may,
therefore, be neglected.

Thus, the external Hamiltonian is:
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A

H =wl

ext 0"z

B (%j[jr Cos(a)rzﬁft +@ P )+ jy Sin(a)re.‘/t T (I)p )] [2 5]

The factor 1/2 arises because half of the r.f. amplitude is wasted to the component rotating in
the opposite sense to Larmor frequency. fy is the y component of the I spin angular

momentum operator.
Note that the Hamiltonians are given in angular frequency units. The oscillatory time-
dependence of the nuclear spin Hamiltonian can be removed by transforming it into a rotating

frame (RF). In the RF, the relative Larmor frequency is given by @, -w,, and the

Hamiltonian becomes time independent:

A

A, =(o,-o,) - (%j(] cos® +1 sind | [2.6]

ext z

For on resonance irradiations (@, = @,,, ) and in RF the Hamiltonian becomes:

ext

b0 = _(%j(f cos®, +1, sin(l)p) [2.7]

The external interactions are usually much larger than the internal interactions. In other
words, the nuclear spins are more strongly coupled to the external apparatus than to their own

molecular environment. Therefore, the internal interactions can be treated as first-order
perturbations with respect to H, =w,/.. In the high-field NMR of spin ' nuclei, the
perturbation theory is equivalent with neglecting terms that do not commute with Z,. The
terms that commute with /_ are denoted as secular terms. The neglected terms are called non-

secular.

2.1.2 Chemical Shift Interaction

The external magnetic field By induces currents in the electron clouds of the molecule.
The circulating molecular currents in turn generate a magnetic field. Thus, the interaction of

the static magnetic field with the electronic environment induces a field at the site of the
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nucleus. This interaction results in the so-called chemical shift, i.e. a deviation of the
resonance frequency of a nucleus with respect to the Larmor frequency. The induced field is,
to a very good approximation, linearly dependent on the applied magnetic field, and can be

written:

B = B, [2.8]

induced

where 0 is a dimensionless second rank tensor, the chemical shift tensor.

The truncated chemical shift Hamiltonian for a single spin is:

A

H. =-w, 051, == 6B, [2.9]

zZZz

It leads to a slow precession of the magnetization with a frequency:
O [2.10]

where 62" is the zz element of the chemical shift tensor expressed in the LF. The tensor &

consists of a symmetric and an antisymmetric part. The antisymmetric part can be ignored
because it produces no contribution to the frequency in equation [2.10] [Schmidt-Rohr et al.,

1994]. The symmetric part is characterized most conveniently in the coordinate system in

which it is diagonal (PAS):

wog =—w,by* b5 [2.11]

. . B L
with the unit vector b, = B—° along the field direction.
0

With b, expressed in terms of its polar coordinates (&,® ) in the PAS and 5/, 6"*°, and

x> Yoo
5 denoting the principal values of the chemical shift tensor in the PAS, equation [2.11]

can be written as:

W, =0, [5” “(cos®sin) + 5" (sin@sinO) + " (cosO)’ ] [2.12]

One defines:
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5 — 5PAS _ 5
PAS
5y = 5yy -0, [2.13]
5 — 5PAS _ 5
with the isotropic chemical shift:
5 = 1(5PAS 5P 5PAS) 214
iso 5 xx + yy + zz [ . ]
By convention:
521;AS - 51‘5‘0 > ‘5;AS - 51’50 > ‘5)11;AS - 51’3‘0 [2 15]
The chemical shift anisotropy can be described by the anisotropy parameter, 4o :
A _ 1 (5PAS 5PAS) 5PAS 2 16
o= E xx + » U [ . ]
and the asymmetry parameter, # :
5PAS _5PAS
n= %u [2.17]

Ao

The chemical shift Hamiltonian in terms of Ao, 7, 6, @, and using equation [2.12] and

[2.13] is, therefore:

H, =1, —%AO‘[?) cos’ @ —1—ysin’ 9008(2@)]})/Boiz

[2.18]



Principles and Techniques of Solid-State NMR 15

2.1.3 Dipole-Dipole Interaction

A nuclear spin will also experience a local field due to the presence of neighbouring
spins. The magnitude of this local field will depend on the distance between the nuclear spins
and the direction of the internuclear vector with respect to the magnetic field direction.

The homonuclear dipolar coupling between two like spins I; and I; can be described as:
i _ip i =My 3 Yo 2.19
Hy =LDl = =57 hl = 2 W AT [2.19]
i

Dj; is the traceless symmetric coupling tensor, y the permeability of vacuum, / the Planck
constant divided by 27, and r;; the distance from i nucleus to j nucleus.

After truncation:

2
s Moy 2 s o2
Ay =fel ~(1-3cos*0)31,7, -1,1,) [2.20]
ij
- n1 O A
TR T YOS e{yulﬂ S (A i o )} [2.21]
4 v 2

where the raising operator, I , and the lowering operator, I , are defined as:
gop gop

A

' =1 +il I =1 —il [2.22]

x y x y

The homonuclear dipolar coupling constant, d,, is defined as:

2
g =t 2l [2.23]

3

A 7.
y

Heteronuclear dipolar coupling of two different types of nuclei, I and S, is described by the

Hamiltonian:

HE =1D S [2.24]
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The truncated Hamiltonian of the heteronuclear dipolar couplings is given by:

R Bl ..
HY =&%—(1—3cos2 G)QIZSZ
A

where S . 1s the z component of the S spin angular momentum operator.

The heteronuclear dipolar coupling constant, d, is defined as:

d :ﬂyﬂ)sh

1S 3
A 7,

2.1.4 Indirect Spin-Spin Interaction

[2.25]

[2.26]

The indirect spin-spin or J-coupling is of great importance in solution NMR. In solid-

state NMR it can often be neglected. >'P->'P J-couplings are usually smaller than one hundred

Hz and are usually hidden under the dominating dipolar effects. Nevertheless, using certain

pulse schemes the indirect spin-spin coupling can be observed. Unlike the chemical shift, the

J-coupling is independent of the applied magnetic field.

The Hamiltonian of the indirect spin-spin coupling has the form:

FIJ :7/i7jzii‘]ijij

i(j
where Jj; is the spin-spin coupling tensor.

JU — J;YO + JijalﬂlS{)
leading to
HY =yy 2711,

i<j

and

T aniso _ T aniso g
Hy™ =y, 2 L5,

i<j

[2.27]

[2.28]

[2.29]

[2.30]
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The term J; is called the isotropic J-coupling, or the scalar coupling. The term scalar

indicates that /" is independent of molecular orientation. It should be noted that J ", the

anisotropic J-coupling, is usually small and is often ignored. In any case it is very difficult to

distinguish it from the direct dipolar coupling.

2.2. High Resolution NMR Techniques for Solid-State

The anisotropy of the chemical shift interaction and the dipolar coupling to many
nuclei will, in general, cause broad resonance lines in solids. This results in spectral overlap
and usually obscures chemical shift information. These problems can be overcome by
manipulating the Hamiltonian in such way that the time average results in narrow lines. Three
important techniques of high-resolution solid-state NMR, namely magic angle spinning
(MAS), cross-polarization (CP), and heteronuclear dipolar decoupling are used throughout

this thesis.

2.2.1 Magic Angle Spinning

The sensitivity and resolution of NMR spectra of solid samples may be improved

significantly by magic angle spinning (MAS), i.e. rapid rotation of the sample about an axis

tilted by the “magic angle” of 8, = arccos[\/gJ =54.74" with respect to the By field.

Z] Zr

Figure 2. 1 Magic angle spinning of a
rotor with the spinning frequency 1. A
rotor reference frame (RRF) s
[z defined such that the z axis
coincides with the rotation axis.
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The spatial rotation of the sample causes the orientation dependent anisotropic spin
interactions, such as the chemical shift anisotropies and dipole-dipole interaction, to become
time dependent and to be average out if the rotation frequency exceeds the largest coupling of
the spin species considered.

The observed NMR signal:
£(t)=explior) [2.31]

subject to sample rotation acquires a time dependence a)(t) The signal must therefore be

written:

fle)= exp[ijw(r')dr} [2.32]

0
The rotation can be described conveniently in the rotor reference frame (RRF) where:
o(t)=bRF S BB, [2.33]

and by"" is the B, direction in RRF.

In terms of Euler angles (¢, £, y) which characterize the relative orientation of PAS and

RREF, the frequency formula [2.33] can be written as:
a)(t) =C, cos(y + a)rt)+ C, cos(2;/ + 2a)rt)+ S, sin(;/ + a),t)+ S, sin(Z;/ + 2a),,t) [2.34]

where @, /(27)1s the spinning sample rate.

The C and S coefficients which depend on Ao, 17, @, and S are:

C, (a,,B)z Aaﬁ%sinlﬁ[l +%77cos2aj

C,(a.p)= —Aa[lsin2 Yij —177(1 +cos’ ,B)cos 20:}
3 9 [2.35]

S, (a,,b’)= —Aangx/zsinﬂsirﬂa

S, (a, ﬂ) = —Am]%cos fsin2«a
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For a single crystallite, the MAS signal is given by:

t

0= ol |- ol 0]} -exolfessl-io0)] 1236

0

The phase angle:
¢(a, B,y + a)rt) = J‘a)(a, B,y + a),t)dt [2.37]

dla, B,y +o,t)= L[Cl sin(y + o,¢)+ %sin@y +20,t)- S, cos(y +w,t)- %cos(y + a)rt)}
@

r

[2.38]
The full expression for g(t), combining equations [2.36] and [2.38] is:

r r

g(t) = exPK— L](Cl siny + %sin 2y =S, cosy — %cos yﬂ exp{LJ[Cl sin(;/ + a),t) +
10} @

+ %sin(Zy + 2a)rt)— S cos(}/ + a),t)— %cos(y + a),t)}} [2.39]

Defining a function:

fla. By +a,t)=expligla, B,y + o,t)] [2.40]

one can express the time signal as:

gt)=f(a. By +o,t)f (e, By +o,1) [2.41]

As the signal is periodic with ¢, =— according to the harmonic time dependences in
@

equation [2.39], intensity can only appear at @, and its harmonics Nw, in the Fourier

transform. Figure 2.2 represents the simulated spectra of a powder showing the effect of MAS

on the lineshape due to CSA of an [ = % spin nucleus.
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/\ v, = 0 kHz
,_J‘/\/\.\ Figure 2. 2. The effect of MAS on the
- v, = 0.5 kHz anisotropic linewidth due to CSA. Upon

* rotating sample, the static lineshape is

" seen to break up into a central line and

. % spinning sidebands, separated by the
v, = 1.4 kHz rotor frequency. Spinning side bands

are marked with asterisks.
* J\ x v, = 4 kHz

2.2.2 Cross-polarization

For solid-state NMR of dilute spins (S), MAS is usually combined with the method of
cross-polarization (CP). A sensitivity enhancement is obtained as a consequence of the
transfer of polarization from an abundant nucleus (I) with a high gyromagnetic ratio, usually
'H via a mutual flip-flop to the dilute spins (S). The approach is referred to as CP MAS NMR.
Figure 2.3 shows the pulse sequence for the cross-polarization scheme followed by proton

decoupling.

Figure 2.3 Pulse sequence for the
CP MAS experiment with phase

1

H ( CP | TPPM modulated TPPM decoupling on

the 'H channel during the

acquisition of the *'P FID.

1P cP

—>
t
In a heteronuclear CP experiment, the two spins, I and S (*'P in our case), are prepared
with different polarizations. The flip-flop process can then equilibrate the I and S spin

polarization. Hartmann and Hahn showed that energy balance could be maintained by the
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irradiation of two r.f. fields with frequencies equal to the Zeeman frequencies of the I and S
spins. The precession frequencies of the I and S spins in their respective rotating frames are
given by:

o, =78,

[2.42]
@5 =ysBig

By adjusting the ratio —, the rotating frame Zeeman splitting of the I and S spins can be
1S

matched. This is known as Hartmann-Hahn condition:

V1B =vsB [2.43]

When the spinning frequency exceeds both I-I and I-S dipolar interactions, the single

Hartmann-Hahn condition splits into a series of new sideband matching condition:

A=w, -0 =no, [2.44]

where @, /27 is the sample spinning rate. An efficient CP is obtained only at the first and
second-order sidebands (n = £1, +2).

The CP technique results is an enhancement of the magnetization of the S spins. The

enhancement is proportional to the ratio of the two gyromagnetic ratios, 7L The dynamics of

Vs
a CP experiment can be treated by considering the I and S spins as thermodynamic reservoirs,
for which a spin temperature is defined. According to Curie’s law, the observable

magnetization is proportional to the inverse temperature £ . The I spin reservoir initially has a
high inverse spin temperature, f,, since the I spins are polarized. The initial S spin inverse
temperature, [, is zero. Both reservoir will lose energy to the lattice via rotating frame spin-
lattice relaxation, characterized by spin-lattice relaxation rates Tl;; and TIEL. If the I and S
spins are brought into contact, both reservoirs will approach the equilibrium with a rate
constant T;;'. Due to the many body character of the abundant I spin reservoir, fast I-I spin

flip-flops will maintain a uniform spin temperature. Therefore, magnetization transfer is

generally irreversible and non-oscillatory. However, a cross-polarization echo can be
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generated whereby the polarization transferred to the S spins returns to the I spins [Ernst et
al., 1998]. The appearance of the echo indicates that cross-polarization is a deterministic
unitary process that conserves quantum statistical entropy in contrast to the standard
thermodynamic model in which entropy always increases. Therefore, the thermodynamic
model should be applied with care even in the samples where the build-up and the decay of

the magnetization can be approximated by multiexponential processes. In the thermodynamic

description, the rate constant 7);' is proportional to the I-S flip-flop probability and,
therefore, to the sixth power of the inverse distance between I and S. 7, can thus provide

information on the proximity of I and S spins and can be determined by observing the S spin
magnetization as a function of mixing time, i.e. the time for which the I and S reservoirs are

brought into contact. The CP build-up curve is given by the following equation:

e |

5 <r>={exp[-LJ 5,0)

[2.45]

T
where 1 =—5-.
1ip

Equation [2.45] describe the case of extremely diluted S spins, with matched Hartmann-Hahn

condition and with short 7., relaxation time.

1ip

2.2.3 Heteronuclear Dipolar Decoupling

Using the average Hamiltonian theory, the zeroth order Hamiltonian for two spins, I

and S, under continuous wave (cw) decoupling is:

—(0) A
H = a)gsS [2.46]

z

and the first order average Hamiltonian:
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=0 (0B ) +(ol) ool
H = (a)D ) * (wCS) I+ Db Des 21.S. [2.47]
20)1 ' w, '

S

o’ and @], are defined as in equation [2.10] and @, is the heteronuclear dipolar frequency.

The first term in [2.47] commutes with the S spin subspace of the density operator and has no
influence on the time evolution of the S spin. The second term, a cross term between the
chemical shift tensor and the heteronuclear dipolar coupling tensor describing the second
order recoupling between these tensors is the dominating term for isolated spin pairs.

The flip-flop terms of the homonuclear dipolar coupling Hamiltonian lead to an additional
modulation of the heteronuclear dipolar coupling which results in a broadening of the lines of

the decoupled heteronuclear spin. If the decoupling field, @,, is applied off resonance
(Aw # 0; where Aw = 0, —,,, ) the Hamiltonian in the tilted rotating frame is:
H=-0,_+dS. (fz cosf—1, sin@) [2.48]

where:

0, =\ o] + Ao [2.49]

cosd = 2% [2.50]

The effective homonuclear dipolar coupling does not appear in equation [2.48] since it
vanishes at the magic angle. Nevertheless it leads to a broadening of the line of the decoupled
heteronuclear spin because the second order recoupling is no longer quenched by the

homonuclear spin flip-flop terms.
Going into a frame defined by — a)ef . and using the average Hamiltonian theory, the average

Hamiltonian of the IS coupling term to second order is given by:

—(0) A A
His =d,gcosOS_ 1. [2.51]

—) . 5‘12
His =d;sin® 0=

(0]

e

(cos ol —%sin Hfzj [2.52]
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—(2) d> o~ a
His =——5_8°] [2.53]
2 z7x
2w,

— (1) N A
The first order average Hamiltonian, H 5, commutes with the spin vector S, so only H §§>

—(2)
and H ;s are relevant.

Off resonance, where Aw # 0, the decoupling efficiency, J, (roughly the relative S

linewidth), goes as:

O0g ~cosd [2.54]

—()
On resonance, the dominant term is H ;s , and we expect:

5, ~ [d_fsj [2.55]

i.e., the decoupling efficiency should increase (the S linewidth should decrease) inverse

quadratically with @, (5, ~ Lz) for large o, .
@,
To remove all odd orders of the average Hamiltonian, therefore the second order recoupling

term (see eq. [2.47]), symmetric pulse sequences can be employed. Two pulse phase

modulated (TPPM) decoupling scheme consisting of pulses with flip angles £ (usually
around 180°) and alternating phases of + ¢ (@ =15°) was used throughout this thesis. The

zeroth order and first order average Hamiltonians are:

PRI [2.56]
g“) _2tang (a),ﬁf) +(“’és) I+ @p Ocs 21 8. [2.57]
T 20, @ V

Comparing equation [2.57] with the result for cw decoupling [2.47] one realises that the

2tan @
V4

residual second order coupling obtained under TPPM is smaller than for cw
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decoupling. For ¢ =15° this is a reduction of almost a factor of 6 (5.859) for the second order

recoupling contribution to the line broadening.

WWM%W Static (CP + TPPM)

W W MAS + TPPM

CP + MAS + TPPM

T
150 100 50 0 -50 -100 ppm

Figure 2.4 Experimental spectra of O-phospho-L-tyrosine. From top to bottom: static
spectrum + CP + TPPM heteronuclear decoupling; MAS (no CP, no heteronuclear
decoupling); MAS + TPPM heteronuclear decoupling; MAS + CP + TPPM heteronuclear
decoupling (w, /(27)= 5 kHz, 16 scans).

Figure 2.4 shows the sensitivity and resolution of the *'P NMR signal of O-phospho-L-
tyrosine obtained by combining cross-polarization with magic angle spinning and
heteronuclear decoupling techniques.

The NMR spectroscopic parameters of several unprotonated phosphates in inorganic
materials are known [Hartmann et al., 1994]. The phosphate structures may be characterized
by the use of the Q" group classification. The Q" groups are basic structural units ([PO4]
tethraedra), where n is the number of other units attached to the unit in question. Different Q"
groups have different values for the *'P chemical shift anisotropy [Grimmer, 1983; Duncan et
al., 1984; Un et al., 1989; Grimmer et al., 1997] (Table 2.1). The monophosphate groups (Q°)

typically possess smaller absolute values of the chemical shift anisotropy than other
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polyphosphate groups. The chemical shift anisotropies of diphosphates, Q', are always
positive. The absolute values of the anisotropy parameters of ultraphosphates (Q°) strongly

exceeds the values for the other phosphate groups.

Oso/ ppm Ao/ ppm n
monophosphates  -30 to 12 -60 to -8 Otol
diphosphates -33to 4 45 to 106 0.8to 1

polyphosphates -53t0-18 -214t0-106 0.3t00.8

Table 2.1 Typical ranges for *'P NMR spectroscopic parameters in unprotonated
phosphates. The following convention was used: dso = 1/3(S« + &y + &), Ao = 1/2(5« +

d/y) - 6221 n = 3/2 (&(x - 6yy)/Ao_: |6zz - dso | > |&(x - 5150' > |®y - dsol- Here; §zza §yy, and é;cx
denote the principal values of the chemical shift tensor.

Protonated phosphates (phosphates with P-OH or hydrogen bonds) deviate
significantly from the *'P chemical shift anisotropy values of the unprotonated phosphates.

The chemical shift anisotropies of the monohydrogen monophosphates, Q°(H'"), range
from 60 to 96 ppm [Hartmann et al., 1994]. These values do not fall into the range of Q°
groups but into the range characteristic for Q' groups. Q°(H'") groups possess P-Or bonds (Or,
terminating oxygen atom) and P-OH bonds. The average bond length p.o of P-OH bonds is
clearly larger than that of P-Or bonds. However, the bond length of P-OH bonds are
comparable to those of P-O-P bridging bonds in diphosphates and polyphosphates [Hartmann
et al., 1994]. Grimmer [1978] developed a relationship between the chemical shift anisotropy
and the P-O bond length as follows:

A% om = A(FP-%) +B [2.58]

where A and B were determined empirically. Equation [2.58] has as its basis the idea that a
decrease in bond length indicates a higher 7~bond order [van Wazer, 1956], and that increased
m-bonding leads to an increase in the chemical shift anisotropy. Due to the correlation
between chemical shift anisotropies and the 7-bond in equation [2.58] it is obvious that the
chemical shift anisotropies were caused by similar 7-bonding states of the Q°(H') groups and

of the Q' groups. The asymmetry parameters of the monohydrogen monophosphates exhibit

value from 0.3 to 0.9.
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The *'P chemical shift anisotropies of dihydrogen monophosphates, Q°(H?), range
from -117 to -86 ppm and from -106 to -72 ppm while the asymmetry parameters from 0.2 to
1 [Hartmann et al., 1994]. The isotropic chemical shifts of the dihydrogen- and
monohydrogen monophosphates are smaller than the isotropic chemical shifts of unprotonated
monophosphates.

The *'P chemical shift anisotropies of dihydrogen diphosphates, Q'(H"), vary from
-180 to -83 ppm. The chemical shift anisotropies of the Q'(H") groups and Q' groups differ in
sign and amount. Furthermore, the chemical shift anisotropies observed for Q'(H') groups are
within the range of values typical for Q® groups. The asymmetry parameters for these groups
range from 0 to 0.2. The isotropic shifts of the dihydrogen diphosphates agree well with those
of the corresponding unprotonated diphosphates [Hartmann et al., 1994].

Several authors have tried to create a unified theoretical foundation for *'P isotropic
chemical shifts in all classes of phosphorus compounds [Muller et al., 1956; Parks, 1957].
According to Letcher et al. [1966], the 3lp isotropic chemical shift, o (referenced to 85 %

phosphoric acid):

§=—CAy. +kAn_+ AAO [2.59]

is dominated by three terms affected by structural variations, where Ay  is the
electronegativity in the P-X bond, An_ the change in the 7-electron overlap, A& the change in

the P-X-P o-bond angle, and C, k, and A are constants. For phosphorylated compounds
Letcher and van Wazer [1966] conclude that changes in the o-bond angles make a negligible
contribution to the *'P isotropic chemical shift while electronegativity effects predominate.
Gorenstein [1977] demonstrates for a large number of systems that the decrease in the P-O-P
bond angle in the PO, tetrahedra leads to downfield *'P isotropic chemical shifts. This
observation was associated with changes in hybridisation resulting from the bond angle
changes [Gorenstein, 1975].

The use of *'P solid-state NMR to organic phosphates is limited by the relatively poor
resolution of the spectra. Better sensitivity and resolution are achieved by employing different
solid-state NMR methods (MAS, CP, heteronuclear decoupling). Table 2.2 summarizes >'P
chemical shift anisotropies and asymmetry parameter of several biological compounds.

First solid-state >'P NMR spectroscopic studies of the Ras protein were carried out
recently in order to clarify the discrepancies between the results of X-ray diffraction studies

on crystalline proteins and liquid-state *'P NMR measurements [Stumber et al., 2002].
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Surprisingly, the resolution of the solid-state >'P NMR spectra is comparable with the liquid-
state *'P NMR spectra. The signal-to-noise ratio of the solid-state *'P NMR spectra even
exceeds that of the liquid-state *'P NMR spectra measured with the same amount of sample

within the same measurement time.

Ao/ ppm n ref.

NaDNA 147 0.65 van Dam et al., 2000
LiDNA 139 0.64 Song et al., 1997

B and C forms of DNA 160 n.m. Odahara et al., 1994
Dipalmitoylphosphatylcholin -163 0.8 Griffin et al., 1978
Urea-phosphoric acid -60 n.m. Herzfeld et al., 1978
Filamentous bacteriophage 163 n.m. DiVerdi et al., 1981
CL, DOPC, DOPE -140 0 Pinheiro et al., 1994

Table 2.2 NMR spectroscopic parameters of some crystalline biological compounds. CL
= cardiolipin, DOPC = dioleoylphosphatidylcholine, DOPE = dioleoylphosphatidylethanol-
alamine. The following convention was used: dso = 1/3(5« + Oy + 0x), Ao = 1/2(S« + Sy) -

Ozz, = 312 (Sx = Oy) A0, |62z = Giso | > |G = Gisol > |Gy - dsol- HeTE, 3,4, 6y, @nd Sy« denote the
principal values of the chemical shift tensor. n.m. indicates that the corresponding values
could not be measured.

The resolution of liquid-state *'P NMR spectra of proteins is determined by the transverse

relaxation rate, R,, which can be written as:
R, = RS54 L RPP [2.60]

where RgCSA and R, denote the contributions due to the 31p chemical shift anisotropy and
3'P-'H heteronuclear magnetic dipole-dipole interaction, respectively. Other contributions

: 31p 31
such as J-coupling or homonuclear ° P-

P magnetic dipole-dipole interaction can be
neglected. For proteins of a molecular weight, M, exceeding 10 kDa dissolved in water at
room temperature, the correlation time, z¢, for molecular reorientation is higher than 5 ns. At
external magnetic fields, By, exceeding 10 T, the product of the 3P Larmor frequency, @y, and

7c fulfills the condition (@;zc)>>>1 and the two contributions to the relaxation rates can be

written as:

RS = %(w,AO')Z(I +§772jrc [2.61]
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RPP - 1(ﬂj2y%y§h2r‘6rc 2.62]
S\4x
For Ao = 150 ppm and 7 = 0.5, the average values observed for the *'P NMR signals of
Ras(wt) - Mg>" - GppCHap (M = 19 kDa) and at a *'P resonance frequency of 202.46 MHz (B,
= 11.74 T), a CSA relaxation rate R,“>* of 31 s™' is estimated according to equation [2.61].
Assuming a distance of 0.2 nm between °'P and its next nearest 'H neighbour (*'P-O-'H), a
dipolar relaxation rate R,°° of 2.5 s™' is expected. Obviously, relaxation due to chemical shift
anisotropy is the leading term in equation [2.60]. Therefore, the resolution of liquid-state *'P
NMR spectra of proteins decreases at increasing field strengths. The resolution of *'P MAS
NMR spectra is determined by the residual linewidth, i.e. the full width at half maximum of
the central line of the MAS spectrum. Chemical shift anisotropy and heteronuclear *'P-'H
magnetic dipole-dipole interaction are the dominating line broadening interactions (see
above). Although both interactions are inhomogeneous, homonuclear magnetic dipole-dipole
interaction among the 'H nuclei, a homogeneous interaction, influences the residual linewidth.
Therefore, efficient heteronuclear 'H decoupling has to be applied in order to minimize this

influence.
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3  Materials and Methods

3.1 Materials

Bacterial strains:

/Escherichia Coli/ CK600K supE, hsdM", hsdR’, kan®; Hoffmann-Berling, Heidelberg

Standard:
Protein standard SDS7 (66/45/36/29/24/20, 1/14, 2kDa) Sigma, Deisenhofen
Chemicals:
Bacto tryptone Becton Dickinson and Company, Le Pont de Claix, France

Bacto yeast extract Becton Dickinson and Company, Le Pont de Claix, France

NaCl Merck, Darmstadt

Ampicillin GERBU, Biotechnik Gaiberg
Kanamicin Haybad, UK

IPTG GERBU, Biotechnik Gaiberg
Tris Merck, Darmstadt

MgCl, Merck, Darmstadt

CaCl, Merck, Darmstadt

PEG 400 Amersham international, USA
PEG 1500 Fluka, Buchs, Switzerland
DTE GERBU, Biotechnik Gaiberg
NaN; Merck, Darmstadt

Alkaline phosphatase Roche Diagnostic, Mannheim
DNase Roche Diagnostic, Mannheim
Lysozym Merck, Darmstadt

GDP Aldrich, Steinheim

GppNHp Aldrich, Steinheim

GTPyS Aldrich, Steinheim

GppCHap Aldrich, Steinheim
Adamantane Jansen Chimica, Beerse, Belgium
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Glycine Merck, Darmstadt
Pb(NO3), Merck, Darmstadt
O-Phospho-L-Serine Sigma, Steinheim

O-Phospho-L-Threonine Sigma, Steinheim
O-Phospho-L-Tyrosine Sigma, Steinheim
NaH,PO4+H>,O Merck, Darmstadt

3.2 Preparation of Protein Samples

3.2.1 Ras expression, Purification, and Exchange of Nucleotide

Wild-type and mutants of truncated human Ras (residues 1-166) were expressed in
Escherichia coli CK600K using a ptac vector and purified as described before by Tucker ef al.
[1986]. 10 I of Luria Bertani (LB: 10 g/l Bacto-Trypton, 5g/1 Yeast extract, 10 g/l NaCl)
medium together with 100 mg/l ampicillin and 25 mg/l kanamicin were incubated over night
with 100 ml culture. The incubation took place at 310 K and 160 rpm in an INFORS AG
shaker (Bottmingen, Switzerland). After an absorption value of 0.8 was reached (after 3-4
hours), the protein expression was induced by 1 mM IPTG. The culture was centrifuged at
1870 g (Beckmam J-6B) after one day and the bacterial pellet was dissolved into 150 ml
buffer (40 mM Tris/HCI pH 7.6, 0.5 mM EDTA, 0.1 M PMSF) and stored at 253 K. The cell
dissociation in the defrozen bacterial suspension was initiated by adding 1 mg/ml Lysozym.
After 30 minutes incubation at 277 K, 7 ml 6% sodium-deoxycholat were added. After
another 30 minutes, 2 ml 1 M MgCl, and 20 mg DNase were given to the cell suspension and
incubated at 277 K for further 30 minutes. Because many cells require some sort of
mechanical disruption process to open them, sonication, i.e. breaking open cells through the
use of ultrasonic waves, was also employed. Once the cells have been broken the crude lysate
was centrifuged. After one hour centrifugation at 18500 g (JA 25.50 Beckman centrifugation
system) the cell fragments were sedimented and the clear supernatant was given to a DEAE
(diethylaminoethyl) ion exchange column (500 ml volume) after its equilibration with a C/2
buffer (64 mM Tris/HCI pH 7.6, 10 mM MgCl,, 2 mM DTE). The column was washed again
one time volume of the column with C/2 buffer. The proteins were then eluted from the
column by passing a solution containing a gradually increasing concentration of salt onto the

top of the column. A volume of 4 1 salt gradient (0-300 mM Nacl in C/2 buffer) was used and
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the proteins collected in the fractions eluted from the bottom of the column. 20 ml protein
solution/fraction were collected. The fractions were analysed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The gel composed of the resolving gel
mixture 15% (10 ml): 2.4 ml H,O, 15 ml 30% acrylamide, 7.5 ml resolving-gel buffer (1.5 M
Tris/Cl pH 8.8), 150 ul 20% SDS, 150 ul 20% ammoniumpersulfate (APS), 120 ul TEMED
(tetrametylethylenediamine) and of the stacking gel mixture 5% (10 ml): 6.9 ml H,O, 1.7 ml
30% acrylamide, 1.25 ml stacking gel buffer (1M Tris/Cl pH 6.8), 50 ul 20% SDS, 50 ul 20%
APS, 10 ul TEMED was cast as a thin rectangular slab in which several protein samples
treated with SDS could be simultaneously analysed in parallel lanes. The buffer, which is the
same in both, reservoir and the gel, has a pH such that the molecules have net negative
charges and migrate to the anode. A direct current of 80 A was passed through the gel for a
sufficient time (40 minutes) to separate the molecular components into a series of discrete
components. The proteins embedded gel was then removed from its holder and stained with
Coomassie Blue Dye (90 ml methanol, 90 ml water, 20 ml acetic acid, 250 mg Coomassie
Brilliant Blue). Upon staining, the proteins absorbed the pigment and appeared as a discrete
band after distaining with: 70% water, 20% acetic acid, 10% ethanol (Figure 3. 1). A marker

protein (SDS7) was run for comparison.

Figure 3.1 Photograph of the

B i SDS polyacrylamide gel of
KL - - .- Ras(T35A)-Mg*-GDP. 20
29 protein from the 86th to the 110th
- fraction collected from a DEAE
4 . .
ion exchange column were run in
P 5 s S W - parallel lanes. The second left
lane contains the molecular
14 weight standard (SDS7).
[kDa]

After gel electrophoresis, the Ras protein fractions (usually between the 86th and the 115th
fraction) were collected and concentrated with an Amicon concentrator. The Ras protein was
further purified using gel filtration chromatography. The column in this technique consists of
beads of a hydrated, sponge like material containing pores that span a relatively narrow size
range of molecular dimensions. Molecules with molecular masses ranging below the
exclusion limit of a gel pore will elute from the gel in the order of the molecular masses, with
the largest eluting first. A G75 Sephadex column (330 ml volume, Amersham Pharmacia,

Freiburg) was equilibrated with buffer D (64 mM Tris/HCI pH 7.6, 400 mM NacCl, 10 mM
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MgCl,, 2 mM DTE, 0.1 mM GDP). By SDS-PAGE the fractions containing Ras were
identified. Normally the Ras protein eluted after about 200 ml. The fractions were
concentrated to a protein concentration of 23-40 mg/ml.

GDP, which binds very tightly to Ras was replaced by the slowly hydrolysing GTP
analogue GppNHp, GTPyS, GppCH,p as shown by John et al. [1990]. 100-200 uM Ras GDP
were given in 50 mM Tris/HCI pH 7.6, 2 mM DTE, and 200 mM (NH4),SO4. The wanted
analogue (two times excess in comparison with GDP) together with alkaline phosphatase (2
U/mg protein) were added. After one night incubation at 277 K, free nucleotide and phosphate
were removed by gel filtration using Tris buffer (50 mM Tris/HCI pH 7.6, 10 mM MgCl,,
2mM DTE). The Ras protein in complex with the different GTP analogues eluted from the
column (122 ml volume, Superdex G75, Amersham Pharmacia, Freiburg) after about 60 ml.
The final purity of the proteins was > 95% as judged from SDS-PAGE. The concentration and
nature of protein-bound nucleotide was analysed with C18 reverse-phase high performance
liquid chromatography (HPLC; the HPLC buffer: 100 mM K,;HPO4/KH,PO4 pH 6.5, 10 mM
tetrabutylammonium bromide, 7% acetonitrile) and determined with a calibrated detector and

integrator (Beckman). The protein solution was sink in liquid nitrogen and stored at 193 K.

3.2.2 Ras Crystallization

Commercially available proteins are almost always offered as lyophilized powders.
Although the proteins in a lyophilized powder might be properly folded, it is to be expected
that the conformation of side chains will be quite variable. Each molecule will then have a
slightly different shift for each chemically equivalent site because they are rendered
magnetically inequivalent by this structural heterogeneity. Therefore, the linewidth for
lyophilized proteins is usually not narrow enough to provide high resolution spectra by NMR
spectroscopy. An alternative for the solid-state NMR spectroscopic studies is protein
crystallization. Crystalline materials are also found to provide higher stability than the
lyophilized samples. While X-ray crystallography requires large defect-free crystals, smaller
crystals are just as useful in solid-state NMR as large crystals. Anyway, crystallization of
large proteins is difficult, unpredictable, and not to be ventured by easily frustrated
researchers.

For this thesis, crystals of Ras(wt)Mg’GppNHp, Ras(T35S)-Mg*"-GppNHp,
Ras(T35A)-Mg*"-GppNHp, Ras(wt)-Mg>"-GTPyS, Ras(T35S)-Mg*"-GTPyS,
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Ras(T35A)-Mg*"-GTPyS, Ras(wt)-Mg*"-GppCHap, Ras(T35S)-Mg”"-GppCHoap,
Ras(T35A)-Mg*"-GppCH,p were grown using the sitting drop method (3 Well Spot Plate,
Hampton Research). The plates were sealed with a transparent tape and incubated in the dark
at 291 K. A quantity of 20 to 40 mg protein was needed for acquiring NMR spectra of
sufficient quality.

Crystallization of Ras(wt)-Mg’ - GppNHp
15 pl 50 mM Tris/HCI pH 7.6, 10 mM MgCl,, 5 mM dithioerithriol, 56% polyethylene glycol
400 were given to 15 ul of 1.5 mM protein solution in each small cavity of the 3 well spot

plate. Crystals growth time: 1-2 days.

Crystallization of Ras(wt)-Mg’"-GTPyS

15 ul 64 mM Tris/HCI pH 7.6, 10 mM MgCl,, 1 mM dithioerithriol, 1 mM NaN3, 40%
polyethylene glycol 1500, and 3 pl of 0.1 M spermine were given to 15 ul of 1.8 mM protein
solution. Crystals growth time: 5-6 days.

Crystallization of Ras(wt)-Mg’ - GppCH.p

15 pl 64 mM Tris/HCI pH 7.6, 10 mM MgCl,, 1 mM dithioerithriol, 1 mM NaNs, 60%
polyethylene glycol 1500 were given to 15 pl of 2 mM protein solution. Big crystals grew
after 2-3 days. Smaller crystals of Ras(wt)-Mg”"-GppCH,p were obtained in the same interval
of time from 15ul 64 mM Tris/HCl pH 7.6, 10 mM MgCl,, 1 mM dithioerithriol, 1 mM NaN3,
50% polyethylene glycol 400 mixed with 15 pl of 2 mM protein.

Crystallization of Ras(T35S)-Mg”"GppNHp and Ras(T354)-Mg”"-GppNHp

15 ul 100 mM Tris/HCI pH 7.6, 20 mM CaCl,, 5 mM dithioerithriol, 25% polyethylene
glycol 1500 were given to 15 pl of 2 mM protein solution together with 3 pl of 0.1 M
spermine. Crystals growth time: 4-5 days.

Crystallization of Ras(T35S)-Mg”"-GTPS and Ras(T35S)-Mg’"Gpp CHap

15 pl in 64 mM Tris/HCI pH 7.6, 10 mM CaCl,, 1 mM dithioerithriol, 1 mM NaN3;, 60%
polyethylene glycol 1500, and 3 pl of 0.1 M spermine were given to 15 ul of 1.8 mM protein
solution. Crystals growth time: 4-5 days.
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Crystallization of Ras(T354)-Mg”"GTPyS and Ras(T354)- Mg’ GppCH.p

15 pl 64 mM Tris/HCI pH 7.6, 10 mM CaCl,, 5 mM dithioerithriol, 60% polyethylene glycol
1500, and 3 pl of 0.1 M spermine were given to 15 pl of 2 mM protein solution. Crystals
growth time for Ras(T35A)Mg>"GTPyS: 1 day. Crystals growth time for
Ras(T35A)-Mg>"GppCHap: 2-3 days.

The resulting crystals were mixed with their mother liquor in the spot plates and collected in 2
ml safe-lock tubes (Eppendorf tubes). They were centrifuged at 13 rpm in a Biofuge pico
(Heraeus Instruments) at 277 K. The crystals settled down at the bottom of the safe-lock
tubes. The mother liquor was partially removed and the crystals were collected and deposited

in a 2.5 mm rotor. The rotor filled with protein was stored in refrigerator at 277 K.

3.3 NMR Methods

3.3.1 EXSY (EXchange SpectroscopY) and 'H Spin Diffusion

Two dimensional (2D) NMR spectroscopy is a valuable method for the study of spin
exchange processes such as those resulting from chemical exchange and spin diffusion. The
pulse sequence for the 2D exchange NMR experiment in solution was developed by Jeener et
al. [1979]. The analogous solid-state NMR experiment, introduced by Szeverenyi et al.
[1982], is given in Figure 3.2.

/2
H ( CP |TPPM TPPM
/2 /2
nt. M
P cP F ’ UWWVV‘
PV
<+—> +—>

Figure 3.2 Pulse sequence for the 2D exchange experiment or proton driven spin
diffusion.
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First, transverse °'P magnetization is created via cross-polarization resulting in spin
locked *'P magnetization in the xy-plane. Then, the spins are allowed to precess freely during
the evolution time, 7. During this time, the dilute spins (*'P) are subjected to the Zeeman
interaction under the influence of the *'P chemical shift Hamiltonian, proton decoupling, and
sample rotation about the magic angle. This evolution period, represented by the time interval
t;, occurs under conditions in which the interaction Hamiltonian is identical to the
Hamiltonian during the detection period, .

The mixing period is the interval which allows for exchange between the *'P spins.
One possibility is chemical exchange. A particular *'P spin experiences a chemical shift
change as the result of relocation into a new environment in the molecular or crystal
framework. Another possibility is spin diffusion that may occur between adjacent spins. Spin

diffusion is induced by the dipolar interaction of nuclear spins and leads to a transfer of

magnetization between neighboring spins (i and j). Because of the 1/ r; distance dependence

of the spin diffusion rate [Schmidt-Rohr et al., 2001], magnetization transfer is restricted to
close nuclei. In principle, it is difficult to discriminate exchange resulting from

conformational changes and from magnetization transfer mediated by *'P-*!

P spin diffusion.
The transition probability for *'P spin diffusion processes, or more precisely between two *'P

nuclei with an isotropic chemical shift difference Aw, is given by:

P(t) = Y[ 1-cos(Aat)|(wp/ Aw)® [3.1]

PP coupling frequency. It is evident that the magnetization transfer (with

where ap is the
proton decoupling) becomes inefficient if the *'P->'P dipolar coupling is smaller than the
difference Aw of the resonance frequencies.

In perturbation theory the transition probability becomes:

P(t) = Yamgo™® (Aw)wp’t [3.2]

where go*® is the zero quantum lineshape which is determined by the 'H-"'P couplings and
has a width corresponding to the average 'H->'P couplings.

In natural spin diffusion, i.e. without proton decoupling, "H-""P dipolar couplings can
produce a resonance shift that cancels the isotropic chemical shift difference Aw and thus
makes *'P spin diffusion possible. In this manner, the protons drive the *'P spin diffusion.
Note that proton driven spin diffusion does not involve a transfer of magnetization via

protons, the transfer occurs through space from *'P to *'P.
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Thus, without decoupling the transition probability of two exchanging nuclei having
the same resonance frequency is low because the proton local fields causes a large spread in
the *'P resonance frequencies. The probability increases when the spread is narrowed by
incomplete proton decoupling. If the nuclei have different chemical shifts, complete proton
decoupling quenches the probability of spin diffusion.

The second 772 pulse returns the magnetization back to the transverse plane before
acquisition (#;) under TPPM decoupling.

The measured 2D NMR spectrum represents the correlation function between the
NMR resonance frequencies @; before and @, after an exchange time 7;,. Any exchange
process that couples different resonance frequencies @w; and @, will manifest itself by off
diagonal peaks in the 2D spectrum. In order to suppress off diagonal peaks resulting from the
reorientation of the rotor, the mixing time was chosen as an integer multiple of the rotor

period, t..

3.3.2 PMLG (Phase Modulated Lee-Goldburg)

Accurate and precise measurements of the heteronuclear correlations (HETCOR)
between dilute spins and abundant spins ('H) are complicated by the strong homonuclear 'H-
'"H dipolar couplings. A variety of multiple pulse sequences, including WAHUHA (Waugh-
Huber-Haeberlen), MREV-8 (Mansfield-Rhim-Elleman-Vaughan, 8 pulses per cycle), BR-24
(Burum-Rhim, three partly nested MREV-8), DUMBO (decoupling using mind-boggling
optimization), FSLG (frequency switched Lee-Goldburg), PMLG (phase modulated Lee-
Goldburg) can be applied during the ¢, interval of conventional 2D experiments to suppress
homonuclear dipolar couplings while the heteronuclear dipolar couplings are effecting the
evolution of the dilute spin magnetization generated by cross-polarization. In PMLG
[Vinogradov et al., 1999] experiments line narrowing is accomplished by a series of m pulses
with well defined phases. Throughout this thesis, the CP MAS PMLG experiment was used to
measure heteronuclear correlation spectra. The pulse program is shown in Figure 3.3a.

The sequence starts with a magic angle preparation pulse (€, = 54.74°) that puts the
'H polarization along the magic angle with respect to the static magnetic field, along z axis.
After 'H excitation, the protons are allowed to evolve for a time ¢, under PMLG irradiation
(@,) to suppress the 'H homonuclear dipolar couplings. Frequency switching in the PMLG
sequence was accomplished using a linear phase ramp. The phase ramp consists of a train of

phase values incremented at 10° (=A« ) steps. A basic unit in the phase file consists of phase
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angles of 0°.....208° and 28°.....-180°. The duration of each basic unit was synchronized with

two 360° pulses around the PMLG effective field.

a) O
1H PMLG LG-CP TPPM
t1
31 C
i P UWWW Figure 3.3 a) Pulse
sequence used for the 2D
D PMLG 'H-*'P heteronuclear
2 correlation spectra with LG-
b) O
CP.
1H H LG-CP | TPPM b) Pulse sequence used to

optimized the CP condition.

s1p CcP UWWW

Following the PMLG sequence, LG-CP (Lee-Goldburg cross-polarization) is applied
to transfer the magnetization from the protons to the phosphorus. The LG irradiation
suppresses the 'H homonuclear dipolar interactions while CP enhances the *'P signal. It was

shown that at high spinning sample rates, w, /27, an effective polarization transfer takes

place when o, , —w,g =nw,, where @, , =./o], +Aw,, [3.3]
W, = _71311 [34]

and: Aw,, =, tan™ 0, [3.5]
@5 ==7B [3.6]
n==+1,+2

The *'P nuclei were locked on resonance in the xy-plane with a r.f. intensity optimized
experimentally using a 1D LG-CP experiment (see Figure 3.3b). The *'P free induction
decays were recorded during # under TPPM decoupling. A 2D *'P-'"H HETCOR spectrum
contains the *'P resonances in the direct dimension correlated with the "H resonances in the

indirect dimension.
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The efficiency of the PMLG decoupling was optimized using adamantane. After
properly setting all experimental parameters, the Jci couplings could be resolved in 1D *C

spectrum collected with PMLG decoupling during data acquisition (Figure 3.4).

CH,
Figure 3.4 "*C spectrum
CH
of adamantane (natural
abundance) under PMLG
decoupling. Conditions
are: w,/2z7 =5KkHz, ns =
1024, TCP= 6 ms, w, = 83
kHz, m =20, Aa =10°.
45 40 3 3 25 ppm

The combined effect of strong homonuclear dipolar interactions between the abundant
protons in solid-state and the small proton chemical shift dispersion limits the resolution in
the 'H solid-state NMR spectrum. Different lines in a simple MAS spectrum are, therefore,
often not resolved. Spectral resolution is improved using a 2D 'H-'H correlation experiment
(see Figure 3.5) where PMLG decoupling is used in the ¢ dimension [Vinogradov et al.,
1999].

/2 6, n/2-6,, w2
Figure 3.5 Pulse sequence
H PMLG )
used for 2D 'H-'H correlation
experiment.
—> +—>

The initial magnetization, created by two pulses as shown in Figure 3.5, evolves in a
plane perpendicular to the direction of the effective chemical shift Hamiltonian. During the
evolution period #, 'H homonuclear dipolar couplings are suppressed due to PMLG
decoupling. The 77/2-6,, pulse transfers the precession plane to a plane perpendicular to the xy-
plane. After a /2 pulse, the proton signal is acquired during the detection period #,. The
indirect dimension of such 2D "H-"H correlation experiments is the highly resolved spectrum
while the direct dimension yields the normal '"H MAS NMR spectrum.

2D 'H-'H correlation spectra were referenced externally. In indirect dimension, the
CH; line of glycine was set to 2.6 ppm (Figure 3.6). The direct dimension was referenced

using silicone rubber (0 ppm).
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~ ppm

O _25 Figure 3.6 Two-dimensional 'H-'H
c correlation spectrum of glycine (contour

plot). (w./27x = 16 kHz, ns = 1, 6,
O 0 O £ 7.5 length = 1.82 ps, w, = 83 kHz, m = 20,

- Aa = 10°).

UL LA

E 12,5

50 0 -50 ppm

3.3.3 Refocused INADEQUATE (Incredible Natural Abundance DoublE

QUAntum Transition Experiment)

In solid-state NMR, through-bond J-couplings are usually several orders of magnitude
smaller than the broadening associated with anisotropic interactions such as through-space
dipolar coupling and the chemical shift anisotropy. Nevertheless, an INADEQUATE
experiment - analogous to the liquid-state experiment - has been proposed to determine the
through-bond carbon-carbon connectivities in solid-state NMR [Lesage et al., 1997].
Recently, the presence of a ’N-""N J-coupling across a hydrogen bond was detected [Brown
et al., 2002]. A better alternative to determine through-bond connectivities is refocused
INADEQUATE [Lesage ef al., 1999], an INADEQUATE-type experiment. It was shown that
the refocused INADEQUATE experiment allows an unambiguous determination of the *'P-
3P oxygen mediated J-coupling in crystalline and disordered phosphates [Fayon et al., 2002;
Fayon et al., 2003].

/2

H ( CP H spin decoupling

T T
31p CP ‘rﬂ T THT\NU\NVW“

+-— t—>

t, t

/2 /2

Figure 3.7 Pulse sequence for solid-state refocused INADEQUATE.
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The pulse program of the refocused INADEQUATE experiment creates two principal
signal components: Sy from molecules with isolated 3P nuclei and S, from molecules with
coupled *'P nuclei. The discrimination between Sy and S, relies on phase cycling. As a result,
the signal originating from S, cancels while the weak signals from molecules with coupled *'P
survive. The pulse sequence applied throughout this thesis is shown in Figure 3.7. After cross-
polarization, the °'P magnetization evolves during the delay 27 under the isotropic
homonuclear J-coupling Hamiltonian. The *'P-*'P homonuclear dipolar couplings are
removed by fast magic angle spinning while the chemical shift anisotropy is refocused by the
7 pulse. The double quantum (DQ) coherence (which is not a measurable magnetization)

created by the first 772 pulse evolves during #; at the sum of the single quantum (SQ)

frequencies of the two spins, w,, =g, + @y, . Unfortunately, the DQ coherence cannot be

detected directly. It needs to be reconverted into detectable SQ coherence. The last 772 pulse
reconverts the DQ coherence into an anti-phase transverse coherence. This anti-phase
component is converted back during the second 7—z—7 delay into an in-phase signal before
detection. In the refocused INADEQUATE SQ - DQ experiment, the resonances of two
coupled phosphorus atoms occur at the common DQ frequency in indirect dimension and are
correlated with the SQ frequency of each peak in the direct dimension. The maximum transfer

of magnetization into DQ coherence is 7= 1/(4Jp.p) and is zero for = 1/(2Jp_p).

3.3.4 Rotational Resonance

Almost all the techniques used in solid-state NMR for structural studies utilize the
high spectral resolution provided by MAS. This technique also averages the dipolar coupling

between low » nuclei (PN, °C, *'P). However, the observation of these interactions is often

important for structural studies. Methods for the selective reintroduction of the desired
couplings (“recoupling” techniques) are, therefore, of essential importance.

The rotational resonance technique [Raleigh et al., 1988, Levitt et al.; 1990; Costa et
al., 2003] can be used to reintroduce to the homonuclear dipole-dipole coupling in spin pairs.
In magic angle spinning experiments on samples containing dilute homonuclear spin pairs,
rotational resonance occurs when the sample spinning rate is adjusted such that the condition
n x v = Avis fulfilled. Here, Av is the frequency distance between the considered signals, v
is the sample spinning rate and # is a small integer. Under these conditions, MAS does not

completely average the dipolar interaction. Line broadening and splitting can be observed for
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sufficiently strong dipolar couplings. The rotational resonance spectra presented within the

present thesis were acquired using the common CP MAS experiment (Figure 3.8).

/2

H ( cP TPPM

Figure 3.8 The pulse sequence for rotational
resonance spectral lineshape measurements.
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Simulations of the lineshape reveal the distance between the coupled spins since the

measured through space dipole-dipole coupling constant () only depends on fundamental

constants and the inverse third power of the internuclear distance (see equation [2.23]).

3.3.5 Temperature Calibration

For a higher sensitivity of the NMR experiments, especially for biological compounds,
high-speeds MAS is required. MAS produces a speed-dependent heating of the sample. This
heating is caused by the friction between the rotor and the gas flow. Accurate temperature
measurement inside the sample is, therefore, not trivial. Variable temperature (VT) MAS
NMR spectroscopy is of great importance for the study of molecular dynamics. Since
temperature control is crucial for VT MAS experiments, the actual sample temperature needs
to be measured internally. For the determination of the real sample temperature, the
temperature isotropic shift of the *’Pb resonance of lead nitrate Pb(NO;), [Ferguson et al.,

1995; Bielecki et al., 1995] was used.
3.3.51 2.5 mm ZrO; rotor

The slope of the calibration curve for the chemical shift thermometer based on the
*97pp resonance of lead nitrate for the 2.5 mm ZrO, is 0.56 ppm/K over the temperature range
0f 268-297 K [see also Ferguson et al., 1995].

The dependence of the observed isotropic *’Pb chemical shift of Pb(NO3), on the

sample spinning rate, 14, at room temperature (7 = 293K) is shown in Figure 3.9.
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g o temperature versus sample
5 305 o spinning rate (2.5 mm ZrO, rotor at
= 300; e a set temperature of 293 K).
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Increasing sample spinning rates give rise to an increase in sample temperature.

Plotting the real sample temperature 7 vs. 1; (Figure 3.9) gave a quadratic dependence of the

type [Langer et al., 1999]:

2
T = -VV . Vr
4(—288.94+0.3098 4HZ+0.0208 (41_]2) [3.7]

The fitted quadratic dependence clearly indicates that the main factor affecting the

temperature within the sample is not the spinning rate itself, but predominantly the kinetic

energy of the rotor surface, a part that is converted into heat, as well as the bearing pressure

used for spinning.

In Figure 3.10 the real sample temperature 7 (as derived from the isotropic **’Pb

chemical shift) is plotted versus the set temperature 7, of the bearing gas at a sample spinning

rate of & kHz.
< 301 P d
o
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The data fit to the function:

T/ _ .T/
4(_1.095“.005 Y

Figure 3.10 Calculated real lead
nitrate temperature versus the
bearing gas temperature (2.5 mm
ZrO, rotor at v = 8 kHz).

[3.8]
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3.3.5.2 4 mm ZrO; rotor

The dependence of the observed isotropic 297ph chemical shift of Pb(NO3), on the
sample spinning rate, 14, at room temperature (7 = 293K) is shown in Figure 3.11. An increase

in sample temperature is observed with increasing sample spinning rate.

4 kHz

6 kHz

8 kHz

15 kHz

30 20 10 0 -10 ppm

Figure 3.11 *°’Pb spectra of lead nitrate obtained at sample spinning rates from 4 to 15 kHz
for a 4 mm ZrO, rotor. The sample temperature rises with increasing sample spinning rate.

Brus [2000] reported that the temperature gradient along the rotor axis can be
relatively large and it depends on the temperature of the air used for sample spinning.
Furthermore, the end of the sample tends to be closer to the gas flow inlet than its center. For
the observation of the temperature gradient, we analyzed the shape of the isotropic **’Pb
signal of lead nitrate. The distribution of the chemical shift directly indicates the distribution
of the temperature within the sample. As the basis for comparison of lineshapes and thus for
determination of temperature gradient, we choose the signal of lead nitrate measured at 4 kHz.
The halfwidth of this Lorenzian signal was only 0.48 ppm. Dramatic changes of the signal

lineshape were observed with increasing sample spinning rate. It is known now that the
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change of temperature about 1 K causes the change of the isotropic **’Pb NMR chemical shift
of lead nitrate of about 0.775 ppm [Ferguson et al., 1995]. From the distribution of the
chemical shift at 15 kHz we can estimate the temperature difference within the sample of ca. 4
K.

The dependence of the observed isotropic *’Pb chemical shift of Pb(NO3), on the

sample spinning rate, 1, at room temperature (7 = 293K) is shown in Figure 3.12.

< 309 <
o 306 J Figure 3.12 Real sample
b= y temperature versus the sample
g 303 o spinning rate for lead nitrate in a
£ 300 r 4 mm ZrO, rotor at a set
§ 297 P temperature of 293 K.

€ 204] o=
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spinning rate (kHz)

A satisfactory fit to the experimental data was obtained using a second order polynomial:

2
T — .Vr . Vr
&—292.59+0.108 4HZ+0.06 ( 4sz [3.9]

Different VT MAS measurements were carried out at 5 kHz.

g 200 v Figure 3.13 Calculated real lead
® 1 7 nitrate temperature versus the air
é e flow temperature in a 4 mm ZrO,
8 2 " rotor at v; = 5 kHz.

8 270 P 3
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set temperature (K)

In Figure 3.13, the real sample temperature T (as derived from the isotropic **’Pb chemical
shift) is plotted versus the set air flow temperature.

The data fit to a straight line:

T/ _ .T/
ﬁ{ =1.0187+1.0125- o/ [3.10]
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where 7, is the temperature of the air flow applied to the rotor.
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4. Results and Discussion

4.1 Solid-State *'P NMR Spectroscopy of Phosphorylated Amino
Acids

Liquid-state *'P NMR spectroscopy is extensively used to study phosphorylated
peptides and proteins [Tanokur et al., 1999; Brauer et al., 1981; Geyer et al., 1996; Kumon et
al., 1996]. Triggered by methodical advances, solid-state >'P NMR spectroscopy currently
gains increasing importance for the characterisation of phosphate-binding peptides and
proteins [Bak ef al., 2001; McDowell et al., 1996; Pinheiro et al., 1994; Stumber et al., 2002].
It could be shown that solid-state >'P NMR spectroscopy is capable of detecting slow
conformational changes of the molecules in the crystalline state [Stumber ef al., 2002]. A
major problem of such studies, however, is the relatively low amount of sample available. In
contrast, sufficient amounts of crystalline phosphorylated amino acids such as O-phospho-L-
serine, O-phospho-L-threonine, and O-phospho-L-tyrosine (further abbreviated by P-Ser, P-

Thr, and P-Tyr, respectively) are commercially available.

O-phospho-L-serine O-phospho-L-threonine

O-phospho-L-tyrosine

Figure 4.1 The molecular structure of P-Ser, P-Thr, and P-Tyr.
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These substances can be used as model compounds in order to design and optimise
solid-state *'P NMR experiments to study phosphorylated peptides and proteins. By
combining cross-polarization (CP) [Hartmann et al., 1962; Pines et al.; 1972, Pines et al.,
1973] with magic angle spinning (MAS) [Andrew et al., 1958; Lowe, 1959] and
heteronuclear spin-spin decoupling techniques [Bennet et al., 1995], highly resolved spectra
can be obtained.

While the X-ray structures of P-Ser [Bryndal ef al., 2002] and P-Thr [Maniukiewicz et
al., 1996] reveal one unique molecular conformation within the unit cell, P-Tyr [Suga et al.,
1998] exhibits two different conformations of equal population (Figure 4.1). Two different
torsion angles defining the orientation of the phosphate group with respect to the aromatic
ring exists.

Conventional one-dimensional CP MAS experiments performed on all samples (see

also Potrzebowski et al., 2003) are in complete agreement with the crystallographic data.

simulated experimental

T T T T T T T T T T T T T T T T T T T T T T | T T T
50 0 -50 ppm 50 0 -50 ppm

Figure 4.2 Experimental and simulated *'P {"H} CP MAS spectra of P-Tyr (w, /(27) = 2.32
kHz), P-Thr (a),/(27r) = 2.2 kHz), and P-Ser (a)r/(27r) = 2.36 kHz) in the presence of TPPM

decoupling applied to the protons. 16 scans with a recycle delay of 4 s were added.
Lorentzian broadening of 30 Hz was applied. The inlet shows that the P-Tyr central peak
splits into two signals. Spinning side bands are marked with asterisks.

Simulation (Figure 4. 2) of the spinning sideband patterns using the SIMPSON software [Bak

et al., 2000] allows to determine the values for the chemical shift anisotropy, 4o, and the
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asymmetry parameter, 77 (see Table 4.1). Values for &, 40, and 7 were published recently

[Potrzebowski et al., 2003] and are in reasonable agreement with the data determined here.

Oso/ ppm Ao/ ppm n

Compound
(0.1 pm) (£3ppm) (£0.1)
P-Ser 0.3 85.5 0.9
P-Thr -4.5 105 0.8
P-Tyr (peak 1) -5.1 117 0.7
(peak 2) -6.6 124.5 0.6

Table 4.1 Chemical shift parameters of phosphorylated amino acids in solid-state. All
isotropic chemical shifts, ds,, and chemical shift anisotropies, Ao, are given in ppm relative
to 85% H3;PO,4. The asymmetry parameter, 7, is dimensionless. The following convention is
used: dso = 1/3(@« + 6yy + 522)1 Ao = 1/2(@« + é‘yy) - Ozzs n= 3/2 (d(x - @/y)/AO', |5zz - Jiso I > |&(x -

Osol > |0y - dsol|- Here, 6., 6y, and 34 denote the principal values of the chemical shift
tensor.

The repetition time in the CP MAS experiments is dictated by the longitudinal
relaxation time, 77", of the 'H nuclei serving as the source of magnetization in the CP
experiment. As determined by a standard cross-polarization inversion-recovery pulse
sequence, 7;”" of P-Ser (148 ms) is much shorter than that of >'P (77" = 64 s). The same is true
for P-Thr (T," = 70 ms, 7} = 25 s) and P-Tyr (7" (peakl) = 35 ms, 71" (peak2) = 45 ms, T,"
(peakl) = 16 s, T\ (peak2) = 19 s; for the identification of peakl and 2 see Table 4.1). The
CP build-up time, T, is correlated with the strength of the 'H-"'P dipole coupling. P-Ser and
P-Thr exhibit larger Tjs values (250 us and 150 us, respectively) than P-Tyr (75 ps). The two
phosphorus sites in P-Tyr behave very similar (see Figure 4.3 and Table 4.2).

P-Ser B
. 45 75l P-Thr 1
f 4.2 F/'/."'\-\_\‘\.\- 6.0, :llg
239 45 9.
236 |/ | -
S 3ol & 6!
€33 ¢ s B
0 2 4 6 8 10 T 0 2 4 6 8 10 0 2 4 6 8 10
contact time / ms contact time / ms contact time / ms

Figure 4.3 Variation of the *'P cross-polarization signal, Icp, as a function of contact time.
T1pH and Tis were determined from these CP build-up curves. They could be described by
equation [2.45].
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The optimum CP contact time, Tcp, is determined by both 7j5 and the longitudinal

relaxation time of 'H in the rotating frame, 7 pH. Tcp was found to amount to 4 ms for P-Ser

and P-Thr and to 3 ms for P-Tyr (Figure 4.3). The T, values determined here for P-Ser, P-

Thr, and P-Tyr are shorter than the values typically found in non-phosphorylated amino acids
and peptides [Mehring, 1983; Andrew et al., 1974; Gu et al., 1996; Wang et al., 1999;

Bouchard et al., 1998]. The relaxation times are summarized in Table 4.2.

T,"/s 7"/ ms TlpH/ms Tis/ ps Tcp/ ms
Compound
(+5%) (+5%) (+10%)  (+ 10%) (+10%)
P-Ser 64 148 57 250 4
P-Thr 25 70 27 150 4
P-Tyr (peak 1) 16 35 12 75 3
(peak 2) 19 45 12 75 3

Table 4.2 NMR parameters of phosphorylated amino acids in solid-state.

Solid-state NMR is capable of extracting quantitative information about molecular

motions such as conformational exchange. A series of 2D exchange experiments (EXSY,

[Jeneer et al., 1979; Szeverenyi et al., 1982]) was carried out for P-Tyr in order to study a

possible conformational exchange between the two different states of the molecule. The 2D

EXSY spectrum of P-Tyr shows off diagonal peaks.

chemical shift / ppm

4 5 6 -7 -8
chemical shift / ppm

Figure 4.4 Experimental 2D EXSY *'P MAS
NMR spectrum of P-Tyr at a mixing time of 50
ms, a recycle delay of 0.3 s and 512 ¢,
increments (4 scans). The sample spinning rate
was 10 kHz. The cross-polarization contact time
was set to 2.8 ms. TPPM decoupling was used
during t; and the data acquisition at a decoupling
field strength corresponding to 47 kHz.

Smaller cross-peaks relative to the diagonal peaks show up already at ca. 20 ms

mixing time. The presence of cross-peaks (see Figure 4.4) proves the existence of an

exchange during the mixing time which may arise from conformational changes as well as

from magnetization transfer mediated by Splp spin diffusion [Edzes et al., 1984]. Under
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magic angle spinning, however, secular contributions to the °*'P->'P magnetic dipole
interaction are suppressed as long as the sample spinning rate is large compared to the *'P->'P
coupling constant [Ernst, 2003]; a condition that is fulfilled in our experiments.

Proton driven spin diffusion can be suppressed by heteronuclear decoupling provided
the decoupling field strength is high enough [Edzes et al., 1984; Levitt et al., 1990]. This
could be proven by the variation of the decoupling field strength (see Figure 4.5a). The
pronounced increase of the average cross-peak intensity, /ap, i.e. the decrease of /xa/Iap for a
decoupling field strength below ca. 30 kHz (0.6 a.u.) shows that spin diffusion significantly
influences the spectra for low decoupling field strengths. Here, Ixa denotes the averaged
intensity of the diagonal peaks. For sufficiently high decoupling field strengths (> 30 kHz),
however, the influence of spin diffusion is obviously suppressed. It is, therefore, concluded
that the cross-peaks observed in our 2D exchange spectra indicate the presence of slow
conformational exchange rather than proton driven spin diffusion which predominates in the
absence of proton decoupling [Potrzebowski et al., 2003]. This interpretation is supported by
an additional experiment: A raise in temperature increases the rate of exchange (see Figure

4.5b), which is not expected for spin diffusion.
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Figure 4.5 (a) Normalized ratio /aa/Ing Of the averaged diagonal peak intensity, /aa, and
the averaged cross-peak intensity, las, as a function of the normalized proton
decoupling field strength. The decoupling field strength was varied up to a maximum
value corresponding to @/(27) = 47 kHz (1 a.u.). The mixing time was setto 0.4 s.

(b) Dependence of the exchange rate, k, on the temperature.

The transfer of longitudinal magnetization between the two spin sites was monitored
as a function of 7, (Figure 4.6). The rate constant is determined as the slope of the plot / AB/MjO

VS. Tm. Mjo represents the equilibrium z magnetization of nuclei in site j (j=A, B). A value of
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6 s was obtained for the conformational exchange between the two different molecular

conformations at 302 K.

Figure 4.6 Longitudinal
magnetization transfer curves of P-
Tyr for z, up to 1 s. The lines come
from a fit to equations:

T
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The combined effect of strong homonuclear dipolar interactions between the abundant
protons in solid-state and the small proton chemical shift dispersion limits the resolution in
the 'H NMR solid-state spectrum. Spectral resolution can be obtained using a 2D 'H-'H
correlation experiment where PMLG decoupling is used in the ¢; dimension [Vinogradov et
al., 1999]. The 2D 'H-'H correlation experiment was applied to the phosphorylated amino
acids. 1D '"H high speed MAS NMR spectra of P-Ser, P-Thr, and P-Tyr were published
[Potrzebowski et al., 2003]. Compared with these spectra, substantially improved resolution is
obtained in the indirect dimension of the 'H-'H correlation spectra. Figure 4.7 shows the

contour plots of the 2D "H-"H correlation spectra of the three phosphorylated amino acids.

P-Ser P-Thr P-Tyr

ppm ppm opm
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& PO ~ < COOH 15 COOH
L 15 B - -
COOH e © 15
= L 20
gl - 20
T T T T T T T T T T T T T T T
30 20 10 0 ppm 30 20 10 0 ppm 30 20 10 0 ppm
'H

Figure 4.7 Contour plots of 2D 'H-'H correlation spectra of P-Ser, P-Thr, and P-Tyr
with magic angle spinning at 16 kHz, 512 t; increments and 4 scans per t; value. The
assignment is indicated.

In agreement with Potrzebowski ef al. [2003] we assign the peaks as shown in Table 4.3.



Results and Discussion 53

P-O-H--O-P C-O-H--O-P N-H--O-P CH CH, CH3; CeHs
Siso/ ppm Siso/ ppm  Biso/ ppm  Siso/ ppm  Oiso/ ppm  iso/ ppm  diso/ ppm
P-Ser 13.6 17.7 8.5 - 3.8 - -
P-Thr 13.9 15.9 8.2;9.6 5.1 - 1.6 -
P-Tyr 10.9 14.5 9.8 - 4 - 5.8

Table 4.3 "H isotropic chemical shifts of P-Ser, P-Thr, and P-Tyr extracted from 2D 'H-"H
correlation spectra.

The most straightforward way to obtain improved proton resolution is by exploiting
the large chemical shift of a second type of nucleus (*'P) or of the heteronuclear dipolar
couplings ("H->'P) in 2D correlation spectroscopy. Therefore, having obtained indirectly
resolved proton spectra it is possible to perform 2D 'H->'P HETCOR experiments. Figure 4.8
shows the 2D spectra of P-Ser, P-Thr, and P-Tyr where cross-peaks appear at the proton and
3'P isotropic chemical shifts for each pair of coupled spins of the 'H -*'P pairs of the three
phosphorylated amino acids. In order to precisely assign the closest protons, the classical
approach is to use short contact times. But this option decreases the intensity of the signals
and is thus time consuming. An alternative is to transfer '"H magnetization under Lee-
Goldburg condition (LG-CP). Using LG-CP transfer, which quenches 'H spin diffusion, the
cross-peaks observed for our samples at a mixing time of 2 ms correspond to the neighbouring

protons of the considered *'P nucleus.

P-Ser ppm P-Thr ppm P-Tyr ppm
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Figure 4.8 Contour plots of 2D PMLG decoupled '"H->'P heteronuclear dipolar correlation
spectra of P-Ser, P-Thr, and P-Tyr. The data were obtained at a sample spinning rate of 16
kHz, 512 t; increments, 1 scan per t; value and with a LG-CP mixing time of 2 ms.

The hydrogen bond distances in phosphorylated amino acids were reported in papers
dealing with the X-ray analysis of these compounds [Bryndal et al., 2002; Maniukiewicz et
al., 1996; Suga et al., 1998]. In each case, the hydrogen bond involves the phosphate,
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carboxyl, and amino groups. The assignment of the 'H signals in 2D "H-*'P HETCOR spectra
of P-Ser, P-Thr, and P-Tyr is shown in Table 4.4.

P-O-H~O-P C-O-H-O-P N-H--O-P

Siso/ ppm distance / A 8,/ ppm distance / A §;,/ ppm distance / A
P-Ser 14 2.55 17 2.49 94 2.78
P-Thr 12.7 2.52 15.7 2.53 9.5 2.82
P-Tyr 10.7 2.65 14.9 2.58 9.5 2.73

Table 4.4 'H isotropic chemical shifts of phosphorylated amino acids measured from the
2D "H-*'P HETCOR spectra together with hydrogen bond distances in P-Ser, P-Thr, and P-
Tyr.

Based on the assignment of the 2D 'H-'H correlation spectra of the phosphorylated
amino acids, the assignment for the *'P-"H HETCOR spectra was straightforward. Note that
the 'H signals of to P-O-H-+O-P do not exhibit identical chemical shifts in the different
compounds; the same is valid for C-O-H--O-P. This is due to the well known dependence of
the "H NMR chemical shift on the hydrogen bond distance. Longer hydrogen bonds give rise
to smaller isotropic chemical shifts [Potrzebowki ef al., 2003; Brunner ef al., 1998; Harris et
al., 1988]. The signal at 9.4 ppm was assigned to the "H NMR signals of the amino groups.

The build-up curves of the 9.4 ppm signals in the 2D 'H->'P LG-CP HETCOR spectra
of P-Ser, P-Thr, and P-Tyr do not exhibit characteristic oscillations. The hydrogen bond
distance between 'P and the corresponding 'H of the amino group could, therefore, not be
measured [Bertani et al., 1998]. The distance is, however, known from the X-ray studies (see
Table 4.4). It was shown [van Rossum et al., 2000] that oscillations in the cross-polarization
dynamics cannot be observed for distances exceeding 2 A. Nevertheless, the CP build-up
times were determined and compared with the total values obtained from the build-up curves
of ordinary *'P {'H} CP MAS experiments [luga ef al., 2004]. Tis values of 169 us, 146 ps,
and 70 ps for P-Ser, P-Thr, and P-Tyr were determined from build-up curves of the cross-
peak at the "H chemical shift of 9.4 ppm. These values are shorter than the total 7is extracted
from CP experiments. This behaviour is due to the influence of other protons (apart from H-

N) to the total Tis.
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4.2 Solid-State *'"P NMR Spectroscopy of Ras-Mg**-GppCH,p

4.2.1 Solid-State >'P NMR Spectroscopy of Ras(wt)-Mg’"-GppCH,p

The *'P NMR spectrum of triphosphates bound to proteins shows three resonance
lines, corresponding to the a~, /-, and y~phosphate group of the complexed nucleotide. Figure
4.9 exhibits the *'P {'H} CP MAS NMR spectra of Ras(wt)Mg>GppCH,p at different
temperatures. The central line of the °'P {'H} CP MAS NMR spectrum of
Ras(wt)-Mg>"-GppCH,p contains three well-resolved signals at chemical shifts of -12.8, 7.3,
and 18.8 ppm (303 K). A temperature decrease to 273 K does not lead to protein denaturation,

since the original spectrum is restored after raising the temperature back to 303 K.

T =303 K

x ol T ¢ Figure 49 1D *P {'H} CP
MAS spectra of Ras(wt)
‘Mg®"-GppCH,p at different
temperatures: Top: 303 K,
Middle: 273 K, Bottom: 303 K
(after cooling down the
sample to 273 K). Spinning
side bands are marked with

* « asterisks. The spectra (128 k
1 I 1) 1 | " scans) were recorded at 10
kHz sample spinning rate
using TPPM decoupling. The
recycle delay was 0.5 s and
the cross-polarization mixing
T =303K time was set to 3 ms.

T =273 K

®

ol Ly - d \

200 100 0 -100 ppm

In a common °'P {'H} CP MAS experiment, the recycle delay is one of the most
important parameters to be set. It must be at least 5 times the 7;" value, the latter time being
required for the nuclei to regain the equilibrium in magnetization. Although a relatively high
amount of crystalline Ras protein was available (36 mg), the acquisition of a *'P {'H} CP
MAS NMR spectrum required a measurement time of about 20 hours even under optimised

conditions. Therefore, it was impossible to determine the proton 7, of the protein in a decent
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experimental time. We showed, however, that phosphorylated amino acids: P-Ser, P-Thr, and
P-Tyr could be used as model compounds for the study of the Ras protein. Using the T,
values determined for these phosphorylated amino acids, we set the recycle delay for the
acquisition of the Ras protein spectra to 0.5 ms. The choice of the best contact time for the
polarization transfer between 'H and °'P is essential for obtaining reproducible and
quantitative *'P {'"H} CP MAS NMR spectra. The optimum contact time (7¢p) should ensure
that - under the applied experimental conditions - the signal intensity is maximum. We have
measured spectra at variable contact times in order to determine 7¢p. The observed build-up
curves are shown in Figure 4.10. Based on these measurements, an optimum contact time of

3 ms was chosen.
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Figure 4.10 Variation of the intensity of the *'P {'H} cross-polarization MAS signals, Icp,
of Ras(wt)-Mg?*-GppCH,p at T = 303 K (left) and T = 273 K (right) as function of contact
time. The solid lines represent a fit to the equation:

Iy ~(1=2)"(1=e[~ (1= 2)/T, Del-¢/T," ) with 2=T,/7;,"

Comparison with liquid-state *'P NMR measurements carried out on the pure
nucleotide at various pH allowed us to unequivocally assign the signal at -12.8 ppm to the
phosphorus atom P, in the a~phosphate group. The assignment of the remaining two signals
corresponding to the - and SB-phosphate group (P, and Pg), however, turned out to be more
complicated since their chemical shift could be shown to be strongly pH-dependent in the
liquid-state. Therefore, a rotational resonance experiment [Levitt ef al., 1990; Raleigh et al.,
1988; Feng et al.,, 1999] was carried out on the crystalline samples in order to determine the
distance between P, and the other two phosphorus sites. The corresponding spectra are shown

in Figure 4.11 and Figure 4.12.
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Figure 411 °*P {'Hl CP MAS NMR rotational resonance spectrum of
Ras(wt)-Mg?*-GppCH,p measured at 303 K (88 k scans). The n = 1 rotational resonance
condition is fulfilled for the two signals at -12.8 and 18.8 ppm as indicated. The spectrum
simulated for a P,-Pg distance d(P,-Pg) = 0.31 nm is shown at the bottom. The inlet
exhibits the signal at 18.8 ppm simulated for d(P,-Pg) = 0.5 nm and 0.31 nm (top) as well
as the experimental spectrum (bottom).

The isotropic chemical shift difference between P, and the signal at 18.8 ppm amounts
to 31.6 ppm which corresponds, in a magnetic field of Bo= 7.4 T, to a frequency difference of
3841 Hz. In our experiments, n was set to 1. Therefore, the sample spinning rate was set to
3841 Hz. There are two major effects due to the reintroduction of the through-space *'P-*'P
dipolar coupling. First, signals exhibit splittings or broadenings. Second, there is a rotor-
driven exchange of longitudinal magnetization between spin sites. These two effects provide
alternative routes for the estimation of the dipolar couplings, and hence internuclear distances.
The direct observation of the spectral peakshape is simpler. The rotational resonance spectrum
of Ras(wt)-Mg*"-GppCH,p shows a doublet pattern. The distance between P, and the
phosphorus site giving rise to the signal at 18.8 ppm was determined by lineshape analysis
using the SIMPSON software [Bak et al., 2000]. It amounts to 0.31 £ 0.02 nm in agreement
with the distance of 0.29 nm expected for the distance between P, and Pg according to the X-
ray structure [Briinger ef al., 1990].

In contrast, no signal splitting but a 50 Hz broadening (see Figure 4.12) is observed
when the rotational resonance condition is fulfilled for the lines at -12.8 ppm (P,) and at 7.3
ppm. The first rotational resonance condition being matched the sample spinning rate was set

to 2440 Hz. By lineshape analysis, a distance of 0.5 = 0.02 nm was determined in agreement
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with the distance of 0.517 nm expected for the distance between P, and P, according to the X-
ray structure [Briinger et al., 1990]. It is, therefore, concluded that the signal at 18.8 ppm must

be due to Pg while the signal at 7.3 ppm is assigned to P,.
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Figure 4.12 °*P {'Hl CP MAS NMR rotational resonance spectrum of
Ras(wt)-Mg?*-GppCH.p measured at 303 K. The n = 1 rotational resonance condition is
fulfilled for the two signals at -12.8 and 7.3 ppm as indicated. The spectrum simulated for
a P,-P, distance d(P.-P,) = 0.5 nm is shown at the bottom. The inlet exhibits the signal at
7.3 ppm simulated for d(P,-P,) = 0.5 nm (top) as well as the experimental spectrum
(bottom). 52 k scans were acquired.

In order to prove that the assignment of the o-, /&, and s signals in the *'P {'H} CP
MAS NMR spectrum of Ras(wt)-Mg>GppCHap is correct, we employed the most common
experiment to obtain homonuclear correlation spectra, i.e. the proton driven spin diffusion
experiment [Szevereny et al., 1982]. Spin diffusion is induced by the dipolar interaction of

nuclear spins and leads to a transfer of magnetization between neighbouring spins by flip-flop

processes which drive the involved spins towards thermal equilibrium. Because of the 1/ r;

distance dependence of the spin diffusion rate [Schmidt-Rohr ef al., 2001], magnetization
transfer is restricted to close nuclei. In this spin diffusion 2D experiment, no radio frequency
field is present during the mixing time on the proton channel. The 2D proton driven spin
diffusion *'P chemical shift correlation spectra of Ras(wt)-Mg2+-GppCH2p is given in Figure
4.13. For a mixing time of 4 ms, cross-peaks appear between the peaks at -12.8 ppm and 18.8
ppm indicating a close vicinity of these nuclei and therefore an assignment of the latter peak
to the fphosphate group of GppCH,p. This is in agreement with the above-described

rotational resonance experiments. The different intensities of the cross-peaks between the j-
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and [f-phosphate signals and between o- and f-phosphate signals are to be expected. The

reason is that the rate constant for spectral spin diffusion between two phosphorus sites

having isotropic chemical shifts corresponding to 6,, and J,,, is proportional to
(81 — S0 )~ [Suter et al., 1982].
ppm
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Further evidence for the resonance assignment of the NMR spectra of
Ras(wt)-Mg”"-GppCH,p came from refocused INADEQUATE experiments [Lesage et al.,
1999]. Recently Fayon et al. [2002] demonstrated that an oxygen mediated J-coupling could
be observed in solid-state NMR of inorganic phosphates. Liquid-state NMR of pure GppCHzp
revealed values of 26 Hz and 8.9 Hz for J(P,-O-Pp) and J(Pg-O-P,) [Spoerner, Biochemistry,
accepted]. These values are significantly smaller than the linewidth (50-60 Hz) and do,
therefore, not lead to a doublet splitting in the 1D *'P {'H} CP MAS spectra. Figure 4.14
shows the refocused INADEQUATE spectrum of crystalline Ras(wt)-Mg*"-GppCHap. The
P,-O-Pg connectivity is clearly indicated by two correlation peaks in the spectrum. In
contrast, the Pg-O-P, connectivity does not give rise to cross-peaks. This is due to the small
efficiency of DQ coherence excitation for the small J-coupling value. The degree of

conversion into DQ coherence is maximum for 7 =1/(4.), where 27 is the delay under which

3'P magnetization evolves under the isotropic homonuclear J-coupling Hamiltonian [Lesage
et al., 1999]. Delays of 5 ms for Ras(wt)-Mg*"GppCH,p were employed as a compromise
between the efficiency of excitation of the DQ coherence and the loss of signal due to

relaxation during long delays.
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ppm

Figure 4.14 *P 2D refocused
INADEQUATE spectrum of
Ras(wt)-Mg?*-GppCH,p at a sample
sample spinning rate of 10 kHz. 64
increments (6900 scans each) were
collected with a ¢ delay
(synchronized with the sample
spinning rate) set to 5 ms.
Quadrature detection was achieved
using the TPPlI method. The
recycle delay was 0.5 s and the CP
mixing time was 3 ms.
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Information about the internuclear distance between two spins can be deduced from
the strength of the heteronuclear ('H-"'P) dipolar interaction. Having optimised the PMLG
decoupled 'H-'P LG-CP HETCOR experiment for phosphorylated amino acids, its
application to Ras(wt)-Mg*"-GppCH,p is straightforward. The 2D spectrum with the chemical
shift of phosphorus nuclei in the direct dimension correlated with their dipolar coupled
neighbouring protons in the indirect dimension is shown in Figure 4.15. The overall

sensitivity is good, due to high sample spinning rate (@, / (27:) =16 kHz).

E ppm
Y Figure 4.15 Contour plot of PMLG
ﬂ @ : decoupled 'H-*'P LG-CP HETCOR
: . spectrum of Ras(wt)-Mg®*-GppCH,p
-5 H recorded at a sample spinning rate of
16 kHz. The data were obtained with
9 6 ' : a LG-CP contact time of 2 ms and
- 10 128 t, increments (2300 scans each).
— 15
LRLAARLS) RARELALLL] RALabilld Hiaiiicsd RALLER ALY | ALEE LR RT ARt LE ] RER)
20 0 -20  ppm
31P

Two proton lines are resolved. The PMLG was performed very efficiently during #;. The
limitation for obtaining spectra with a higher resolution for 'H was the time required for such
measurements and, therefore, the small number of points in #;. The detected correlations are

due to 'H nuclei closely neighboured to *'P nuclei.



Results and Discussion 61

N Sert7
=l g ET NH a3

NH 3 I
3 o ,///I\lH Val14 e NH

2 O - O - -

Ribose

NH HH 0] . 0

Figure 4.16 Schematic drawing of the nucleotide surrounded by several amino acid
residues. 'H nuclei of the several NH groups form hydrogen bonds with the phosphate
groups of the nucleotide. These give rise to cross-peaks in the 'H-*'P LG-CP HETCOR
spectrum of Ras(wt)-Mg?*-GppCH,p.

Correlations between Py and P, of Ras(wt)-Mg”"-GppCH,p and protons are observed at 9 ppm
and 2.2 ppm 'H chemical shift. We assign the peak at 9 ppm to hydrogen bonded protons of
the NH groups of the protein backbone with the phosphate groups. The 2.2 ppm peak is
assigned to the 'H nuclei of the CH, group of the GppCHap nucleotide. P, shows only one
correlation peak with the hydrogen atoms of the NH group of the protein backbone (see
Figure 4.16).

As shown in Figure 4.9, we have measured °'P {'H} CP MAS NMR spectra of
Ras(wt)-Mg”"-GppCH,p at different temperatures. In Figure 4.17, only the central lines of the
spectra are presented together with an image of the crystals used for our measurements. If the
sample is cooled down to 273 K, the signals do not split into two or more components.
However, the presence of the two different states, 1 and 2, in Ras(wt)-Mg>"GppCHap could
be shown by liquid-state >'P NMR spectroscopy [Spoerner et al., Biochemistry, accepted]. It
is, therefore, assumed that the exchange between these two states is fast in the crystalline
sample even at 273 K. Apart from the two biologically relevant states 1 and 2 which can be
adopted by the molecule, four crystallographically inequivalent positions exist within the unit
cell of the Ras(wt)-Mg®GppCHyp crystals (see Figure 4.18). The crystallographically
inequivalent molecules in Ras(wt)-Mg>"-GppCH,p exhibit slightly different conformations of
the effector loop for these various positions. This may lead to a distribution of the isotropic
'P NMR chemical shift and occasionally to an exchange between the different conformations
which complicates the study of the exchange process between the biologically relevant states

1 and 2.
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This hypothesis is in line with the observation of an increasing residual linewidth (full
width at half maximum) of the *'P MAS NMR signals at decreasing temperature. If the
temperature decreases from 303 K to 273 K, the lines broaden from 40 - 50 Hz up to 60 - 70
Hz (Table 4.5). This behaviour can be explained by the slowing rate of conformational
exchange. Differences in the isotropic chemical shift are then no longer averaged out to zero

which results in the observed line broadening.

T/K linewidth / Hz
303 55 49 50
273 67 55 61

Table 4.5 Linewidth values of the signals corresponding to the o-, f, and pphosphate
group of Ras(wt):-Mg®*-GppCH_p in *'P {'"H} CP MAS NMR spectra.

The *'P NMR signals of crystalline proteins are broadened by two dominating internal
magnetic interactions, namely the chemical shift anisotropy and the heteronuclear magnetic
dipole-dipole-interaction between *'P and neighbouring 'H nuclei. These two interactions are
effectively suppressed by the combined application of MAS and heteronuclear TPPM
decoupling. The influence of the homonuclear magnetic dipole-dipole interaction [Raiford et

al., 1997] among the *'P nuclei upon the residual linewidth can be assumed to be suppressed
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3PP dipolar coupling constant of ca. 700 Hz corresponding to a *'P->'P

as well since the
distance of ca. 0.3 nm is small compared to the applied sample spinning rates (6 or 10 kHz).
The contribution of J-coupling to the residual linewidth is expected to be independent of the
temperature within the considered temperature range. The distribution of the isotropic
chemical shift (“static disorder”) must be assumed to be another major source of residual

linewidth.

GppCH,p

. -
SWthh I _switch |l
Q | . switch |

switch | |

GppCH,p

l switch |

?‘ék—"—’ GppCH.p

switch Il
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Figure 4.18 Ribbon plot of Ras(wt):-Mg®"-GppCH.p with the switch regions as shown.
The nucleotide is represented in blue, the Mg? ions are black balls. The N and C
termini of the polypeptide chains are indicated.

The presence of rapid thermal motions such as conformational exchange in
Ras(wt)-Mg”"-GppCH,p is further corroborated by a pronounced temperature dependence of
the CP build-up time, 7is (Figure 4.10 and Table 4.6). Tis shortens by about 50% if
Ras(wt)-Mg>"GppCHap is cooled down to 273 K. This behaviour indicates the presence of
thermal motions in Ras(wt)Mg>"-GppCHap which become slower and/or restricted in
amplitude if the samples are cooled. Unfortunately, the samples cannot be cooled below
273 K since they have to be filled into the MAS rotor together with their mother liquor; a
limitation which probably prevents us from resolving the different states in
Ras(wt)-Mg>"-GppCHap. It must, therefore, be stated that the study of the exchange between

the biologically relevant states 1 and 2 is complicated by the presence of other fast motions
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(“dynamic disorder”), e.g., conformational exchange between the four different states in
Ras(wt)-Mg”"-GppCH,p microcrystals. If these thermal motions and exchange processes are
fast on the NMR time scale, a narrow signal appears at the average chemical shift.
Decreasing temperatures should then result in an increasing residual linewidth due to the
slowing thermal motions and conformational exchange processes; a behaviour which was
indeed observed (see above).

Figure 4.19 shows the 1D *'P {'H} CP MAS solid-state NMR spectrum of Ras(wt)
complexed with GppCHyp at @, / (27[) = 6 kHz and at room temperature together with its
simulated spectrum. The spectrum presents even at this low sample spinning rate good
resolution showing the three resonance lines corresponding to a-, /-, and y~phosphate groups

of the nucleotide.

*
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Figure 4.19 Experimental and simulated *'P {'H} CP MAS NMR spectrum of
Ras(wt)-Mg”*-GppCH.p (w,/(27)= 6 kHz) at T = 303 K in the presence of TPPM

decoupling applied to 'H (160 k scans with a recycle delay of 0.5 s).

Oiso/ ppm Ao/ ppm n Tis/ us TlpH/ms
(0.1 ppm) (*3ppm) (£0.1) (F10%) (+10%)

(303 K) -12.8 195 0.3 208 9
a (273 K) -13.1 195 0.3 124 16
B(303K) 18.8 114 1 104 13
B273K) 18.6 114 1 67 15
7(303K) 7.3 -124.5 0.2 133 11
7(273K) 7.2 -124.5 0.2 67 13.6

Table 4.6 NMR spectroscopic parameters of crystalline Ras(wt)-Mg?*-GppCH,p measured at
303 Kand 273 K.

The following convention is used: ds, = 1/3(S« + &y + 0x), 40 = 1/2(S« + &)y) - Oz, 1= 3/2 (Ox
- Oy A0, |62z = Fso | > |0k = Tsol > &y - diso|- HeETE, &2y 8y, @and 84« denote the principal values of
the chemical shift tensor. T\s and T1,,H were determined from the CP build-up curves.
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Simulation of the spinning sideband patterns using the SIMPSON software allows to

determine the values for the chemical shift anisotropy, Ao, and the asymmetry parameter, 7

(see Table 4.6).

4.2.2 Ras Effector Loop Mutants in the GppCH,p-Bound State

Ras in the GTP-bound form is able to bind to effector proteins. This binding is
essential for the transmission of the signal to the nucleus. It was reported that the replacement
of Gly12 by any other amino acid except for proline renders the protein oncogenic [Franken et
al., 1993]. Mutations of Gly12 are the most common oncogenic mutations in human tumors.
They turn Ras into its oncogenic form since it looses its intrinsic as well as GAP accelerated
activity. This results in a high concentration of Ras‘GTP leading to a permanent, unregulated
activation of the downstream targets and thus to an uncontrolled cell growth. Together with
mutations of some other genes, the cell becomes transformed which finally results in tumor
growth.

Throughout this thesis we focused our interest to two partial loss-of-function mutants:
Ras(T35S) and Ras(T35A).

All known Ras genes encode an identical stretch of nine amino acids in the amino-
terminal (amino acids 32-40) that undergoes a major conformational shift when Ras binds to
GTP. Intriguingly, certain mutations in this region (called the effector loop) eliminate the
ability of Ras to bind and activate known downstream effectors. Therefore, such mutants are
useful to study the biological effect of suppressing one of the signal branches emerging from
Ras. The effector loop mutations affect GTP binding and hydrolysis only slightly [Spoerner,
Ph.D thesis]. It is generally believed that T35S activates the Raf initiated MAP kinase cascade
[Herrmann et al., 1996; Schmidt et al., 2000] which leads to transcriptional activation but
does not stimulate membrane ruffling and DNA synthesis [Joneson et al., 1996]. T35S
mutant, in the context of the activating mutation G12V in the mammalian cells, has an
attenuated ability to induce foci, producing approximately 20-fold fewer foci per pg of DNA
than Ras(G12V) alone [White et al., 1995]. Akasaka et al. [1996] have demonstrated the
responsibility of point mutations in the Ras effector loop to distinguish between different
effectors. Here, significant differences in the recognition mechanism by which Raf, Byr2, and
adenylyl cyclase associate with Ras were observed. The Ras mutant T35S was shown to have

reduced affinity to RalGDS and Byr2 as well [Spoerner ef al., 2001].
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The replacement of Thr35 in oncogenic Ras by alanine blocks the transformation
[Herrmann et al., 1994]. Ras(T35A) was pressure loaded into PC12 cells which can be
induced to differentiate by oncogenic Ras. T35A did not induce neurite outgrowth. It was
concluded that the protein is probably not oncogenic, because it has been shown that
oncogenic transformation of fibroplasts and neurite induction in PCI12 cells are always
correlated [Sassone-Corsi ef al., 1989]. Furthermore, it was reported [Feig et al., 1988] that
T35A has no biological effect on NIH 3T3 cells.

Liquid-state *'P NMR spectroscopy showed that the effector loop of the partial loss-
of-function mutants T35S and T35A adopt a similar conformation as in state 1 of wild-type
Ras while state 2 is not populated significantly. Since effector binding induces state 2, it most
likely corresponds to a rather well defined conformation, where the OH of the Thr35
coordinates the Mg®" ion while its methyl packs against the effector loop and where Tyr32 is

close to the phosphates [Geyer et al., 1996; Spoerner et al., 2001].

4.2.2.1 Solid-State *'P NMR Spectroscopy of Ras(T35S)-Mg*"-GppCH,p

The *'P solid-state NMR spectrum of Ras(T35S):Mg*"GppCHop exhibits two

resonance lines for the f-phosphate group (16.11 ppm and 17.31 ppm) and single sharp lines

for the - and y~phosphate groups.

Figure 4.20 Top:
Microscopic image of
characteristic
Ras(T35S)-Mg**-GppCH_p
microcrystallites grown in a
sitting drop. Bottom: *'P {"H}
CP MAS NMR spectra of
Ras(T35S)-Mg*"-GppCH_p
measured at 303 K and 273
K. Only the central lines are
shown.
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The relative intensities of the two signals due to Pg behave like 1 : 10. In contrast to the
behaviour of the signals due to states 1 and 2 in the wild-type protein, however, even an
increase of the temperature up to 313 K does not result in fast exchange between the two
states in Ras(T35S) (Figure 4.20).

The residual linewidth observed for Ras(T35S)-Mg”"-GppCH,p at high temperature
(61 Hz for a-, A(1)-, and j~ resonance) is smaller than the linewidth at 273 K (85 Hz for o-,
A(1)-, and » resonance). This fact can be explained by the presence of internal motions of the
protein molecule (“dynamic disorder”) of Ras(T35S)-Mg”"-GppCH,p at room temperature.
Decreasing temperatures should then result in an increasing residual linewidth due to the
slowing thermal motions; a behaviour which was detected (as mentioned before).
Ras(T35S)-Mg”"-GppCH,p could be crystallized for the first time. X-ray diffraction on the
complex was not yet performed.

Figure 4.21 shows the *'P {'H} CP MAS spectra for 303 K and 273 K. The values for
the chemical shift anisotropy and the asymmetry parameters along with the isotropic chemical

shift values extracted from these spectra are given in Table 4.7.
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Figure 4.21 Simulated and experimental *P {'H} CP MAS NMR spectrum of
Ras(T35S)-Mg**-GppCH,p measured at 303 K with 64 k scans (a) and at 273 K with 128 k
scans (b).

The sample spinning rate was 6 kHz, the recycle delay was 0.5 s, and the cross-
polarization mixing time was set to 3 ms.
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Oso/ ppm Ao/ ppm n
(:0.1ppm) (£3ppm)  (£0.1)

a (303 K) -12.6 180 0.6
a (273 K) -13.1 171 0.7
LBO3K) (1) 16.4 n.m. n.m.
LBO3K) (1) 17.8 -134 0.8
LRT3K) (1) 16.1 -165 0.9
LRT3ZK) (1) 17.3 -114 1
(303 K) 7.6 -125 0.4
(273 K) 7.2 -110 0.6

Table 4.7 NMR spectroscopic parameters of crystalline Ras(T35S)-Mg?*-GppCHp
measured at 303 K and 273 K. n.m. indicates that the corresponding values could not
be measured.

4.2.2.2 Solid-State >'P NMR Spectroscopy of Ras(T35A)-Mg*"-GppCH,p

The T35A mutant, another partial loss-of-function mutant [White et al., 1995], again
shows single resonance lines for the o~ and jp-phosphate groups. The signal of Pg splits into
two lines at 17.31 ppm and 16.11 ppm. The *'P {'H} CP MAS NMR spectra of
Ras(T35A)-Mg*"GppCHop at different temperatures are shown in Figure 4.22.

The *'P {'H} CP MAS NMR spectrum was acquired initially at room temperature. In
order to find possible different conformations the spectrum was next acquired at low
temperature. When the temperature was increased again, the initial spectrum was recovered,
meaning that the protein was not denatured by cooling. The relative intensities of the two
signals of the fphosphate group behave like 1 : 12. This observation is in agreement with the
liquid-state *'P NMR spectrum [Spoerner, unpublished results]. The mutant protein molecules
preferentially exist in the "open" state 1 in the liquid-state. State 1 may represent a fixed
conformation or an equilibrium of conformational substates in fast exchange on the NMR
time scale. There is no information about different substates since we were the first to
crystallize Ras(T35A)-Mg*"GppCHap. The residual linewidth observed for y-phosphate of
Ras(T35A)-Mg*"GppCHap at high temperature (61 Hz) is smaller than the linewidth at 273 K
(85 Hz). The linewidth of the o~ and S-phosphate group has the same value at low and high
temperature (73 Hz). This would possibly indicate that y~phosphate changes its position while

the other phosphate groups remain unchanged. This supposition is sustained by the fact that in
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state 1 the alanine residue replacing the Thr35 residue is no longer coordinated to the Mg”"
ion and that the hydrogen bond to the y~phosphate group also does not exist.

Similar to the case of Ras(T35S) an increase of the temperature up to 313 K does not
result in fast exchange between the two states in Ras(T35A) (Figure 4.22). The splitting of the
P,-signal in Ras(T35S) and the splitting of the Pg-signal in Ras(T35A) may be due to
intermolecular contacts. Another explanation would be the partial replacement of Mg*" ions
by Ca®". In contrast to the wild-type protein samples, the mutant protein crystallization
necessarily requires the addition of CaCl, to the solution which may result in a partial
exchange of Mg®" by Ca”". Independent of this question and of the final assignment of the
small signals at 16.1 ppm in both mutants, however, it can be stated that the conformational
exchange between the biologically relevant states 1 and 2 observed in the wild-type protein
does not occur for the effector loop mutants. The spectra of these mutants turned out to be
temperature-independent in the considered range between 273 and 313 K. Within this context,
it is also interesting to note that the habit of the crystallites is strongly influenced by the
described effector loop mutations (see the characteristic microcrystallites photographs of

Ras(T35S) and Ras(T35A) shown as inlets in Figure 4.20 and Figure 4.22).

Figure 4.22 The microscopic
image (top) of characteristic
Ras(T35A)-Mg*"-GppCH.p

) microcrystallites used for the

i a solid-state NMR

measurements. *'P {'H} CP

T=303K (1) MAS NMR spectra of

Ras(T35A)-Mg**-GppCH.p
measured at 303 K and 273
K. Only the central lines are
shown.

15 0 15 ppm

By reducing the sample spinning rate in the >'P {'"H} CP MAS NMR experiment from 10 kHz

used in the initial measurements to 6 kHz one obtained bigger intensities of the second order
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spinning sidebands (Figure 4.23). The intensity of the spinning sidebands are related to the
chemical shift anisotropy and provide an opportunity to recover the chemical shift parameter.
They were obtained by lineshape simulation using the SIMPSON computer program and are

given in Table 4.8.
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Figure 4.23 Simulated and experimental *'P {'H} CP MAS NMR spectrum of
Ras(T35A)-Mg?*"-GppCH,p at 273 K (w, /(27) = 6 kHz) in the presence of TPPM decoupling

applied to protons. The signal is after 128 k scans with a recycle delay of 0.5 s.

Oiso/ ppm Ao/ ppm n
(0.1 ppm)  (+3 ppm) (£0.1)

a (303 K) -13.2 171 0.6
a (273 K) -13.4 n.m. n.m
FB03K) (1) 16.1 n.m. n.m.
LBO3K) (1) 17.3 -120 1
LRT3K) (1) 15.9 n.m. n.m.
LRT3K) (1) 17.1 n.m n.m
7(303 K) 7.3 -110 0.2
(273 K) 7.3 n.m. n.m.

Table 4.8 NMR spectroscopic parameters of crystalline Ras(T35A)-Mg?*-GppCH.p
measured at 303 K and 273 K. n.m. indicates that the corresponding values could
not be measured.

In summary, solid-state >'P NMR spectroscopy on mutants Ras(T35S) and Ras(T35A)
showed that the mutant protein molecules preferentially exist in the "open" state 1 which
makes the nucleotide more accessible to the interaction with water and other molecules in the
crystallites. This is in agreement with *'P liquid-state NMR spectra of Ras mutants which
show that the equilibrium is shifted such that the mutants occur predominantly in the non-

bonding conformation, namely state 1 (see Figure 4.24).
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a) b)

o Ras(T35A)

(]o  Ras(T35S)

2) a
| Ras(wt) J

20 10 0 -10 -20 ppm 20 10 0 -10 -20 ppmr
Figure 4.24 Liquid-state *'P NMR (a) and solid-state *'P {"H} CP MAS NMR spectra (b) of

Ras(wt)-Mg?*-GppCH,p and the effector loop mutants Ras(T35S)-Mg?-GppCH,p and
Ras(T35A)-Mg®"-GppCH.p measured at 273 K.
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4.3 Solid-State *'"P NMR Spectroscopy of Ras-Mg**-GppNHp

4.3.1 Solid-State >'P NMR Spectroscopy of Ras(wt)-Mg’"-GppNHp

Figure 4.25 shows the *'P {'H} CP MAS NMR spectra of Ras(wt)-Mg”"-GppNHp
measured at a sample spinning rate of 10 kHz. At 303 K, the central line exhibits three well
resolved signals at isotropic chemical shifts of -11.4, -3.3, and -0.2 ppm. The signals in the
solid-state *'P NMR spectra are of equal intensity if the spinning sidebands are added to the

central lines as is expected.

Figure 4.25 1D *P {'H} CP
MAS NMR spectra of

4 Ras(wt)-Mg?*-GppNHp at
B " different temperatures: Top:
Ik, [V | 303 K, Middle: 273 K, Bottom:

303 K (measured after cooling
the sample to 273 K and
heating it up to 303 K in order to
show the reversibility of the
* sample cooling). Spinning side
T =273 K 1] bands are marked  with
- asterisks. The spectra (64 k
scans) were recorded at 10 kHz
sample spinning rate using
TPPM decoupling. The recycle
delay was 0.5 s and the cross-
. N polarization mixing time was set
to 2.8 ms.
Y | T

200 100 0 -100 ppm

T =303K

As in the case of Ras(wt)-Mg*"GppCH.p, the signals corresponding to the 4 and s
phosphate group appeared to be strongly pH-dependent in the liquid-state. Therefore,
extended experiments were carried out in order to assign the spectra properly. Proton driven
spin diffusion experiments were carried out on the Ras protein for determining an accurate
assignment of the [ and j-phosphate group of the triphosphate nucleotide GppNHp
complexed to the Ras protein. Figure 4.26 shows the 2D proton driven spin diffusion

spectrum of Ras(wt)-Mg”"-GppNHp.
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Cross-peaks originating from dipolar interactions between *'P atoms appear for the
peaks having isotropic chemical shifts of -11.4 ppm and -0.2 ppm and for the signals at -3.3
ppm and -0.2 ppm. The lack of cross-peaks between the resonances at -11.4 ppm and at -3.3
ppm indicate that the corresponding phosphate groups are not in close neighbourhood. Liquid-
state NMR measurements unequivocally assigned the peak at -11.4 ppm to be due to the o-
phosphate group. The assignment of the peak at -3.3 ppm to the y~phosphate group is then
straightforward. Therefore, the peak at -0.2 ppm must be due to Pg. The rate constant for
spectral spin diffusion is known to be inversely proportional to the second power of the
isotropic chemical shift difference [Suter et al., 1982]. Therefore, f/y cross-peaks are stronger
than the o/ cross-peaks.

Furthermore, the 2D refocused INADEQUATE experiment was carried out in order to
characterise Ras(wt)Mg”-GppNHp. Figure 4.27 shows the refocused INADEQUATE
spectrum of Ras(wt)-Mg>"-GppNHp. This spectrum was acquired within a total experiment
time of 39 h using a sample spinning rate ®, /(27[) = 10 kHz and a 'H decoupling field
strength @, /(277) = 52 kHz. The delay 7 in which the *'P magnetization evolved under the
isotropic homonuclear J-coupling Hamiltonian was synchronized with the sample spinning
rate. In this case the overall efficiency of an INADEQUATE sequence depends on the
efficiency of excitation of the double quantum coherence, which periodically depends on 7,
and on the decay of *'P magnetization during the 7 delays. Liquid-state NMR measurements
on pure GppNHp nucleotide gave values of 20.7 Hz and 7.8 Hz for the coupling constants
J(P4-O-Pp) and J(Pg-O-P,) [Spoerner, Biochemistry, accepted]. Since the coherence transfer is
mediated by the scalar J-coupling an unambiguous identification of the through-bond

connectivity peaks is straightforward. Thus, having the connectivity between P, and the signal
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at -0.2 ppm indicated by the two correlation peaks, the later signal could be assigned to the /-
phosphate group of the GppNHp nucleotide in agreement with the 'H driven spin diffusion
experiment (see above). In contrast, the Pg-O-P, connectivity does not give rise to correlation

peaks. The reason is the small value of the J(Pg-O-P,) coupling constant.

ppm

Figure 4.27 %P 2D refocused
INADEQUATE spectrum of
Ras(wt)-Mg?-GppNHp at a sample
spinning rate of 10 kHz. A total of 64
increments with 7000 scans each were
collected with a zdelay (synchronized
with the sample spinning rate) set to 4
ms. The recycle delay was 0.5 s and
the CP mixing time was 3 ms.

double quantum frequency
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The reason for using refocused INADEQUATE instead of the 2D INADEQUATE was
the higher sensitivity of the former experiment [Lesage et al., 1999]. The reason for the higher
sensitivity is the detection of in-phase peaks in contrast to the anti-phase lineshapes detected
in the INADEQUATE spectrum.

In conclusion, the 'H driven spin diffusion and refocused INADEQUATE experiments
lead to the following assignment: P,: -11.4 ppm, Pg: -0.2 ppm, and P,: -3.3 ppm. Note that the
assignment of the signals at -3.3 ppm (P,) and -0.2 ppm (Pp) is different from the assignment
of Reinstein et al. [1991] which was adopted in later publications [Geyer et al., 1996;
Spoerner ef al., 2001] as well as in an initial solid-state *'P NMR study [Stumber et al., 2002].
However, our new assignment is consistent with the results of a recent liquid-state *'P NMR
study of Ras(wt)-Mg”"-GppNHp [Spoerner et al., Biochemistry, accepted].

Heteronuclear correlation spectroscopy gives access to intramolecular correlations
[van Rossum et al., 1996]. There are several advantages of using 'H->"P heteronuclear dipolar
correlation spectroscopy. First, the gyromagnetic ratio for protons is 2.4 times larger than for
phosphorus nuclei. Secondly, a distinction between intramolecular and intermolecular
homonuclear *'P coherence transfer is difficult due to rapid spin diffusion. For heteronuclear
correlation spectroscopy, spin diffusion among protons can be suppressed effectively by the

application of the PMLG 'H homonuclear decoupling. Intermolecular heteronuclear
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correlations involve the transfer of magnetization over distances up to 4 A. This corresponds
to a heteronuclear dipolar coupling of ~ 300 Hz and requires a relatively long transfer time.
The 'H resolution and the selectivity of the 'H-"'P transfer can be optimized effectively by
applying fast spinning, LG decoupling during 'H evolution, and CP. The heteronuclear
correlation peaks provide structural information. Figure 4.28 shows the 2D PMLG decoupled
'H->'P LG-CP HETCOR spectrum of Ras(wt)-Mg*"-GppNHp using a sample spinning rate of
16 kHz. The LG-CP was adjusted to the » = 1 matching condition. The n = 0 condition should
not be chosen since it results in a reduction of the effective heteronuclear dipolar interactions,
which will lead to much less efficient polarization transfer.

It is clear from Figure 4.28 that the overall resolution (in both dimensions) is sufficient. Pg
and P, show correlations with protons resonating at 8.7 ppm, 3.3 ppm, and 2.5 ppm. The
cross-peak at 8.7 ppm is not completely resolved due to partial overlap of at least two peaks in
the 'H dimension. These two signals are attributed to hydrogen bonded protons of the NH
groups of the amino acid residue with the phosphate groups and to the NH group of the
GppNHp nucleotide (see Figure 4.29).
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The a-phosphate group exhibits a cross-peak to the protons resonating at 8.9 ppm
indicating a magnetization transfer from the protons of the NH groups of the protein backbone
to this phosphate group.

The cross-peaks of the 2D PMLG decoupled 'H->'P LG-CP HETCOR spectrum of
Ras(wt)-Mg”"GppNHp could easily be assigned due to the fact that proton chemical shifts
were identified for the phosphorylated amino acids. In the 2D PMLG decoupled 'H->'P LG-
CP HETCOR spectra of P-Ser, P-Thr, and P-Tyr the peaks in between 10 ppm and 16 ppm in
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the indirect dimension were assigned to the 'H of the phosphate (POH) and carboxyl groups
(COOH). These signals do not appear in the 'H->'P correlation spectrum of the Ras protein
indicating that the phosphorus nuclei do not receive their LG-CP polarization through
intramolecular transfer from the POH proton or from the COOH proton. The X-ray structure
of Ras(wt)-Mg>"GppNHp [Pai et al., 1990] showed that each of the eight phosphate oxygens
of the GppNHp has at least two hydrogen bonds to closely neighboured donors. The hydrogen
bond donors include the backbone NH groups of residues 13-18, 35, and 60, the hydroxyl
groups of Serl7 and Thr35, and the sidechain hydroxyl group of Tyr32 from a neighbouring
Ras(wt)-Mg>"-GppNHp molecule. The amino group of Lys16 binds to the 3 and -phosphate
oxygens. It is, therefore not surprising that the cross-peaks in the 2D PMLG decoupled 'H-2'P
LG-CP HETCOR spectrum of Ras(wt)-Mg*"GppNHp indicate that *'P nuclei predominantly

receive their magnetization from protons of the NH groups of the protein backbone.

Glyl0me |0

TN
H 7N H | Gly15 mc
[ Glyso me 2 NH

| Thids me —HO

NH

OH—‘ Sert7 me
o]

Figure 4.29 Schematic drawing of protein-nucleotide interactions.

The cross-peaks at 2.5 ppm and 3.3 ppm in the 'H dimension were assigned to water
molecules, since the X-ray studies on Ras(wt)-Mg*"-GppNHp revealed such molecules bound
to the £~ and y~phosphate.

Figure 4.30 shows the *'P {'H} CP MAS NMR spectra of Ras(wt)-Mg*"-GppNHp at
different temperatures (see also Table 4.9).
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Figure 4.30 *'P {'"H} CP MAS
NMR spectra of
Ras(wt)-Mg?*-GppNHp  (cen-
tral lines) measured at 303 K
and 273 K. The bottom
spectrum was measured at
303 K after cooling down the
sample to 273 K in order to
show the reversibility of the
) effects observed at low
v temperatures. The inlet shows
T =273 K (1) a microscopic image of

characteristic microcrystallites

used for the solid-state NMR
o measurements.

p

T =303 K

An image of characteristic microcrystallites used for the solid-state NMR spectroscopic
studies is also shown (see inlet). At 303 K, three well resolved signals are observed at
isotropic chemical shifts of -11.4, -3.3, and -0.2 ppm as already described above. If the
samples are cooled down to 273 K, the signal due to P, splits into two signals at -2.4 ppm and
-3.6 ppm. In state 2 (-3.6 ppm), hydrogen bonds are formed between the j-phosphate group
and amino acid residues Thr35 and Gly60. These hydrogen bonds do probably not exist in the
"open" state 1 (-2.4 ppm). The structural differences between states 1 and 2 obviously give
rise to changes in the electronic environment of P, resulting in a chemical shift difference of
1.2 ppm between states 1 and 2. It should be noted that the *'P NMR chemical shift of
phosphates is influenced by various structural parameters such as the P-O-P bond angle and
the P-O bond strengths [Cheetham et al., 1986; Sternberg et al., 1990] which may be different
for states 1 and 2. The intensity ratio between the two signals corresponding to the "open"
state 1 and state 2, respectively, amounts to 1 : (2.5 £ 0.5). That means, the wild-type protein
molecules preferentially exist in state 2. The signal due to P, is broadened from about 60 Hz
at 303 K to 85 Hz at 273 K while the signal due to the Pg remains almost unchanged. This
behaviour is in striking analogy with the observations made for the liquid-state (see Figure

4.31 and Geyer et al., 1996).
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Figure 4.31 Liquid-state *'P NMR (a) and solid-state *'P {"H} CP MAS NMR spectra
(b) of Ras(wt)-Mg?*-GppNHp at 273 K.

a)

Our observations also agree well with the initial solid-state NMR spectroscopic studies
carried out by Stumber et al. [2002]. However, the quality of the spectra shown in Figure 4.25
and Figure 4.30 is considerably improved compared to spectra of Stumber ef al. [2002]. Most
likely, this progress is due the optimised experimental conditions, especially the use of an
efficient heteronuclear decoupling sequence (TPPM, [Bennet et al., 1995]) and an improved
crystallisation procedure. It should be noted within this context that the solid-state >'P NMR
spectra were measured with a similar amount of sample (ca. 20 — 30 mg) and with the same
acquisition time as the liquid-state *'P NMR spectrum shown in Figure 4.31. The repetition
time for the solid-state NMR experiments is limited by 7" of the 'H nuclei due to the
application of the CP technique. In contrast, the repetition time of the liquid-state NMR
experiments is determined by the much longer 77" of *'P. The corresponding gain in repetition
time and in sensitivity due to the cross-polarization [Pines ef al., 1972] from 'H to *'P results
in the excellent signal-to-noise ratio of the solid-state >'P NMR spectra which even exceeds
that of the liquid-state spectra. It is also important to note that the spectral resolution of the
solid-state NMR spectra is comparable with that of the liquid-state NMR spectra. The residual
linewidth (full width at half maximum) observed in the solid-state *'P NMR spectra amounts
to ca. 60 — 70 Hz while the liquid-state NMR spectra exhibit residual linewidths of ca. 30 — 40
Hz.

o B Y
Siso1 / PPM  Oiso2 / ppm diso / ppm Oisol / PPM  Oiso2 / ppmM
-11.15 -11.85 -0.3 -2.69 -3.41

Table 4.9 Liquid-state *'P NMR isotropic chemical shifts of Ras(wt)-Mg?*-GppNHp at 273 K.
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The chemical shift values observed in the crystalline state (see text above) agree perfectly
with the chemical shift values measured in the liquid-state >'P NMR spectra of
Ras(wt)-Mg>"GppNHp (Table 4.9).

That means, crystallisation does not cause measurable chemical shift changes for
Ras(wt)-Mg>"-GppNHp. The two signals observed for P, at 273 K merge into one single
signal at 303 K. It is, therefore, concluded that the molecules switch fast between states 1 and
2 (conformational exchange). At 273 K, this exchange is slow on the NMR time scale while
the exchange becomes fast at 303 K. Since the two signals are, however, not well enough
resolved even at 273 K, the determination of the exchange rate by conventional lineshape
analysis in analogy to Geyer et al. [1996] would lead to relatively large experimental errors.
Nevertheless, the exchange rate can roughly be estimated according to the equation Awzc ~ 1
which describes the situation of intermediate exchange present at ca. 278 K. Here, 4w denotes
the angular frequency difference between the two signals which amounts to 923 s™ (4v= 147
Hz) and z¢ is the correlation time, i.e. the inverse exchange rate. From this consideration we
derive an exchange rate of ca. 900 s™, i.e. a correlation time of ca. 1 ms at 278 K. This value
is close to the rate observed in solution; an observation which raises the question why these
two different states could not be observed by X-ray crystallography. A possible explanation
would be the assumption that state 1 exhibits dynamic disorder which prevents its X-ray
crystallographic detection.

A striking difference between Ras(wt)-Mg*"GppCHap and Ras(wt)-Mg*"-GppNHp is
observed for the temperature-dependence of the CP build-up times. As seen before, Tis
shortens by about 50% if Ras(wt)-Mg*GppCH,p is cooled down to 273 K. In contrast, the
CP build-up time is almost independent of temperature for Ras(wt)-Mg>"-GppNHp.
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Figure 4.32 Variation of the «, 3 » *'P {'H} cross-polarization MAS signals, Icp, of
Ras(wt)-Mg**-GppNHp at T = 303 K (left) and T = 273 K (right) as function of contact time.
The solid lines represent a fit to the equation:

Tep ~ (1 _/1)_1(1 —e[— (1 _l)t/Tm])e(_ t/TlpH) with 1 :TIS/TlpH
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T15/ US TlpH/ms
(+10%) (= 10%)

a (303 K) 169 10.1

a (273 K) 171 3.6 Table 4.10 Values of the CP build-up times
and rotating frame spin-lattice relaxation

BBO3K) 120 10.9 times as determined from the CP build-up

B(273 K) 111 9.0 curves of Ras(wt)-Mg®"-GppNHp at 303 K
and 273 K.

7(303 K) 108 9.9

n1) (273 K) n.m. n.m.

7©2) (273 K) 198 6.7

This is an interesting effect: The described conformational exchange between states 1 and 2 is
significantly slowed down upon cooling the samples from 303 K down to 273 K. Since the
CP build-up time is almost independent of the temperature within this range it is concluded,
that the nucleotide does not move relative to the rest of the molecule while the switch regions

change their conformation.
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Figure 4.33 Simulated and experimental *'P {'H} CP MAS NMR spectrum of
Ras(wt):-Mg**-GppNHp measured at 303 K (a) and 273 K (b). Sample spinning rate: 6
kHz, 64 k scans, 0.5 s recycle delay, 2.8 ms cross-polarization mixing time.
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Information about the chemical shift anisotropy can be extracted from the spinning
sideband pattern obtained under slow magic angle spinning (see Table 4.11). The
experimental 1D *'P {'H} CP MAS solid-state NMR spectra of Ras(wt)-Mg”"-GppNHp
measured at 303 K and 273 K with a sample spinning rate of 6 kHz together with the

simulated spectra are given in Figure 4.33.

Oiso/ ppm Ao/ ppm n
(+0.1ppm) (£3ppm) (£0.1)

a (303 K) -11.4 188 0.6
a (273 K) -11.6 195 0.7 Table 4.11 NMR spectroscopic
L (303 K) -0.2 160 0.8 parameters2 of  crystalline
i Ras(wt)-Mg*"-GppNHp
B273K) 0.3 165 0.8 measured at 303 K and 273 K.
7(303 K) 33 1147 0.3
«1) 273 K) 2.4 1135 0.8
©2) (273 K) 3.6 1147 0.3

4.3.2 Effector Loop Mutants of Ras in the GppNHp-Bound State

Recently, it has become clear that Ras uses more than one pathway to mediate the
downstream response [Vojtek ef al., 1998]. Different mutants of Ras in the effector loop
region are supposed to be specifically blocked in a particular pathway. Such partial loss-of-
function mutants can be used to mark the specific downstream signalling components of a
particular pathway [White et al., 1995; Akasaka et al., 1996, Rodriguez-Viciana et al., 1997].
It was suggested that the combination of partial loss-of-function restores biological activity.
However, Schmidt et al. [2000] have demonstrated that none of the combinations of two point
mutations restore the biological activity to a higher extent. Only a triple combination was
shown to restore 50% of the activity. This confirms the fact that all commonly used partial
loss-of-function mutations have reduced affinities to the different effectors. This makes it
unlikely that the combination of mutants would fully restore the pathways and, thus, the
biological function. Table 4.12 shows that the affinity of Ras(T35S)-Mg>"-GppNHp to Raf is
decreased by a factor of 60 and to RalGDS by a factor of 100. Binding to AF6 and Byr2 is
affected as well [Spoerner ef al., 2001]. The absolute affinity of wild-type Ras to Raf is much
higher than to the other effectors, which explains the observation that T35S appears to

selectively activate the Raf pathway in vivo.
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Ras variant Effector Kp/uM
Ras(wt)-Mg*"-GppNHp Raf 0.02
RalGDS 1.0
AF6 3.0
Byr2 0.3
Ras(T35S)-Mg”-GppNHp  Raf 1.2
RalGDS  >100
AF6 >100
Byr2 3.7
Ras(T35A)Mg”"-GppNHp Raf 3.4

Table 4.12 Interaction of Ras(wt), Ras(T35S), and Ras(T35A) with different effectors (see
[Spoerner et al., 2001]). Kp is the dissociation constant of the complexes between the Ras
proteins and several effectors.

Table 4.12 shows also the affinity of T35A to the various effectors. Replacing Thr35 in Ras
by an alanine residue leads to a further reduction of the affinity to Raf by a factor of almost

three compared with the T35S mutant.

4.3.2.1 Solid-State *'P NMR Spectroscopy of Ras(T35S)-Mg**-GppNHp

As it was shown before, the switch I region of Ras wild-type in the GppNHp-bound
state adopts two conformations that can be detected by *'P NMR spectroscopy. Figure 4.34
exhibits the *'P {'H} CP MAS NMR spectra of crystalline Ras(T35S)-Mg”"-GppNHp.
Ras(T35S) also shows single signals for the a-phosphate (-9.7 ppm) and f-phosphate (-0.3
ppm) groups. Two peaks are seen for the j~phosphate (-1.8 ppm and -2.9 ppm). The relative
intensities of the two signals due to P, behave like 3 : 1 in Ras(T35S). In contrast to the
behaviour of the signals due to states 1 and 2 in the wild-type protein, however, even an
increase of the temperature up to 313 K does not result in fast exchange between these two
states. This observation is in agreement with the liquid-state *'P NMR spectra (see Figure
4.34). The mutant protein molecules preferentially exist in the "open" state 1 in solution. The
same seems to be true in the crystalline state which makes the nucleotide accessible for

interactions with water and may allow additional intermolecular contacts within the unit cell.
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Figure 4.34 1D *'P {'H} CP MAS spectra of Ras(T35S)-Mg?-GppNHp at different
temperatures. The bottom spectrum was detected after cooling the sample down to 273 K
and heating it up again to 303 K in order to show the reversibility. Spinning side bands are
marked with asterisks. The central lines marked with «, g, and y correspond to the o-, /-,
and pphosphate groups of the GppNHp nucleotide. The spectra (128 k scans) were
recorded at 10 kHz sample spinning rate using TPPM decoupling. The recycle delay was
0.5 s and the cross-polarization mixing time was set to 2.8 ms.

a) b)

0 -5 -10 ppm 0 -5 -10 ppmr
Figure 4.35 Liquid-state *'P NMR (a) and solid-state *'P {"H} CP MAS NMR spectra (b)
of Ras(T35S)-Mg®"-GppNHp at 273 K.

In contrast to the wild-type protein, pronounced crystallisation-induced chemical shift
changes are observed for the mutant. A distinct chemical shift difference is observed between

the liquid-state and the crystalline state especially for P, (see Table 4.13). As mentioned
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before, this is explained by the fact that the equilibrium in the mutant in the GppNHp-bound

form is shifted such that it occurs predominantly in the non-binding conformation (state 1).

a) b)
Jiso/ ppm Jiso/ pPpm
(0.1 ppm) (+0.1 ppm)
a (273 K) 9.7 111
L(273 K) -0.3 -0.27
7(1? (273 K) 1.8 57
7(1') 273 K) 2.9

Table 4.13 *'P NMR isotropic
chemical shift values of
Ras(T35S):-Mg*"-GppNHp in a) solid-
state and b) liquid-state at 273 K. y
(1) represents the P, resonance line
at -29 ppm of crystalline
Ras(T35S)-Mg*"-GppNHp.

An expanded view of the 1D 'p {'H} CP MAS spectra of Ras(T3SS)-Mg2+-GppNHp

is given in Figure 4.36.
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Figure 4.36 The
microscopic image (top) of
characteristic
Ras(T35S)-Mg*"-GppNHp
microcrystallites used for
the solid-state NMR
measurements. *'P  {'H}
CP MAS NMR spectra of
Ras(T35S)-Mg*"-GppNHp
measured at 303 K and
273 K. Only the central
lines are shown.

X-ray crystallography on Ras(T35S) showed that the asymmetric unit cell contains

three molecules. The nucleotide is located in similar position and exhibits basically the same

contacts like in the wild-type protein. In all three T35S molecules the switch I and switch II

regions are disordered. The “invisibility” of these regions indicates either static or dynamic

disorder in the crystals. The missing electron density of switch I and switch II in the X-ray
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structure of Ras may be due to the existence of different conformations around the y-
phosphate group since the mutant protein molecules preferentially exist in the "open" state 1
which makes the nucleotide more accessible to the interaction with other molecules in the
crystallites.

The small signals at -5.5 ppm and -1.2 ppm are due to minor amounts of free GppNHp
nucleotide. Since the P, lines do not merge into one resonance at high temperature it was
concluded that the splitting of the P, signal may be due to intermolecular contacts (see above).
Another explanation would be that the nucleotide is complexed with Mg®" ions in one of the
states and with Ca®" ions in the other state since the Ras(T35S)-Mg”"-GppNHp crystallization
necessarily requires the addition of CaCl, to the solution which results in a partial exchange of
Mg”" by Ca®". Liquid-state NMR experiments on the same sample have confirmed this
assumption. Within this context, it is also interesting to note that the habit of the crystallites is
strongly influenced by the described partial loss-of-function mutation. For a comparison
between wild-type Ras crystallites and Ras(T35S) crystallites see Figure 4.30 and Figure 4.36.

The 1D *'P {'"H} CP MAS NMR spectrum of Ras(T35S)-Mg”"-GppNHp at 6 kHz

sample spinning rate and at room temperature is given in Figure 4.37.

*

*

#* *
simulated . M A L

*

*

. * *
experimental

T T T T

150 100 50 0 -50 -100 -150  ppm

Table 4.37 Simulated and experimental *'P {'H} CP MAS NMR spectrum of
Ras(T35S)-Mg*"-GppNHp measured at 303 K. The sample spinning rate was 6 kHz, the
number of scans was 128 k, the recycle delay was 0.5 s, and the cross-polarization mixing
time was set to 2.8 ms.

Simulation of the spinning sideband pattern of the 1D *'P {'H} CP MAS NMR
spectrum using the SIMPSON software allowed us to determine the chemical shift anisotropy,

Ao, and the asymmetry parameter, 77 (see Table 4.14).
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Ao/ ppm n

(3 ppm) (£0.1) Table 4.14 NMR spectroscopic
a (303 K) 188 0.6 parameters of crystalline
B(303K) 159 0.6 Ras(T35S)Mg*GppNHp  mea-
7(2) (303 K) -131 0.3

The values given in Table 4.14 indicate that P, nuclei experience the largest chemical shift
anisotropy. The CSA of P, resonances have negative signs. The values for the chemical shift
anisotropy of Ras(T35S)-Mg®-GppNHp are similar to the values of CSA of
Ras(wt)-Mg”"-GppNHp at room temperature (see also Table 4.11). The comparison between
the value for the asymmetry parameter of Pg of Ras(T35S)-Mg”"-GppNHp and
Ras(wt)-Mg”"GppNHp indicates a smaller deviation from axial symmetry in the first case.
Therefore, from comparison between NMR spectroscopic parameters of crystalline
Ras(T35S)-Mg”>"-GppNHp and Ras(wt)-Mg*"-GppNHp it appears that the local geometry at the
nucleotide site is similar in these two cases.

In conclusion, the replacement of Thr35 by Ser perturbs the equilibrium of the
conformational states and, possibly, also the rate of interconversion of these conformations,
and thereby also effect interactions with target proteins. Thr35, being invariant in all Ras-like
(and other) GTP-binding proteins, is thus apparently conserved not for structural but rather for
the dynamic properties of these switch molecules. While a Thr—Ser mutation should be
tolerated from structural considerations, the results presented here indicate that the methyl
group of this residue is important for the capability of Ras to dynamically switch between
different conformations. This residue has been mutated not only in Ras but also in other Ras-
like proteins [Bae et al., 1998; Mott et al., 1999] and it was found to be important for the

proteins’ function and dynamics of the switch regions.

4.3.2.2 Solid-State >'P NMR Spectroscopy of Ras(T35A)-Mg**-GppNHp

The binding of GTP to Ras is strongly influenced by the T35A mutation. The ratio of
affinities for GDP and GTP is 4-fold for T35A [John ef al., 1993]. This means that the mutant
protein binds GDP more strongly than GTP. The slow intrinsic GTPase activity of Ras(T35A)
is reduced to 23% of the wild-type value. The mutation also influences the affinity of the Ras

protein for GAP. Ras(T35A) shows drastically decreased affinity for GAP.
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It was shown that the structure of the effector region in the structure of Ras is
regulated by the coordination of Thr35 to Mg”" [Pai et al., 1990]. X-ray crystallography on
Ras(T35S)-Mg>"-GppNHp found that the effector region is extremely mobile because of the
loss of the methyl group of Thr35. This effect would be more pronounced for
Ras(T35A)-Mg*"-GppNHp which has lost its hydroxyl group as well. Therefore, the >'P NMR
spectrum of Ras(T35A)-Mg*"-GppNHp is expected to have only one resonance line each for
the a-, /~, and y-phosphate group.

The 1D *'P {'"H} CP MAS NMR spectrum of crystalline Ras(T35A)-Mg*-GppNHp is

given in Figure 4.38 at different temperatures.

B L
. 31 1
T =303 K * . Figure 4.38 1D °'P {'H} CP MAS
\ | spectra of
Ras(T35A)-Mg*"-GppNHp at
Y different temperatures. Spinning
Bl o side bands are marked with

asterisks. The central lines,
marked with « S and y
correspond to the a-, /-, and
phosphate group of the GppNHp
nucleotide. The spectra (256 k

: ' * scans) were recorded at 10 kHz
T =273K l‘ sample spinning rate using
TPPM decoupling. The recycle

delay was 0.5 s and the cross-
polarization mixing time was set

=___

Bl [~ to 2.8 ms.
T =303K | L *
200 100 0 100 ppm

As already pointed out above, the dynamic equilibrium of the switch region is of major
importance for the function of Ras and its interaction with effectors. Ras(T35A) obviously
prefers state 1, i.e. its non-bonding conformation rather than state 2, as can be seen from the
spectra. Similar to liquid-state >'P NMR experiments, solid-state *'P NMR showed that the
replacement of the residue Thr35 by alanine resulted in the stabilisation of the "open" state 1.

Figure 4.39 exhibits the liquid-state >'P NMR spectra of Ras(T35A)-Mg”"-GppNHp
and - for comparison - again the spectrum of crystalline Ras(T35A)-Mg*"GppNHp.
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A distinct chemical shift difference is observed between the liquid-state and the crystalline
state for the P, line (liquid-state: diso(Py) = -11.9 ppm; solid-state: Jiso(Py) = -9.8 ppm).

Responsible for the above-described chemical shift change are crystallization-induced

interactions already observed for the T35S mutant.

5 i 1 }5 I300_le

Figure 4.40 Microscopic image
(top) of characteristic
Ras(T35A)-Mg*"-GppNHp

microcrystallites used for the
solid-state NMR measurements.
¥IP {'H} CP MAS NMR spectra
of Ras(T35A)-Mg*"-GppNHp
measured at 303 K and 273 K.
Only the central lines are shown.

10 0 40  ppm

The stabilisation of the state 1 in Ras(T35A) is clearly shown in Figure 4.40 which
contains only the central band of the 1D °*'P {'H} CP MAS NMR spectrum of
Ras(T35A)-Mg*"-GppNHp at different temperatures. The signal of P, splits into two lines at
-1.8 ppm and -2.8 ppm. The relative intensities of these two signals behave like 4 : 1. An
increase in temperature, however, does not lead to a coalescence of the two P, lines in analogy

to the behaviour of Ras(T35S). Again, a possible explanation for the observation of the two
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states could be that the nucleotide is complexed with Mg®" in one state and with Ca>" in the
other state since CaCl, is required for the Ras(T35A)-Mg*"-GppNHp crystallization. Another
possibility is the existence of intermolecular contacts in the crystalline state. Liquid-state
NMR experiments on the same sample are in line with this assumption since complexation
with Ca*" leads to a shift of about 1 ppm for P,. On the other hand, initial experiments show
that an increasing fraction of the nucleotide is released from the protein molecules at raising
Ca”" exchange degree. Independent of this question and of the final assignment of the small
signal at -2.8 ppm in the mutant, however, it can be stated that the conformational exchange
between the biologically relevant states 1 and 2 observed in the wild-type protein does not
occur for the effector loop mutants. The spectra of these mutants turned out to be temperature
independent in the considered range between 273 and 313 K. It was observed that the habit of
the effector loop mutants crystallites is very different from the wild-type crystallites (see
Figure 4.40, Figure 4.36, and Figure 4.30).

The 1D *'P {'H} CP MAS NMR spectrum of Ras(T35A)-Mg”"-GppNHp at a sample
spinning rate of 6 kHz and at 303 K is given in Figure 4.41.

*
*® *®

experimental

150 100 50 0 -50 -100 -150 ppm

Figure 4.41 Simulated and experimental *'P {'H} CP MAS NMR spectrum of
Ras(T35A)-Mg*"-GppNHp measured at 303 K. The sample spinning rate was 6 kHz, the
number of scans was 280 k, the recycle delay was 0.5 s, and the cross-polarization mixing
time was set to 2.8 ms.

Chemical shift anisotropy parameters can be accurately extracted with the SIMPSON
simulation program from the spinning sideband pattern of the experimental spectrum showed
above. Table 4.15 shows the °'P NMR data of Ras(T35A)-Mg*"-GppNHp. The chemical shift
anisotropy, Ao, and the asymmetry parameter, 77 of Ras(T35A)-Mg”"-GppNHp are equivalent
with the chemical shift anisotropy parameters of Ras(T35S)-Mg*"GppNHp (compare Table

4.14 and Table 4.15). This means that the GppNHp nucleotide in both mutants experience
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approximately the same environment and, furthermore, the local geometry of the nucleotide

site is the same as in Ras(wt)-Mg*"-GppNHp.

a (303 K)
a (273 K)
£ (303 K)
L2273 K)
y(1) (303 K)
7(2) (303 K)

7(1) (273 K)
y(2) (273 K)

Oso/ pPpm Ao/ ppm n
(0.1 ppm) (3 ppm) (£0.1)

-9.6 188 0.6
-9.8 - -
-0.1 159 0.6
-0.1 - -
-1.8 -134 0.4
2.7 -131 0.3
-1.8 - -
-2.8 - -

Table 4.15 °'P NMR
spectroscopic parameters of
crystalline
Ras(T35A)-Mg*-GppNHp  at
303 K.
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4.4 Solid-State *'P NMR Spectroscopy of Ras-Mg2+-GTPyS

Ras(wt), Ras(T35A), and Ras(T35S) in complex with Mg*"and the GTPyS nucleotide
could be crystallized as well (see Figure 4.42).

Figure 4.42 Photographs of a) Ras(wt)-Mg*-GTPyS, b) Ras(T35A)-Mg®"-GTPyS, and c)
Ras(T35S)- Mg?*-GTPyS.

Figure 4.42 exhibits the >'P {'H} CP MAS NMR spectra of Ras(wt):Mg*"-GTPyS.
Three well-resolved signals occur at chemical shifts of -10.6, -16.5, and 37.2 ppm (303 K)
corresponding to the -, /+, ~phosphate group of the nucleotide. The relative intensities of
these three signals together with their spinning side band intensities do not behave like 1: 1 :
1. The reason for this behaviour is, that signals due to GDP (P,: -10.5 ppm and Pg:-1.9 ppm)
resulting from partial hydrolysis of the GTPyS nucleotide are superimposed to the spectrum of
GTPyS (see Figure 4.43). In addition to these signals, a line at 1.7 ppm occurs which is
attributed to the free phosphate coming from the hydrolysis of GTPyS to GDP. No significant
changes in the isotropic chemical shift could be observed by cooling down the sample (see the
values in Table 4.16). When the temperature was raised to 303 K the initial spectrum was
obtained again. Note that the assignment of the signals could not be verified because of the
fast hydrolysis of the GTPyS nucleotide. Therefore, we have used the assignment used by
Spoerner [Spoerner, Ph.D. thesis].

T / K 8ociso / ppm 8[3150 / ppm 8yiso / ppm
303 -10.6 -16.5 37.2

273 -10.7 -16.7 37

Ras(wt)-Mg”"-GTPyS

Table 4.16 NMR isotropic chemical shifts of crystalline Ras(wt)-Mg*-GTPyS
measured at 303 K and 273 K.
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'p {'H} CP MAS NMR spectra of Ras(T35A)-Mg*"GTPyS and Ras(T35S)-Mg>"GTPyS
were acquired (Figure 4.44). The nucleotide hydrolysed faster than the time required for
obtaining well resolved 1D spectra of good signal-to-noise (~ 20 h). The signals at -9 ppm and
-1.9 ppm in the Ras(T35A)-Mg>"GTPyS spectrum correspond to the «-and S phosphate
group of the GDP. The peaks at -10.2 ppm and -1.8 ppm in Ras(T35S)-Mg*"-GTPyS spectrum
correspond to o~ and f-phosphate group of the GDP while the broad peak at 2.9 ppm is
assigned to the free phosphate.

GDP 8 GDP
Bl P ]
\ [04
40 30 20 10 0 -10 -20 ppm 40 30 20 10 0 -10 -20 ppm

Figure 4.44 1D *'P {'H} CP MAS spectra of Ras(T35A)Mg®*"GTPyS (left) and
Ras(T35S)-Mg®**-GTPyS at room temperature. Due to fast GTPyS hydrolysis, only the GDP
signals and the free phosphate peak could be detected.
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5. Summary and Conclusions

Before solid-state >'P NMR spectroscopy could be applied to protein samples, the
experiments had to be optimised and tested on well-suited model compounds. For this reason
solid-state *'P NMR spectroscopy was applied to three phosphorylated amino acids: O-
phospho-L-serine, O-phospho-L-threonine, and O-phospho-L-tyrosine. It was shown that
these substances can be used as model compounds in order to design and optimise solid-state
P NMR experiments for the investigation of phosphorylated peptides and proteins. 2D
exchange spectra of P-Tyr indicate the presence of slow conformational exchange and -

possibly - spin diffusion due to *'P-'

P coupling. Conventional analysis of the cross-peak
intensities of a series of 2D EXSY experiments at high decoupling field strength allowed to
determine an exchange rate of 6 s at 302 K. The 2D PMLG decoupled 'H-*'P LG-CP
HETCOR experiment applied to the three phosphorylated amino acids allowed the assignment
of the 'H signals of NH,, POH, and COOH groups. We obtained high resolution in the
indirect dimension of the 2D proton-proton correlation spectra of phosphorylated amino acids

by employing a 2D "H-"H experiment where PMLG decoupling was used in the 7, dimension.

Since variable temperature MAS NMR spectroscopy is of great importance for the
study of dynamics in solid-state, the determination of the accurate temperature of the sample
under different MAS rates and bearing gas or air flow temperatures was performed using the
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temperature-dependence of the isotropic chemical shift of the “"'Pb resonance of lead nitrate

Pb(NO3),.

The major results of the present work are related to low molecular weight guanosine
triphosphate (GTP) binding Ras proteins which play an essential role in a variety of diverse
cellular signal transduction and transport processes by cycling between a GTP-bound “on”
state and a guanosine diphosphate (GDP) bound “off” state. The present work includes Ras
expression, purification, exchange of nucleotides, and crystallization. The crystallization was
performed using the sitting drop method. For the NMR measurements, the crystallites were
transferred into 2.5 mm rotors. For the first time, we have crystallized the effector loop
mutants Ras(T35S)-Mg”"-GppCHap, Ras(T35S)-Mg*"GTPyS, Ras(T35A)-Mg*"-GppCHap,
and Ras(T35A)-Mg”"-GppNHp. The habit of the crystallites is strongly influenced by the

effector loop mutations.
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After having optimised the experiments, *'P {'H} CP MAS NMR spectra of Ras
proteins of unexpectedly high resolution and signal-to-noise could be obtained. Therefore,
proton driven spin diffusion and rotational resonance methods could be applied for
determining the accurate assignment of the a-, /-, and y~phosphate group of the triphosphate
nucleotides GppCH»p and GppNHp complexed to the Ras(wt) and effector loop mutants.

Using the 2D *'P refocused INADEQUATE experiment, an oxygen mediated J-
coupling could be observed in the solid-state NMR of proteins for the first time. P,-O-Pg
connectivity in Ras(wt)-Mg*"~GppNHp and Ras(wt)-Mg*"GppCHap was clearly indicated by
two correlation peaks in the solid-state refocused INADEQUATE spectra. In contrast, the Pg-
O-P, connectivity did not give rise to cross-peaks. This was due to the small J(Pg-O-P,) and,

therefore, the low efficiency of excitation of the corresponding DQ coherence.

The presence of two different states, 1 and 2, in Ras(wt)-Mg*"GppCHap could be
shown by liquid-state *'P NMR spectroscopy but not by solid-state >'P NMR spectroscopy. It
was, therefore, assumed that the exchange between these two states was fast in the crystalline
sample even at 273 K. The study of the exchange process is, furthermore, complicated by the
existence of four molecules in the unit cell. The presence of dynamic disorder was

corroborated by the dependence of the linewidth and CP build-up rate on the temperature.

Ras(wt)-Mg*"GppNHp exists in two biological relevant conformational states: state 1
and state 2. State 1 is an "open", disordered conformation of the switch regions similar to the
GDP-bound state. State 2 appears to be very similar to the conformation of Ras in the "on"
state which is observed for Ras interacting with effector proteins. It was shown that the wild-
type protein molecules preferentially exist in state 2. The molecules switch between states 1
and 2. At 273 K, this exchange is slow on the NMR time scale while the exchange becomes
fast at 303 K.

The 2D PMLG decoupled 'H-"'P LG-CP HETCOR experiment was applied for the first time
in solid-state *'P NMR spectroscopy of proteins. It was demonstrated that the *'P nuclei of
Ras(wt)'Mg”GppNHp and  Ras(wt)Mg”GppCH,p predominantly receive their

magnetization from protons of the NH groups of the backbone.

In contrast to the wild-type protein, the mutant protein molecules preferentially exist
in the "open" state 1 which makes the nucleotide more accessible to the interaction with other

molecules in the crystallites.
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Pronounced crystallisation-induced chemical shift changes are observed for

Ras(T35A)-Mg*"-GppNHp and Ras(T35S)-Mg”"-GppNHp, especially for P,

Ras(wt)-Mg*-GTPyS also exists in only one conformation. The existence of different
substates in fast exchange cannot be excluded. The study of these samples was, however,
complicated by fast GTPyS hydrolysis resulting in the formation of GDP. This hydrolysis is
even faster for the effector loop mutants than for Ras(wt). Therefore, no reliable information

could be obtained from the solid-state *'P NMR spectra of GTPyS complexes.
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