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1 Chapter. General Introduction.

1.1 Structural and dynamical investigations of biologi@al systems by solid-state

NMR spectroscopy.

Understanding the mechanism how biological systemesk is an important
objective of current structural biology. Nucleargnatic resonance (NMR) spectroscopy
is a well suited technique to approach these gaadisto study structure and dynamics of
biomolecules.

The vast majority of protein’s structures has beeroduced by X-ray
crystallographic spectroscopy which is the leadiachnique, providing slightly higher
audacity comparatively to NMR. Comparison of botetlhhods has been done recently
[1,2]. For attaining a high resolution structurera§ technique requires well ordered 3D
single crystals. Crystal growth is a time consumim@cedure which is the major
limitation of the technique.

Solution state NMR probes not only structure bugoatlynamic of biological
systems, which gives complimentary information femderstanding functionality of
proteins.

Membrane proteins are 25-30% fraction of the gersoafanammalians and they
are of high importance playing a critical role Inetcell, being involved in many processes
as channels, pumps, receptors. The structure gfaofdw membrane proteins have been
elucidated so far despite strong efforts. Prodacttd membrane proteins in sufficient
amounts is quite difficult. In addition, most okth are resistant to crystallization and are
inherently not soluble, which is a major obstadeX-ray and solution state NMR. Solid
state NMR (ssNMR) is the method of choice for duted and dynamic characterization
of membrane proteins and aggregated amyloid sysweitish have lack in solubility and
crystallization.

Access to high field ssSNMR instruments, methodaalgadvancements, isotope
labeling techniques significantly assisted the dgmiogress of ssSNMR over the last few
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years which resulted in complete structure elumdabf several peptides and small
proteins [3,4,5,6], characterization of protein @bex formation [4] and characterization

dynamic properties of small proteins [7,8].

1.2 Distances and angles in proteins and peptides.

Proteins and peptides are biopolymers composed noinca acid residues
interlinked by amide bonds. Their structure candizeussed in terms of four levels of
complexity defined as follows:

Primary structure denotes the amino acid sequence, and indicateotisditution
of a protein.

Secondary Structure is the local structure which is typically recogeuz by
specific backbone torsion angles and specific niimchydrogen bond pairings.

Tertiary Structure is the folding of the total chain, the arrangementthe
elements of the secondary structure linked by tams loops. Its stability is determined
by non-bonding interactions and disulfide bonds.

Quaternary Structure is the combination of two or more chains, to foan
complete unit. The interactions between the charesnot different from those in tertiary
structure, but are distinquished only by beingrictiain rather than intrachain.

Figure 1.2.1 shows all 4 structural classes ingingt

12



Frimary Structure Secondary Structure  Tetrany Structure CQuatery structure
{or-helix)

E::C%“# i
Lol

Figure 1.2.1. Schematic representation of primsggpndary, tertiary and quaternary structure abéep.

In terms of the accuracy of protein structure deteations, all bond lengths are
invariant. Bond angles are also essentially inveri@nly dihedral angles around the
CO-N-C-CO bond andy around the N-&CO-N bond are the origin of variability in
protein conformation. They are given by Figure Z..2.

The secondary structure of a segment of the potigeghain is the local spatial
arrangement of its main-chain atoms without redarthe conformation of its side chains
or to its relationship with other segments (IUPAAB| 1970). There are three common
secondary structures in proteins, namely alphaéglibeta-sheets and turns. Secondary
structure elements which cannot be classified as afnthe standard three classes are
usually grouped into a category called "other" @ndom coil". This last designation is
unfortunate as no portion of a protein three direared structure is truly random and it is
not a coil either. Regular secondary structure @onétions in segments of a polypeptide
chain occur when all thé bond angles in that polypeptide segment are emuakhch
other, and all they bond angles are equal. The rotational angley fandf bonds for

common regular secondary structures are showreitathle 1.2.1 below:
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Figure 1.2.2. Representation of the dehidral arfglesdy and in the peptide’ bonds.

Table 1.2.1. Parameters of regular secondary stegtn is the number of residues per helical fuiin,the

helical pitch, and A is the number of atoms in Hitded loops.

Structure f y n p(A) A | H-bond(CO,HN)
a-helix -57 -47 3.6 5.4 13 ii+2
310-helix -74 -4 3.0 6.0 10 ii+3
p-helix -57 -70 4.4 5.0 16 ii+4
Parallelb-shit -119 113 2.0 6.4
Anti-parallel | 109 | 435 | 50 6.8
b-sheet
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o-helix 3;0-helix Anti-parallel B-sheet Parallel B-sheet
@] /
O----H—N 0
/g i+3 0 H—i+1 sz-?fH H—i+1 H— +1
i+3 NG . N—H---- N—H o N—H
N OH H 2 =t .
i+2 i+1/ N H  H—I i p)—H | )y—H
/u\ ||_| H—N H—N .~H—N
1 N -
K il O----H—N o
NH_ i-1 j+1 H— i-1 H—{j-1
4 N—H---0 N—H N—H

Figure 1.2.3. Schematic representation of-helix, 310-helix, anti-parallel -sheet and parallel -sheet

secondary structure motives. The numbering ofés@ues (i and j) corresponds to the numberingam T

1.2.2.

Table 1.2.2. Summary of the most characteristiactiire-defining 13C-13C distances in proteins. fidue

most commonly encountered secondary structure snaté considered. For each secondary structure

element, a set of structures was selected anchdessbetween backbone-backbone and backbone side-ch

carbons were measured. The errors are estimatextfr® dispersion of the distances in the selected

structures [9]. The indices of the residues redghé schematic representation of secondary stegtu

shown in Figure 1.2.3.

Secondary _
residue | C3-C* | CO-CO| C*-CO | CO-C | C*-C” | co-C
structure
a-helix ii+1 | 3.8+0.1| 3.0+0.1| 4.4+0.1| 2.4 +0.1| 49+0.1| 3.7 +0.1
ii+2 | 55+0.3| 45+0.1| 5.4+0.2| 4.4 +0.2| 6.0 +0.5| 5.2 +0.3
i,i+3 | 5.0+0.2| 4.7+0.1| 5.5+0.2| 4.4 +0.2| 4.4+0.5| 4.3 +0.4
ii+4 | 6.0+0.2| 5.9+0.2| 7.2+0.2| 4.9 +0.2| 5.7 +0.5| 4.5 +0.3
3i0-helix | ii+1 | 3.8+0.1] 3.1+0.2| 45+0.2| 2.4+0.1] 49+0.1| 3.7 +0.1
i,i+2 | 5.3+0.3| 4.6 +0.2| 5.6 +0.2| 4.3 +0.3| 5.6 +0.5| 5.0 +0.5
i,i+3 | 5.6+0.4| 5.5+0.3| 6.6 +0.5| 4.7 +0.3| 5.0 +0.5| 4.5 +0.5
ii+4 | 8.1+0.4| 7.9+0.4| 9.2+0.5| 6.8 +0.4| 8.3+0.5| 6.9 +0.5
Anti-
ij 4.6+0.3 5.4+0.5 5.4+0.7
parallel | j1j+1 | 5.4+0.3| 5.0+0.4
b-sheet | i-L. 4.9+0.4 4.7 +0.5 5.4 +0.7
Parallel
ij 49+05| 49+0.3 4.6+0.6 5.6+03 4.6+0.6650.7
b-sheet
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Distances between carbons, which are the nucléigsfest interest for structure
determination in ssSNMR, for each regular secondanycture conformation are close to
each other and listed in the Table 1.2.2.

1.3 The dynamics of a quantum mechanical systems.

Extensive description of the dynamic of physicadteyns in quantum mechanics,
and of a nuclear spin system in particularly, isegi by a number of monographs
[10,11,12,13,14]. The state of the physical syséra time point is defined by its state

function y (t) , which evolution is governed by the time-dependaitrodinger equation:

TRPRUI T ,
& O)=-"HoOY ) (13

where H(t) is the Hamiltonian, associated with total energytted system and
expressed by the hermitian operator. Plancks’staohis denoted by=1.05457168L0°*
Js. Further energy values are given in angular #aqy units, and thereforeis omitted
in the Schrédinger equation. The state functip(t) can be expanded in terms of a
complete time independent orthogonal base {£1...n } in n-dimensional vector space

of all admissible state functions:

| ()= c()%r) (1.3.

r

wherec,(t) are time-dependent coefficients. We assume the &tattiongly (t) to
be normalized according to the scalar product éefim this spacely (t)ly (t) =1. The

statistical expectation valued= of an arbitrary observable operafors:

(A=( OA ©) (1.3.

The dynamic evolution of the statg(f) is determined by the solution of the
Schrédinger equation (Eqg. 1.3.1). The propagsior to) is defined as the operator which

transforms the statg (tp) at initial time point, into the spin state [t) at time t

16



| (©)=UtL)] () (1.3.2
One can easily derive the equation of motion ferghopagatot(t, to):

d _ e
G =-HOU L) (1.3.5

In general, an analytical solution of this equatman not be obtained and the
following cases may be considered:

1) If the Hamiltonian is time-independent, direntegration of Eq. 1.3.5 yields
[12]:

U(t,t,) =expliH ¢ -, )F %[— iH ¢ -t,)" 1.8.6)

2) The Hamiltonian is inhomogeneous in the senddaricq and Waugh [15] and
satisfies the condition H(t1),H(t2)]° H(t))H(t2)-H(t2)H(t1)°0. Here [ , ] denote the

commutator operation for two operators. The profgaan be written as:

U (t,t,) = expl- i : dt>H ¢ ) (1.3.7

3) The Hamiltonian is homogenious and(t}),H(ty)] O for at least one pair of
time pointst; andt,. In this case, an approximate solution can beidda
U(tt,)=exptiH % )...exp(iH, &,)...exp(iH, x) (1.3.8)

The time interval tg, t) can be divided inton small intervals of lengthy with

k=1,2,..n. In each intervalH(t) is quasi time independent and has the constanieval

Hy(tx) @onst
Cumulative expansion of the exponential produdtvaf operator#\ andB is given
by the Baker-Campbell-Hausdorff relation [12,14]:

1 1
expB)xexp@ )=exp A +B +§[B,A} +1—2( B[ B,A + B,}A,A) +... (1.3.
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1.4 Density operator.

Instead of using state functions, it is more pcattto describe an ensemble of
spins system by density operator, which can beesgad for an ensemble in mixed state

as:

r@= P @) O= Pt el b (1.4.

r

wherep® is the probability that a spin system of the erisleris in one of several possible
statesy|k(t) . The statistical expectation value for an oper&tawver the spin ensemble in

terms of density operator is:

(A= (®O|A ©)=Tr{r)=4 (1.4.2

The equation of motion for the density operator daz derived from the

Schrédinger equation (Eq.1.3.1):

%V(t)):-i[H(t),r(t)] (1.4.5

The formal solution is given by:

rt) =U(t,t, ) (t,)U '(t,t,) (1.4.4
where the propagatdi(t, to) solves Eq. (1.3.5)
1.5 The nuclear spin and NMR spectroscopy.
Nuclei have such property as a spin. The spin isnamsic angular momentum

which is not produced by motion of the nucleus pace. The microscopic angular

moment/nof the nuclear is related to its spin by
m= gS (1.5.

wheregis the gyromagnetic ratio, which is different tbfferent nuclei.

18



According to quantum mechanics, the angular monme@gan only adopt certain

Y2 \where M is the spin quantum number. M might beget

values, given by (M(M+1))
(0, 1, 2, ..) or half-integer (1/2, 3/2, ..).
Table 1.5.1 contains a list of ground-state nuctgamns of a few nuclear isotopes

commonly used in biomolecular NMR:

Table 1.5.1. A selection of magnetic nuclei andrtheperties [16].

. Gyromagnetic ratio
Isotope Spin Natural Abundance, ¢ ’rad/(s-G)
H 1/2 ~100 26753
“H 1 0.015 4107
C 0 98.9
c 1/2 1.1 6728
N 1 99.63 1934
N 1/2 0.37 2712

In the external magnetic fieB,, the energy E of the nuclear magnetic momentum

is given by:
E=- mxB, (1.5.

The energy is lower for the magnetic momentum ¢e@rparallel to the external
magnetic field. According to the Boltzman distrilout, the number of parallel oriented
spins is higher than the anti-parallel orientedsoriehe difference in the occupancies of
the energy states results in the macroscopic magmeiment parallel to the external field
and called longitudinal magnetization. The diffexemn anti- and parallel oriented spins is
very tiny and on the order 0at room temperature. In NMR experiments, longitatli
magnetization is rotated by radio-frequency (rfjspunto the plane perpendicular to the
external field. The macroscopic magnetic momentanthe transversal plane is called
transversal magnetization. The transversal magataiiz starts to precess around the axis
of the external magnetic field with the Larmor fueqcywo= g-Bo. The precession can be
detected in a wire coil. The induced electric caottie called free-induction decay (FID).

In general, the properties of a quantum mechasigstem are represented by the
total Hamiltonian, which includes all parameterd arteractions describing the molecular
system. For NMR, however, it is sufficient to derig reduced spin Hamiltonian which

only includes terms depending on the nuclear sfihs. spin Hamiltonian does not take

19



into account possible time-dependent random intieras between the spin system and the
environment, which could be introduced after timeraging as effective interactions. As

an example, interactions with the electronic opi sesult in the specific chemical shift.
1.6 Spin one half in a static field.

Spin 1/2 nuclei are very common in biomolecular NMBly spins 1/2 problems
are considered in this thesis. To simplify the duan mechanical description of spin
system in NMR only systems of nuclei one half Wil considered.

The spin Hamiltonian for a single spin-1/2 in ameemal magnetic fieldB, parallel
to the axiZ of the introduced cartesian coordinate systenivesngby:

H=- gB,'S=- gB-S=i-$ (1.6.]
whereS is the spin operator and 8 its Z component. The state function(f) may be
expressed in the basis of eigenfunctiokls i, of the operator Swhich are called

Zeeman states:

S,[M,m,)=m,|M, m) (1.6.2

For a spin-1/2 one obtains two eigenvalues=#th/2. The corresponding

eigenfunctions usually are denotadd|1/2,1/2 and b =|1/2,-1/2:

sla)=Yla) and §b)=- ¥b) (16.3

In vector representation these eigenfunctions hizeéorm:
0

@)= and |p) = (L6.

1.7 Operator algebra.

An elegant description of a NMR experiment can Ieery in terms of the
momentum and polarization operators. In the badreduced in the previous chapter, all

operators can be expended in the following formIIP

20



11 0 1 )
s=2 o o =s(aal-16)p)
s.=2 0 o =s(a)b|+/p)al) (172
210 2 o
10 1

These operators follow commutation rules:
S.§1F-8 [$.5F% [S,Si]5S (1.3)

The rasing $ and lowering S operators can be introduced via the &d §
operators:

s.=S+ixg =, o $a)b|
S =3 :S-iX§:2 8 th)(a| (1.7.4

They act on the basis functions in the followingywa

(a|S.|b)=(b| S|a) =1 (1.7.F

And obey the commutation rules:

[S.8]=- S [S .5 ]=S (169,

The polarization operators are defined as:

10
Sa_ 00 _|a><a|

00 i
$= 4 1 = b)(b| (1.7.

In the case of a system of N spins-1/2 nuclei, ssiite choice of basis set is the
direct product of Zeeman states of the single sgdperators in this space are defined as
the direct product of operators defined in the spafcsingle spins.

21



1.8 The nuclear spin Hamiltonian in the static field.

The nuclear interactions that are of interest MMR can be described by second-
rank cartesian tensors. The spins interact withetternal magnetic fiel&,, and pair-wise
by means of dipolar anticouplings. We do not consider quadrupolar couglwwgich are
non-zero only for nuclei with spins higher than.1The total spin Hamiltonian can be
written as:

H=H,+H. +H,+H, (1.8.1

The Zeeman interaction terHy describes the interaction between the nuclear spin
and the external magnetic field director alongZhexisBo=B;:

H,=- gB,S=- gB-S=w-S (1.8.2
whereSis the operator of the spin angular momentum ansl i Z projection.

According to first order perturbation theory [12,1318] in high field NMR the
spin Hamiltonian may be simplified by neglectingnte which do not commute with the
Zeeman term, which is much stronger then others.titncated Hamiltonian retains only
terms which are referred as the secular terms.

The chemical shift (CS) interaction is induced lhe telectron environment,
shielding the external magnetic field and can tsxdieed by the shielding tenser

H.s=- gS* s B (1.8.3

In the principal axis system (PAS) the tensor iagdnals=(Sy, Sy, S;). The
isotropic chemical shift is denoted 8%.~=(Sx+Sy+S;)/3. By convention, the principal
values are ordered such that [Siso| |Sx Sisol [Sy Siso]. The chemical shift anisotropy

parameted and the asymmetry paramekeare defined as:

d:(sz - siso) h :6 y S x)lf 7S iso) (184
TheHcsin the high field approximation is given:by
HCS:M{)'SZZISZ (185

wheres ,, is the corresponding element of the CSA tensahénlaboratory frame.

The CS interaction is anisotropic and depends ofecuatar interaction relatively the
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external magnetic field. WitB, expressed in terms of its polar coordinatgs | in the
PASS,, can be written as [14]:
5,,= 5 ,(cos()sin( ))*+s (sin( )sin( ))*+s ,(cos())* (1.8.(
The dipolar coupling between two spins S and Kleamdescribed by the traceless

symmetric Cartesian tensbr

Hy,=S* DK (1.8
and the tensdD in the laboratory frame has the form:
3X X
Q;fﬁgf g - 0 (1.8.€
o T r

whered; is the Kronecker deltag andx; the cartesian coordinates of the vector
between two nucler; is the distance between the@,andg are corresponding nuclear
gyromagnetic ratios7s=4p-10" is the permeability of the space.

In the high field approximation, the direct dipolaoupling of homonuclear

interaction takes the form:

H o= /B9 1-3¢0S () 5o 12(8+K_+ SK) =

4p r? 2
_ m 99 1-3cos () ] _
_4,0 r3 2 [3§K S(K]
= 0,23 O35 - 5 =u[ 35K 3 § (18.9)

where the relationship,8,+1/2(SK_+SK,)=SKy+ SKy+ SK,=S-Khas been used.
For two heteronuclei in the high field approximatidthe dipolar coupling may be

written as:

_ M gsg, 1-3cos @)
HD_4,0 re 2 Sk

S TP wa

The electron mediated coupling (or scalar coupling) between two spinanfl K
is isotropic for most spin pairs and can be desdriby a constark For the homonuclear
case, it takes the form:

H,=2pJ S-K (1.8.1:
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And for the heteronuclear interaction, it can bétem as:
H,=2pJ-S K (1.8.1;

1.9 Spherical representation of the spin Hamiltonian.

For the description of the spin Hamiltonian, thenglyy and spin operators
subjected to three-dimensional rotations, it isadfantage to use the representation of
irreducible spherical tensor of rank 0, 1 and 2. iAeducible tensoA, of rank p is
composed of (@+1) component®y,, whereg=(-p,-p+1,.., p). The relation between the
irreducible and cartesian tensors can be foundefR]. A general rotation transforms
the coordinate system F into the systenafid may be expressed by the three Euler angles
W=(a, b, 9. Under rotation, the irreducible tensor composdrdansform in the following
way:

A= p A ¥DP (WY (1.9.

q%- p

whereDPyq is @ Wigner matrix element [11,14,17].
The Hamiltonian of any spin interactidvh can be written in terms of irreducible

tensors:

2 p
Hy = - °A, XT, (1.9.2

p=0g=- p

where the tensor, 4 is composed out of spin operators and is callsgimtensor,
while the spatial tensdk, q represents spatial part of an interaction. All NMieractions
are represented by spatial tensors of raekual to O or 2.

The exact form of the spatial and spin tensorsafbmteractions can be found in
Ref. [11,14].

24



1.10 Reference frames and magic angle spinning in solgtate NMR.

In MAS solid state NMR, the sample is rotated ia thagnetic field to suppress
anisotropical interactions. The spinning axis of tiotor is declined from the external
magnetic field by “magic anglefvastan*(24%)=54.7356°. The relevant reference frames
in MAS ssNMR are depicted in the Figure 1.10.1.

The principial axis system (PAS) of each interattie denotedP”, and it is
defined as the frame where the Cartesian tengpresenting the interaction is diagonal.
The molecular fram#/ is fixed to the molecule and can be chosen arbjtrdn the rotor
frame R, the axisZg coincides with the rotational axis. The laboratfrymelL is the
reference frame in which th& axis is pointing in the direction of the extermahgnetic
field. The components of the spatial tensors intthal spin Hamiltonian are determined
by a three step rotational transformation which bandescribed by Wigner matrix as

given in Eq. 1.9.1.
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QHL:{U’ arctan(2'’?), y-mt}

Figure 1.10.1. The relevant reference frames artstormations in MAS ssNMR

The transformation from the rotor frame to the Iabory for each interactioi
can be written as:

H, =

p=0,2m=- p

VAR, b etim(w t- g) (1.10.1)

isq -th component of a tensor of rgnk emeining the interactioM in the
rotor frameR andd’, 4 ) is a reduced Wigner mattément. In case of exact NBA
d2 (b)) ° 0 if by =tan™ (/ 2)=54.7356°). All other caponents are ocsillating with th

frequencies+w, and * 2v , resulting in averaging tdfe Hamiltonian to zero for al
anisotropic interactions represented by a spatreddr of rank 2.

whereA}
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1.11 Interaction frame.

Consider the situation where the Hamiltonian casdyarated into two parts:
H(t) =H,(t) +H, (1.11.1
Where H; is time independent term. One can introduce astoamation of the

density operator into 7' as:

r'=e"r et =utr U (1.11.
where propagatdd,=exp(-iH1t). According to Eq. 1.4.3' is a solution of the equation:
d i H i i
—r' -F Hyr', (1.11.2
dt

whereH, is the spin Hamiltonian in the interacticanie determined the propogatod,
H, =€ H e = U HU, (1.11.4)

As an example, we consider an interaction indugedrboscillating rf field in the
transversal plane applied to a nucleus with thenloairfrequencwi. The Hamiltonian can

be written as:
H =wS, +w (S xcos@t ) +$ xsinft )) =
= WS £ WS +2 i (Sxexplm J Sx ek ) (1115

where w4 and w are the amplitude and the oscillating frequencytloé rf field,
respectively. One can divide this Hamiltonian itw@ parts:
H, =wus,

Hy = (- W8,)+ — m(Sxexptint - Sx exple ) (1.11.6)

In the interaction frame determined Hy=us, H, takes the form:

How = (- WS 2 I4(S, o+ S, K+ e WIS W5, (111

where the transformation for lowering and raisipgm@tors is given by the relationship:
exp(m xS )5 expinmt $) =xp( ).8 (1.11.€
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which could be obtained using the expression frloendperator’s algebra:
explif xC)xA exp{ &) =
= Axcosf ) -i[C,Asin( )]J=Axcgs( )BEin( ) iB 1O
=A iB=0 (1.11.¢

where the operatois, B andC are related to each other by the commutation rule:
[C,A=iB (1.110

From the Eq. (1.11.6) one can conclude that ridfietts on a nuclear when its
oscilating frequency is close to the Larmor frequyeof the nuclear of interesi t |ne- .
Since the maximum applied rf power is of the orilé® kHz it can influence only on
nuclei of one type, because of modern spectromaipesate at proton frequency of
several hundreds megahertz.

The interaction frame can be considered in a maeepl case, when the

perturbatiorH; is time dependent. The general propagattakes the form:

U=u,U’ (1.111)

whereU; is determined bid; and solves the equation:

%Ul(t):- iH, U ,() (1.11.1

The HamiltoniarH' in the interaction frame can be obtained by thegformation:

H'=U;'H,(t)U, (1.11.1

The propagatot’ determining the evolution of the spin system &hition of the
equation:

d

aui(t)z- iH U ) (1111

In NMR experiments the evolution of spin systemslarna rf pulse train can be

very efficient described in the interacting framjch is determined by the rf pulses.
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1.12 Average Hamiltonian theory.

If the Hamiltonian Hy has no analytical solution, the time-independemtrage
Hamiltonian Hp oy can be introduced over the time interval T as réeseexpansion of
time-independent terms, called the Magnus exparjd@jn

Hoa =Hoit Hoot Hgat. (1.12.1
According to Eq. (1.3.8, 1.3.9), the first ordemntds given by:

1

1
= D@ (2} (2 by 0] —
Ho'l—T{H tY+H @+ HE }-

?Zdtxi—lo(t) (1.12.

The average Hamiltonian theory applied to a spimitanian in an interaction
frame is a powerful tool in ssSNMR to describe thelation of spin systems under a rf
pulse train. Consider a spin system described eyH@#miltonianHy and the perturbation
Hi(t) determined by an rf pulse train. Of practicalenest are situations where the

perturbatiorH(t) is periodic with period.:

Hi(t+nt) = Hy(t), n=0,1, 2 (1.12.:
And Hj(t) is cyclic in the sense that:
U, (t.)=1 (1.12.¢

whereU;(t) is the propagator determined Hy(t).

Under this conditionH;(t) has no overall direct effect in the course of dulé
cycle. For stroboscopic observation synchronizeth whe periodicHi(t), Eq (1.12.11)
gives for the evolution propagator after one ptiam cycle:

UO,Av = exp(— iH 0,1: ) (1.12.5:
tc
Héf% dtxHy (t) (1.12.6)

coO0

whereH; is the Hamiltonian in the interaction fragetermined by & ( 1.12.13)
Hy=U;"(t)H U, (1) (1.12.7

This approach requires that the Hamiltonian fidfthhe conditiorHpt.<<1.

1.13 Basic solid state NMR techniques.

29



In this chapter, we give a qualitative overviewtlod pulse sequences which have
been used extensively in the presented work ancerergl description of the most
common pulse sequences.

Sample spinning under magic angle can not supgresssignificant level all
anisotropic interactions. Rf pulses are therefoidely used to remove residual couplings
to increase the resolution of NMR spectra. Protatgn dipolar decoupling techniques
enable the use protons in ssNMR. For a static samipé spin Hamiltonian of a

homonuclear dipolar interaction between two nukg}, takes the form (Eq. (1.8.8)):

Hp,=wy[3S K, - SXK] (1.13.1

DZZ

Application of a pulse train which would periodigapermute in the interaction
frame axis th&Z, X, Yof the dipolar Hamiltonian resulting in an averdggmiltonian of

Zero:

1
Ho v == (Hp o #H o otH
D,Av 3(

D,zz Dxx Dyy):

_1

SW_ 35K, - XK+35 K - XK+35 K - XK =0 (1.23

The first pulse sequence, called WAHUHA-4 [20], gesfed to remove
homonuclear dipolar couplings at first order inrage Hamiltonian theory is depicted in
Figure 1.13.1:
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T 2 20 T T
H D,i H, 72z H, vy H, XX H yy H,,
Hz; woS, WoSy WoSy WoSy woS,

Figure 1.13.1. WAHUHA multiple-pulse sequence fomfonuclear dipolar decoupling. Phases of 90°
pulses, delays between them and dipolar Hamiltoimidhe interaction frame for Zeeman interactiod an

dipolar coupling are shown on the plot.

The applied pulse sequences require short pulsidni, and delays between
the pulses must be shorter than the inverse digolaplings:
[<< <<, (2.23.

The average Zeeman HamiltoniBaa, corresponds to a new axis of quantization

Za=(1,1,1). The Larmor frequency is scaled by a fatt8"?.

HZ,Av :%(HZ,Z-I_H Z,X+H Z,y) =

:%WO S+S+5 :%WO% - (1.13.4)

where $; is the projection of the spin S along the &g

The higher order terms in the average dipolar Hamién, effect of rf pulses
imperfections can be compensated by more elabopatisé trains like MREV-8 and BR-
24 [21,22].

In case of the sample spinning dipolar couplingobee time dependent. Theh
above mentioned pulse sequences work assuming-sfasisi conditions, when the
spinning frequencyy.: is much more slower than the periodicity of théspisequencé,s

. Wot<<1/[ps.
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FSLG (frequency switched Lee-Goldburg) [23] and FB(phase modulated Lee-
Goldburg) [24] have an advantage for homonucleacodgling due to the short
periodicity, when the dipolar coupling modulated fast sample spinning is quasi-
constant. Both pulse sequences use average r$ figidnted along the effective axdss
directed along the vector (1,1,1) or (1,1,-1). Gouantization axiZ, s is to the same as in
case of WAHUHA. The average spin Hamiltonian iscakdted in the same interaction
frame and yields the same results for dipolar a@ehZan interactions.

In case of sample rotation, the analysis is getthaye complicated and average
Hamiltonian theory is not applicable and efficielescription can be provided by Floquet
theory. Vega and coworkers performed deep anatystsee PMLG and a number of others
homonuclear decoupling pulse sequences on the dfasie Floquet theory [25,26].

During the FSLG sequence, an efficient decouplietd fis generated by the rf
field of strength ofs applied at a frequency shifted from Larmor freqreaf protons by
a value ofm/2"%. Synchronous alternation of the phase of theetfifand the frequency
offset makes the pulse sequence more robust. tnafake PMLG sequence, a rf field of
the amplitudews is applied and its phase is stepwise swept wiglgqufencym/2? to
emulate required frequency offset.

Heteronuclear dipolar decoupling pulse sequencppress interactions between
nuclei of different kind. The spin Hamiltonian diet nucleus S which is coupled to a
system of N nuclei of type K can be written accogdiEq. (1.8.8, 1.8.9) in the form:

Hp=H e +H

homo

1NN 1
= sk% K1,2+_' L M/ij 2Ki,sz,z- _Z(Kieri,—-I_ Ki; K'rt )
i=1 jti
Hhet: skSzKl,z
1NN 1
Hhomo:E wy 2K K, - E(Ki,+Ki,-+ Ki K ) 1.8

i=1 i

where the heteronuclear dipolar coupling between Spand K is given byHye: and the
homonuclear interactions to the spin systenmsKepresented bilomo If HhomoiS €qual to
zero or much less than the spinning frequencyidtad Hamiltonian is inhomogeneous in
the sense of Maricq and Waugh [15] and there iBn@broadening for the resonance of

the spin S due to dipolar coupling to the spin Experimentally, this has been shown by
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Reif and coworkers [27,28]. In spin systems wit re@roHnomo @ rf pulse sequence is
required to increase resolution of the S resonanEes heteronuclear decoupling, a
continuous wave (CW) rf irradiation can be appliedthe interaction frame determined

by rf the HamiltoniartH=u4K1 x the heteronuclear interaction can be written enfthrm:

Hye= WS, ( K, Cos07 J+ K, singt ) (1.13.€

According to average Hamiltonian theot,e: =0 to first order approximation
resulting in the elimination of line broadening fine S spin resonances. More efficient
heteronuclear dipolar decoupling can be achieveagplication of the two pulse phase
modulation (TPPM) [29] pulse sequence, which cdngidrain of pairs of 160° pulses
with small (appr. 15°) phase shift.

Cross polarization (CP) [30,31] transfer betweetefo®uclei is an important
element in the ssNMR experiments. It allows to elate heteronuclei in multidimensional
experiments, measure the size of heteronucleatadipoupling and allows to enhance the
magnetization of lowg nuclei by polarization transfer from protons, nmkuse of their
high g and fast longitudinal relaxation. The standard eXperiment starts with a 96H
excitation pulse. The proton magnetization is theansferred from protons to the

heteronucleus (e.§°C) by applying rf fields on both channels, Figurg3L2:
W

K H Cp

W

S CP

Figure 1.13.2. Schematic representation the crolsgipation transfer experiment.

CP takes place when both nuclei are irradiated withfield difference equal to 0,
w, or 2w. Under this condition, dipolar couplings are rgued in the rotating sample. In
the laboratory frame the Hamiltonian for two digataupled heteronuclear spins S and K
irradiated with rf fields with strength af¢ and v respectively can be written in the form
[32]:
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HD:M/sk(t)Sz,L Kz,L + Wka,L + Ws L =
=b—§k sirf (b) co¢ 7+ wt)- 2sihb) cdgr wt) ,S K+
K, WS, (1.13.7

where the Euler angle and grelate the PAS system associated with the digelasor
and the rotor fixed frame. In the doubly rotatingnfie determined by the rf fields applied
along the axixX to nucleai S and K, the Hamiltonian takes form:

Hoy =22 sirt (b) cof g+ au)- 2si68) oder )’

" (5 costit )+5 sint ) K cosft K simft )) =

:% siﬁ(b)( Weorawt) é(Zé*M))_ \/_Zsi(ﬁb)( @ W)y gy w)) .
(s &+ s K'E+ K=
:% sirt (p)( 8720+ 4o 20) asifw)( e Ve 6 #) -

g (3 K gy g K dmmly s K@y g KES W*) (1.13.8

The average over rotor period dipolar couplingas mero when g+ ) =w, 2u

or (ne—w)=w, 2. In the second case the Hamiltonian is proportitméhe flip-flop term
(S:K_+S_K.. If in the initial state only the nuclei K are paked, the density operator can
be written in the form:

FE=0)=K, 7 (=0 o =0) =52 2+ £o”5s
where r¢ (= OF K. *S, andr , tE O;KZ_SZ (1.13.¢

2

According to Eg. 1.7.6, commutators for both densiiperators with the
Hamiltonian are:

S.K +S K ,KZéSZ =%(s K- SK+8SK_ S K- (SK_ SHK
S.K_+S_K. ,KZ;’SZ :—;(s K- S_K- SKA+S_KE O (1.13.1¢
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The evolution of the density operator can be calted using Eqg. (1.13.8-1.13.10
and 1.11.9):

rO)7 L)+ D(t)=Kz;’SZ+ KZész coB( t ) S K- S_K) sim(t )=
_ |§(1+C(;SW» +§1(1- ccz)s@t)) ESk. SR s )

b, sin*(b) /4 if w, - w,=%2w
whergr =
-\2b, sin(b) /4 - w=+ w (1.13.11)

In the spin system, the polarization oscillatesveen the nuclei K and S. In
powder samples, the orientation for different dgpaloupled spin pairs is different, which

requires averaging over all possible orientations.

S |

Figure 1.13.3. REDOR pulse sequence. All open tegmesent 180° pulses applied synchronously with th
rotation period,.

Other techniques that measure dipolar couplingsvdet unlike spins are for
example rotational-echo double resonance REDOR {8®] transferred echo double
resonance TEDOR [34]. Figure 1.13.3 depicts onsieer(of many possible) REDOR
sequences. Rotor synchronized 180° pulses aresdppliery half rotor period to recouple
the heteronulei dipolar interaction.

The spin Hamiltonian for two nuclei S and K is givay:
HDZM/Sk(t)Sz Kz:

:b_;k siff(b) co¢ 7+ t)-V 2sih) cqgr wt) ,SK 1@.12)

where the Euler anglesandgrelate the PAS system associated with the dipetasor to
the rotor fixed frame. 180° pulses applied eacli t@br period invert the sign of the

dipolar evolution and thus prevent refocusing of thipolar coupling interaction. The
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effective dipolar HamiltoniarHp y, averaged over one rotor periad for a single

crystallite is obtained by summation of the intégy@erHp(t):

1 t /2 t,
Hoo=—  Hp()dt-  Hy(t)dt
’ [r 0 t/2
=27*/§bsk sin(b) cogb) sifg) S K (1.13.1

All basic recoupling techniques for unlike spin arewed by Dusold and Sebald
[32].

General approach to design re- and decoupling mégeences using symmetry
principles for rotor synchronized pulses was dewetb by Levitt and coworkers
[35,36,37].

1.14 Overview of the thesis.

The major part of this thesis covers investigatiars the potential use of
deuteration in protein by ssNMR for proton detettiand resolution enhancement,
monitoring backbone motion, detection of dynamictevamolecues. Furthemore pulse
sequence is developed to achiev&@-*C J decoupling to increase the carbon spectral
resolution.

In Chapter 2, proton detected experiments in MASIMR of protein are
represented. While proton detection in solutioteskiVR is a routinely used technique to
increase sensitivity, application to ssNMR is harefeby broad'H lines due to large
proton-proton dipolar couplings. We show that deatten of >N labeled proteira-SH3
allows proton detection without homonuclear decimgpht moderate spinning frequency
of 10 kHz [38]. Further increase of the level ofutégation in the protein results in
ultrahigh resolution ofH and*°N resonances which can be obtained in 2D expersnent
without any homo- and heteronuclei decoupling [28].

In Chapter 3, TROSY effects [39] in sSNMR are amaty This effect can be
exploited to study dynamic effects in the solidest® relate their effect on line width. A

strong temperature dependence of the differenti@ width was observed. This study
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might have significant impact for the improvemehtesolution for solid state studies of
large biomolecules. Resolution enhancement pulsenses based on spin-state-selection
schemes were implemented. Efficiency of differéHt and >N polarization transfer
techniques like CP and INEPT were analyzed.

In Chapter 4, the dynamics of the protein backbafiea-SH3 domain is
investigated by measurements BN T, and . High resolution allows establish a
correlation between ;T T, values and the secondary structure elements oprbiein.
Slow and fast correlation times as well as ordeap@ters might be obtained in course of
these experiments and can be correlated to thendao structure. Proton-nitrogen
dipolar couplings have been measured to calculaker parameters.

Detection of water molecules and their dynamicsdeuterated proteins was
studied in Chapter 5. We present two experimentadasure the effective, Hecay rate
of individual amide protons and the magnetizatiandup rates between water and amide
protons using spin diffusion as mixing element [4l0je obtained NMR experimental data
are correlated with the dipolar couplings calcudafeom the HO-H" distances as
extracted from the X-ray structure of the protdihe experiments allow the site specific
detection of water molecules in the solid state.

In Chapter 6, we show that decoupling of tH€-*C homonuclear scalar
couplings during stroboscopic detection can be esgfally applied in order to increase
the spectral resolution up to a factor of 2-2.5 amedsitivity up to a factor of 1.2. We
expect that this approach will be useful for thedgtof larger biomolecular systems like
membrane proteins and amyloidogenic peptides antkips where spectral overlap is
critical. The experiments are demonstrated on fomly **C, N labelled sample of
Nac-Val-Leu-OH and applied to an uniform§C, *N enriched sample of a hexameric

amyloidogenic peptide [41].
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2 Chapter. Proton detection in MAS solid state NMIRroteins.

2.1 Introduction.

Structure investigations of non-crystalline solimshigh resolution ssSNMR made
rapid progress during the last few years. Succksptctral assignment and determination
of structural constraints in isotopically enrichmaterials (mostly>C, *N) is still limited
by resolution and sensitivity. These limitationsripeer application of current solid-state
NMR techniques to larger important biological systebeyond 8kDa, like membrane
proteins. In the past, many methods have been a@e@lto suppress strong anisotropic
interactions and improve line width in ssSNMR, lample preparation [42], fast and ultra
fast MAS [43,44,45], development of hetero- and booctlear dipole-dipole and
decoupling sequences [23,24,29,41,46]. Many ssNMperments involve protons as
active nuclei in the pulse sequences for assignri¥efit and proton-proton distances
evaluations[40,48,49]. Sensitivity gain in thes@axments could be achieved via direct
proton detection, making use of their high gyrometgn ratio g which is a routine
technique in solution state NMR. The indirect-toedt relative signal to noise ratio for
HETCOR experiments according to [50,51] is :

5, G,
Sn), T el

wheref is the efficiency of an additional magnetizatioansfer step from thX

nucleus back toH, Dnis the bandwidth of the nucleus detected in imdicémensionQ is
the quality factor of the RF coil foH and X nuclei.A describes geometrical factors,
which might be different fotH and X nuclei. The enhancement is inversely pripoal

to the ratio of the square root of the line widifms»)y. Except of the sensitivity
enhancement, line narrowing in the proton dimensisnvery important for the

improvement of resolution, since proton detectiorssNMR is hampered by large proton
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line widths induced mostly bYH-'H dipolar interactions. That is why the reductidtid
line width is key to successful proton detectiossNMR.

Several different approaches have been used te@wchil line narrowing for
rotating solids. A number of windowed homonucleacalpling schemes [52,53,54] were
successfully employed for resolution and sensjtiehhancement in ssNMR. These
approaches vyield #1 line width of 100-200 Hz, but suffer from the ti@ment of large
receiver bandwidths, which allow audio frequencysado fold into the spectral region
and compromise overall sensitivity. The appliedspidequences scale doWthchemical
shift dispersion, making them best suited for sa®pbr which resolution is not critical.

In recent years, high speed (>30kHz) MAS instruagon became available
[43,44,45], but unfortunately even at high spinnirsges (>30kHz), fully protonated
samples still have broad (>500Hz) homogenious liises fast spinning alone does not
seem to provide a reasonable solution.

Alternatively, *H line narrowing in solids could be achieved by bimation of
isotropic spin dilution and moderate (10-20 kHz) S1&vhich has been applied to peptides
[55,56]. Dilution was achieved by perdeuterationtiod sample with subnsequent back-
exchange of amide protons. In such samples thé godéon density, which is a major
determinant of théH line width, is usually well below 1.8H/100A° [57,58]. It has been
shown by Reif and Griffin [55] that perdeuteratigields significant improvement in
sensitivity for *H vs N detection by a factor of 5 and 9 at 13 KHz and k8%,
respectively.

A relevant problem in proton detected experimemtsi@ogical samples consists,
however, in suppression of the magnetization ofrésdual solvent, necessary to keep
samples hydrated.

In this chapter we demonstrate the use of modexate high proton density
dilution for *H line narrowing. Dilution was achieved in a pergeated®N enriched
sample of the SH3 domain from chickarspectrin via back-exchange of amide protons
using 100% HO and a 10:90 $D-D,O mixture for moderate and high proton density
dilution. The sample dissolved in a 10:99CHD,O mixture is dubbed as “dilute sample”
and the one resolved in 100%®is dubbed “deuterated”.
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2.2 Sample preparation and NMR spectroscopy.

Sample preparation was done by Kristina Rehbeinmdi\nne Diehl.A pET3d
derivative coding foa-spectrin SH3 domain from chicken brain was a @fifil. Saraste.
The SH3 was expressed i coli BL21 (DE3) on M9 minimal medium in 100%,0
with 4 g/l d8-glycerol as the sole C-source andI1L§N NH,CI. The cells grew at 37°C
up to an optical density (Qnm of 0.6, than the temperature was dropped dova2t€
and the induction was started with 1 mM IPTG owght The purification was done in
H,O-buffered systems (anion exchange on Q-Sephardseaid gelfiltration on
Superdex75) as reported earlier [42] and resultedan amide protonated, carbon
deuterated preparation (reference sample). 15 mipaif sample were lyophilized and
resolved in 10:90 pD-D,O mixture to obtain a so called “dilute sample”wrespect to
protons.

From both samples microcrystalline precipitates evproduced by mixing the
protein solution (10 mg/ml) 1:1 with 200 mM (NSO, in H,O or 90% DO,
respectively, and adjusting the pH to 7.

NMR spectroscopy was carried out on Bruker-Avanddewbore instruments
operating at 400MHz, 500MHz and 600MHz proton Larrfrequency. For experiments
at 600MHz, a 4 mm and a 3.2 mm triple resonancéenmwere used to carry out
experiments at MAS frequencies in the range of &3 and 18-24 kHz respectively.
Experiments at 500MHz and 400MHz were conductedigu&.5mm and 4mm probe

respectively. In all experiments the sample tempegavas kept constant at 275K.

2.3 'H Detection in MAS ssNMR spectroscopy of proteinsmeploying Pulsed Field

Gradients for residual solvent suppression.

The proton detected ssNMR experiments were cardetl on a deutereted
uniformly N enriched sample od-SH3. Pulsed field gradients (PFG) were used for
water signal suppression. In contrast to solutitates where water molecules tumble
freely, they are tightly bound to the protein manystals in the solid state. Conventional
water suppression pulse sequence like presaturatidrbinomial excitation schemes [59]
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are impossible due to saturation transfer and toadd'H water resonance line. Figure
2.3.1 shows the pulse sequences that are employetie >N and'H detected'H-N

correlation experiments:

A) t, ¢1 B)
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Figure 2.3.1. A}*N detectedH-">N correlation experiment employing PMLG [24] foofsn-proton
dipolar decoupling in the indirect dimension. Comv@nal 4 step phase cycle has been ukgw,-x; f ,=y,
Y, -y, -y andf =X, -X, -X, X. B)'H detectedH-">N correlation experiment using PFG fos@®suppression.
A 16 step phase cycle is employed for optimum wsigpressiort.1=y,-y; f ,=2(y), 2(-y);f 5=4(x), 4(-X);

f 4=8(X), 8(-X);f rec=f 1+ +f 3+f 4. All 90° and 180° pulses are represented by opdrbéack bars

respectively. Gradient pulse is represented byesthaar.

Both experiments were recorded at a spinning fregueof 10 kHz and a
temperature of 275K. ConventionaN detected experiment was recorded using PMLG
[24] in the indirect evolution period to suppressidual proton-proton dipolar couplings
which can not be fully removed by moderate spinnamgl deuteration. The CP [30]
transfer time frontH to *®N was set to 16@s using a typical field of 60 kHz and 50 kHz
on the proton and the nitrogen channel, respegtivdter CP, TPPM [29] decoupling is
applied with rf power of 80kHz for efficient decdimy of protons. In théH detected
version of the experiment’N magnetization is stored along Z axis after the itidirect
evolution period for water suppression. A purgedgrat is applied to dephase residual
transverse water magnetization. Typically, singgpgldagradients are employed of 5 ms
duration and 30 G/cm of maximum strength. After kemansfer to'H, a Hahn-echo,
comprising two rotor periods, was implemented tmiglate baseline rolling due to probe
ring down. WALTZ-16 was applied on theN channel during detection to achieve
heteronuclear scalar decoupling, which is about M9 Recorded 2D spectra are
represented on the figure 2.3.2:
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Figure 2.3.2. Experiment&N A) and'H B) detectedH," N correlation spectra using the pulse sequence
displayed in Figure 2.3.1. For clarity, the 1H a#¢del spectrum is displayed mirror imaged. Specixeeh
been recorded at;B500 MHz of proton frequency, using a commerciéh®n double resonance probe
which has been equipped with a gradient coil. T8s#gament is based on ref. [47].

The 1D single excitation pulse experiment shows the water magnetization is
approximately a factor of 1000 larger with respeecthe protein N resonances as it is
shown in figure 2.3.3 A and B. Figure 2.3.3 C shawproton spectrum afterafilter
employing a double CP transfer without PFG puldeghase cycle of 128 scans results in
water signal suppression by a factor of 500. Howestll RG=32 has to be employed.
Combination of ax-filter and PFG allows to suppress the water signainsignificant
levels and remove artifacts #t.5 kHz from the water signal as it is shown inufig2.3.3
D. The receiver gain is increased to 1024.

Application of PMLG to achievéH,"H decoupling yields only moderate increase
in resolution. For example residue G51 has a lirdthnof 171 Hz and 268 Hz with and
without employing PMLG, respectively. The loss iensitivity associated with the
windowed proton-proton decoupling pulse sequen@5[ during detection therefore
outweighs the possible improvement in resolutiohe Tapparent resolution in tHé
dimension in the'H detected experiment is approximately a factor tinfes smaller
compared to the resolution that is achievable @'IN detected version using PMLG for
'H,'H homonuclear decoupling in the indirett dimension. Different intensities of
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certain cross-peaks can be attributed to tightlynidowater molecules in the protein
structure which lead to a differential dipolar hieaing of the individuaH amid
resonances in th#d-detected experiment.

The influence of PFG on the water signal suppressiehown in the figure 2.3.3:
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Figure 2.3.3'H-1D spectra for a deuterated 15N labedeS8H3 domain. A) and B) represent single
excitation pulse experiment at different scalingtda. The water magnetization is approximatelyadaof
1000 larger with respect to the HN resonanceseptiotein. The receiver gain (RG) has to be s82tdC)
x-filter experiment. The 1D version of the experithis represented in figure 2.3.1 B recorded wittibe
PFG pulses. The water signal is suppressed bytar 8@0 only after 128 step phase cycling. Howesil,
RG=32 has to be employed. D) Combination of ateifiand PFG allows to suppress the water sigrahto
insignificant level and remove artifactst4t.5 kHz from the water signal. The receiver gaiimiseased to

1024. For each experiment 128 scans have been atatechat a spinning frequency of 10 kHz.

This approach allows to obtain high resolution protietectedH-">N correlation
spectra, which have been reported for two smaltefme [38,48,51], where th# line
width of most resonances is typically on the orti&0-250 Hz. The limits of resolution
that can be obtained ifH-"N 2D NMR spectroscopy of isotopically enriched
nanocrystalline proteins were explored by Zilm ammvorkers [60]. Combinations of

frequency switched Lee-Goldburg (FSLG) decouplfiagi magic angle sample spinning,
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and isotopic dilution via deuteration are invesighas methods for narrowing the amide
'H resonances. The combination of these technicessts in*H lines width on the order
of 120-240 Hz at optimal conditions.

As it has been shown by others the resolution engioton dimension at direct
proton detection can be increased by applicatiohigiier spinning frequency, stronger
external magnetic fields [48,51] and lower protoensity [27,28,61] in proteins and
peptides. The most promising results in resoluliave been obtained by using high levels
of proton density dilution, which are describedhe next section.

2.4 Ultra-high resolution in proton solid-state NMR at high levels of deuteration.

Using high proton density dilution allows to getrexnely narrow proton lines on
the order of 17-35 Hz at moderate spinning freqiesnaithout homonuclear decoupling
[28]. A high degree of dilution was achieved inqmrterated®N enriched sample of the
SH3 domain from chickea-spectrin via backexchange of amide protons usiig:80
H,0:D,0 mixture.

The employed 2D pulse scheme using proton deteididlustrated in figure 2.4.1
A. Effective suppression of the dominant water neswe was achieved by modification
of the constant time (CT) experiment suggested bgyn ZAnd coworkers [51]. The
experiment starts with a 98M excitation pulse, followed by a ramped CP magaditin
transfer of 800nsec duration from protons to nitrogen. The desirethponent of°N
polarization is stored along the Z axis during galde delay {(-t:/2), which precedes and
follows the™N evolution period ¢ Two delays {-t:/2) are required to introduce a 180°
proton pulse ford decoupling in the indirect dimension keeping theeskment in a CT
fashion for efficient water suppression. The tatatation 2=t;ax IS kept constant. We
did not apply any heteronuclear decoupling schellkesTPPM or XiX in the indirect
dimension, since high proton density dilution coetely removes proton-proton dipolar
couplings and makes the spin system inhomogeniotisel sense of Maricqg and Waugh
[20]. In this system™N-'H heteronuclear dipolar couplings have a minouwierfice on the
>N line width if the spinning rate is comparablehigher than the size of the interaction.

The fixed delayt ., following the {max period, is optimized fofH water signal dephasing.
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During tw, >N magnetization is stored along the Z axis. Typicales for inaxandt,, in
our experiments are on the order of 30-50msec 8At6 msec, respectively. As it was
shown by Emsley and coworkers [8], the longitudiredxation time T of °N is on the
order of 7-20s, which allows to storéN magnetization along the Z axis without
significant losses within 170 msec. The back poidn transfer from°N to 'H is
accomplished using a second 8@kec ramped CPH magnetization is finally acquired
using the WALTZ-16"N decoupling scheme [51], which was found to bearefficient

in comparison to GARP and CW irradiation. The emgptb field strength on th&N
channel was set to 1.6 kHz.
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Figure 2.4.1. A) Pulse sequences employedHoand detecte®N-'H correlation experiments. B) Pulse

sequence employed f&iN detected®N-'H correlation experiments using PMLG-9 fét-"H decoupling.
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Figure 2.4.1 B represents the pulse sequence whigmployed for the™N
detected'H-">N HSQC spectra. PMLG-9 [24] fotH-'H decoupling in the indirect
dimension was employed with an 180° pulse on'thiechannel forJ decoupling in the
middle of . HomonuclearH-'H decoupling was performed using a proton RF fielfls
81 kHz. During"N detection, TPPM [29] proton decoupling was apblising a RF field
of 90 kHz.

'H resolution improvement in case of a highly protiilute protein sample has
been examined. ThéH-"N HSQC spectra were recorded usiftg detection for
sensitivity enhancement. As a reference to compas®n resolution, we recorded" 3N
detectedH->"N HSQC spectrum of perdeutere@&H3 employing PMLG in the indirect
dimension, which provides the best proton resatutiba magnetic field strength of 400-
600MHz and at a spinning frequencies of 8-13kHz.

Figure 2.4.2 shows the comparison of thd and *H detected'H-'*N HSQC
experiments for the normal ( Fig. 2.4.2 B, D) ahd dilute ( Fig. 2.4.2 A, C &a-SH3
sample. ThéH detected experiments were acquired using the MMBe sequence shown
in figure 2.4.1 A. The™N detected experiments were acquired using theepstieme
represented in figure 2.4.1 B. Figures 2.4.2 A &d.2 C show the'H detected
experiments for the dilute sample at 400MHz andMi@® proton Larmor frequency,
respectively. The spinning frequency was set toHEZ3Wwhich is the maximum available
for a commercially available 4mm rotor. For compani, the'°N detected spectra for the
normal sample are represented as well, in figu4e22B and figure 2.4.2 D. For clarity
figure 2.4.2 B and 2.4.2 D are represented mirmaged. In these experiments the
spinning frequency was adjusted to 10kHz. It wasashpreviously that the proton line
width is not sensitive to moderate changes in thiengng rate under homonuclear
decoupling sequences [25,62], if broadening comfitidue to interference between MAS
and the periodicity of the decoupling sequenceaaeded [25]. All spectra are apodized
with 5 Hz lorentzial line broadening in both dimems. Obviously, the resolution in the
proton dimension is clearly improved vyielding alfulesolved™N-'H HSQC spectrum of
the SH3 domain even at 400MHz external field. Thg@eements demonstrate the
advantages of high degrees of proton spin densityiah, leading to an ultimatéH

resolution enhancement, which was not availableasdespite many attempts to achieve
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'H line narrowing, such like homonuclear decouplargl the development of ultra high

speed MAS technology.
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Figure 2.4.2. A) and CH detected 2B°N-'H correlation experiments of the dilute sample rded at 400
MHz and 600 MHz instruments respectively, accordmgulse scheme represented on Fig. 2.3.1 A)r€igu
B) and D)"*N detected 2B°N-'H correlation experiments for the normal sampl®reed at 400 MHz and
600 MHz instruments respectively, according topghise scheme represented in figure 2.3.1 B). Adtsa
were apodized using 5 Hz lorentzial broadeningdthldimensions. The row on the top of spectrum
acquired on 600 MHz spectrometer represents a inabe'H dimension through the residue G51 with

corresponding line width.

Figure 2.4.3 represents thel line width as a function of the rotor period for

selected residues:
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Figure 2.4.3'H line width as a function of inverse spinning riteselected residues. Linear fit is made for
G51 and A56.

The line width was measured at half height for eaththe peaks. At first
approximation, the line width is proportional tetimverse spinning rate. Similar results
were obtained for adamantane [63] and polycarbof@te Of particular interest is an
investigation of protonated alanine which was stddembedded in a deuterated alanine
matrix [61]. All these results show that in thetfgginning regime the residual dipolar line
width is inversely proportional to the rotationaéduency. Rienstra and coworkers [61]
studied the slope of the line widths dependenctherspinning rate on the concentration
of unexchangeable protons in the sample. The s&pngly depends on the proton
density and varies from 6728 Hz/ms to 970 Hz/mmftbe highest to the lowest degree of
protonation. We found that the line widths is irsady proportional to the spinning rate as
well. The fitted lines for residues G51 and A56 éaalops of 80.8 Hz/ms and 144 Hz/ms,
respectively, what indicates that the achievedqgoratensity in our dilute sample is much
lower. In inhomogeneous spin systems, the line lwities not depend on the rotational

frequency if the later is comparable or higher th@nsize of the interactions, that is why
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non-zero slopes of the fitted lines manifest tipat $lamiltonian of the studied system has
a homogeneous nature [15] despite high proton teddution, which can not totally
suppressH-'H dipolar couplings. The fitted lines in figure Z3have not vanishing y-
intercepts, implying that even infinite MAS rateenaot remove all line broadening. This
could be explained by the inherent relaxation timethe sample heterogeneity, static
field inhomogeneities (ca. 7 Hz, based on’tHdine width of the water sample, used for
shimming of the probes). We attribute differencesthe line widths, y-intercepts and
slopes for the fitted lines to site to site vanatin T, relaxation time, local proton density,
sample inhomogenity. While tHel line width for the dilute sample is on the orgér5-

40 Hz, the line width of the normal sample underU@Vlamounts to 80-150 Hz, after
rescaling. The resolution in the proton dimens®therefore improved by a factor of 3-4
times. The™™N line width in both experiments is on the order26£30 Hz. In case of the
>N detected experiment PMLG and TPPM decouplingepstquences are applied for a
total duration of 40-50 msec during each scan. Timadiation results in significant
sample heating, which can reduce the life timehef $ample even under good cooling
conditions in case of short repetition delays [@B]addition, application of decoupling
pulse sequences decreases the achievable signabise ratio.'H detected NMR
experiments for the dilute sample do not requirg @coupling irradiation, making this
approach free of these disadvantages and reducipgrimental set up time. The
experimental scheme does not require rescalindgpefptoton chemical shift dimension,
which is a problem associated with application @iionuclear decoupling sequences.

'H line width improvement is achieved by dilutiontb& proton density by a factor
of 10. This results in a decrease of the Boltzmagmeatization in the same proportion and
increase the longitudinal relaxation time. These factors are partially compromised by
using *H detection for sensitivity enhancement and theld fH line narrowing, which
makes experiments reasonably short. To record aH2Betected spectrum we used 64
scans per FID with 3.8 hours of total experimetitak, acquisition time in the proton and
the nitrogen dimension was 120 ms and 26.4, mseotisply. The N detected
experiments for the normal sample require 0.6 lnd@xperimental time, 8 scans per FID
were used, acquisition time in the proton and tt@gen dimension was 17.2 ms and 40
ms, respectively. In both experiments we obtairgut@imately the same signal-to-noise
ratio, which is 10.4 and 12.3 for G51 projectiontfie proton dimension forN andH
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detected experiment respectively, while the amairthe dilute material packed in the
rotor was ca. 2 times less. Taking into account éxperimental time is proportional to
the amount of material in second power, we canmedé that our experimental approach
requires approximately 1.5 fold more time resultingexclusive proton resolution. The
relaxation rate Tfor the bulk’H signal was found to be equal to 0.98 s and 168 the
normal and the dilute sample, respectively.

Figure 2.4.4 represents the experimental datehfoiH T; measurements:
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Figure 2.4.4. Inversion recovery data farbulk signal of the dilute and non dilute samflee data were fit

using the function M(t)=M¢)+(M(0)-M(¥))- exp(-t/Ty).

The diluted sample has an unexpectedly short retaxdaime T;, allowing a
recycle delay of 2.2 s, while for the normal sanmgkepetition delay of 2.3 s was used for
dissipation of heat and to avoid sample degradation

A systematic study of the proton line width in dgiolids as a function of spinning
speed and proton density, with the latter contdolley the ratio of protonated and
perdeuterated model compounds was carried out bps®a and coworkers [61]. The
obtained line width for the lowest proton concetdra of 5% in their model compound

was on the order on 80 Hz, which is higher thathépresented experiments.
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2.5 Conclusion.

It was demonstrated that moderate and high dilutibthe proton spin density
allows inverse'H detection in ssNMR of proteins without any windsvproton-proton
dipolar decoupling sequences. High degree of datiber in a small protein allows to
achieve extremely narrow proton resonance linethénrange of 17-35 Hz at moderate
spinning frequencies. To our knowledge, this isriest narrow proton line width which
has been reported for ssSNMR experiments so farroMamproton lines allow high
resolution*H detected experiments at moderate magnetic fteléshance sensitivity. The
short longitudinal relaxation rate of amide protakow a fast repetition rate in the
experiments and therefore reasonably short expataheme. The labeling scheme opens
perspectives in high resolutidH detected spectroscopy for larger biological syste
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3 Chapter. Transverse relaxation optimized spectrpgado MAS solid-
state NMR of proteins.

3.1 Introduction.

Differential line broadening [39,66] dfN, **C, *H lines in doublets, determined
by scalar couplings, is originated from interfererad chemical shift anisotropy (CSA)
and heteronuclear dipole-dipolar coupling at refi@xain proteins. Solution state NMR of
biological macromolecules, after introducing tragrse relaxation-optimized spectroscopy
(TOSY) by Wiathrich and coworkers in 1991 [39], madgreat progress towards studies
of very larger proteins due to dramatically resolutimprovamants. As it has been shown
in the original work spherical protein of 150 kD&es at external magnetic field
corresponding to 750 MHz dH Larmor frequency has 5 and 60 Hz line widths for
doublet peaks of°N scalar coupled tdH. These difference is due to the fact, that
relaxation of sharp multiplet component is deteedirby mutually canceled CSA and
heteronuclear dipole-dipolar coupling, while brdime is relaxing due to the sum of these
two interactions. Conventiondldecoupling techniques average odtHf spin states and
result in 33 Hz line width, while TROSY type techue select only sharp component and
benefit about 7 times in resolution’fiN dimension.

Characterization of dynamic processes in biologicatromolecules is still mostly
a domain of solution state NMR spectroscopy. Howealso the solid state bears a great
potential for the study of these processes [7,8,8@]far, it is not very well understood
why the spectra of a few amyloidogenic peptidesnembrane proteins are characterized
by very broad resonance lines [68,69,70], wherdaars display a very favorable spectral
quality [41,71,72,73]. The assumption that dynamiocesses are the origin of these
detrimental properties is corroborated by studidsclv demonstrate that molecules in an
amyloid fibril can undergo chemical exchange betwaeonformation associated with an
amyloid fibril and a soluble molecule [74,75]. Slani as in solution-state NMR

spectroscopy, dynamic processes result in averagintpe H/H® proton spin-state in
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standard 'H decoupled solid-state  NMR experiments, with alie t detrimental
consequences to the spectra that are observedlutioeestate NMR for very large
proteins. On the other hand, interference betwdféerenht relaxation mechanisms can be
employed to manipulate the relaxation propertiesa afertain spin. These effects were
explored with great success by Wuthrich and co-exzland resulted in the development
of the TROSY technique [39,76,77,78,79].

Study of dynamic processes in the solid state foaridt of attention recently
[7,8,80], as the measured experimental parameter 8N T., T, H quadrupolar
coupling) is only dependent on local motional pagters and is not coupled to the global
reorientation timefc of the molecule as in solution state NMR. In orterinvestigate
which influence protein dynamics have on the resmiuin MAS solid state NMR spectral
line shapes, we perform experiments on a microallyg¢ sample of the chickea-
spectrin SH3 domain. The X-ray structural modeltlid SH3 domain of chickea-
spectrin at room temperature shows the high flé#gbof D62, resulting in a larger
variation of the spatial anglé&/that the N-H bond vector adopts with respect ® th
external magnetic field [81]. These motion generdime dependent fluctuations of the
local magnetic field induced by variations of theemical shift anisotropy (CSA) of the
nitrogen nucleus and thEN-'H dipole-dipolar coupling (DD), which would resuit
differential transversal relaxation of the nitrogeragnetization due to CSA/DD cross
correlated relaxation, which we focus for in owdsés presented in this chapter.

Recent developments in sample preparation, alloWsesolution of'H-*N scalar
coupling for proton and nitrogen lines by MAS sdichte NMR spectroscopy [28]. These
high resolution spectra were used to elucidateftial line broadening N doublets.
Due to long transversal relaxation times f and N, INEPT (insensitive nuclei
enhanced by polarization transfer), which is widead solution state NMR technique,
was employed to record HSQC and HMQC correlatioacsp to compare with CP
magnetization transfer, which is the base for loetieclear correlation experiments in
modern solid state NMR. Spin state selection, basetNEPT polarization transfer step,
was applied to select narrow component of'fiNespectrum in order to increase apparent

resolution.
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3.2 Experimental section.

All solid state MAS NMR spectra have been obtaimed SH3 domain from
chickena-spectrin at extremely high level of deuteratioB][Detailed description of the
sample preparation is given in Chapter 2 and R&H]. [The prepared protein has been
packed into 3.2 mm rotor in amounts ca. 10 mg.

The sample preparation was done by Kristina Rehdn@ihDr. Anne Diehl.

NMR spectroscopy was carried out on Bruker-Avantg&trument operating at
600MHz proton Larmor frequency equipped with comerar3.2 mm double resonance
probes. Typical line width fotH and*>N signals obtained in such experiments are 20-30
Hz and 8-16 Hz respectively at spinning frequenic¥®kHz and 24 kHz. No rf power is
needed for hetero- and homonuclear decoupling isbamopical dipolar couplings. Proton
detection schemes [28,38,51] were employed to aetigh sensitivity.

Experimental pulse sequences to study resolutieh samsitivity aspects of two
dimensional™H->N correlations at differentH-"N polarization transfer methods are
plotted in Figure 3.2.1. Figure 3.2.1 A represéhts°N correlation experiment, when CP
is employed to correlate proton and nitrogen nuclEae pulse sequence was described in
details in Chapter 2 and Ref [28]. HSQC (heterogaickingle quantum coherence) and
HMQC (heteronuclear multiple quantum coherencEH)"N correlation experiments
employing scalar coupling for heteronuclear maga¢ion transfer are depicted in Figure
3.2.1 B and C respectively. These experiments \@ieetly adopted from solution state
NMR, where they play key role for heteronuclearrel@tion spectroscopy. In these
schemes open and black bars represent 90° and [86&s respectively. RF fields
strength of the pulses were 60 kHz for proton a@dkBz for nitrogen channel in all
represented experiments. Typical RF field strerigttCP are 55 kHz for th&H channel,
while N channel was adopting values lower by spinningjfemcy than on proton
channel. In the experiments represented in Figu2el3B and C, for optimatH-**N
coherence transfer timg was optimized experimentally, and proved to beseltm the
theoretical optimum equal to Ji. For scalatH-""N decoupling'H 180° pulse was used
in the indirect dimension, while in the direct dimséon*H magnetization was acquired

using the WALTZ-16"N decoupling scheme, with applied field strengtt2&Hz on the
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>N channel. For optimal water suppression consiarg experiment was used in HSQC

experiment based on CP and INEPT polarization teans
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Figure 3.2.1'H,"N correlation pulse sequences. A) Heteronuclearjzaition transfer is achieved by CP
step. B) INEPT technique is employed to correlaitegn and nitrogen nuclear. phase cycling;isx,-x;
f,=2(x), 2(-X);f 3=4(y) andf receivem2(X, -X, -X, X). C) HMQC'H,™N correlation spectra, using INEPT for
heteronuclear magnetization transfer with emplgyeaise cycling i$,=x,-x; f ,=8(x), 8(-X);f 3=2(x), 2(y),
2(-x), 2(-y) and receiver2(X, -X, -X, X), 2(-X, X, X, -X).

Narrow component of’N doublet can be selected to increase appareniutieso

in the indirect dimension by employing spin statelestive excitation (S3E)
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techniques[82]. Pulse sequence, based on an IPAPhése anti-phase) [83,84] approach

tin XI tin‘ IL> (a) n A

in illustrated in Figure 3.2.2:
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Figure 3.2.2. Figure 3.2.2. IPAP pulse sequenc&ffii® and*>NHP spin-state-selection. Open and black
bars represent 90° and 180° with 60 and 50 kHngtheon proton and nitrogen channel respectivete T
in-phase spectrum is obtained adjusting the detafiier = t, and&=0, while phase cycling wdg=x,-x;
f,=2(x), 2(-X) and (eceive (X, -X, -X, X). The spectrum of the anti-phasensgiate was recorded using delays
in filter g=t;,/2 ande= t,,/2, while phase cycling wdg=x,-X; f ,=2(-y), 2(y) and eceiver (-X, X, X, -X). The
resulting spectra are schematically given nextuls@sequence denoted as (a) and (b) for in- atidpdrase
spin state correspondingly. Their sum and diffeesyield the down- and upfield component of the 15N

doublet, respectively.

3.3 Experimental results.

High deuteration degree of the protein allows teambultra-high resolutioriH-
>N correlation spectra in MAS solid-state NMR [27,28he achievedH and*N line
width is, respectively, on the order of 17-35 Hzda®&20 Hz for MAS spinning
frequencies in the range of 8-24 kHz . This appnoanables'H detected 2D'H,™N
correlation spectroscopy without homo- and hetectmar dipolar decoupling. At the
same time’H,"®N scalar couplings can be easily base line resdlveither the direct or

indirect evolution period of a multidimensional NMRperiment.

56



Figure 3.3.1. A) 20H,N correlation spectra recorded at different MASation frequencies. All spectra
were recorded at an external magnetic field stfengfl4.1 T (corresponding to'H Larmor frequency of
600 MHz). Each signal is split into a doublet dagtte’Jy scalar coupling. B) 1D traces through selected

correlation signals along ttel (top) and thé°N dimension (bottom).

Acquistion of*H,"N correlation spectra without application of heteriear scalar
decoupling results in TROSY type spectra as reptedan Figure 3.3.1. Each correlation
peak is split into a doublet in either the as well as in th&N dimension due to evolution
of the*Juy scalar coupling. As in TROSY, the intensities lé tndividual components of
the multiplet pattern are not equal. In contrassdtution-state NMR, however, where the
size of effect is determined only by the reorieptatime ¢c of the molecule in solution,
two effects are superimposed in the case of stditk ?NMR samples:

1) Static interference of th&N CSA and'H-N dipolar tensors. Both
interactions act simultaneoulsy on tfil nucleus.

2) Dynamic interference due toN/*H->N cross-correlated relaxation.
The presence of backbone dynamics in the soli@-$tas been observed in a number of
studies [8,67,85].

57



Static interference effects are well documentedgahd-state NMR experiments
[86,87,88,89,90,91]. If scalar couplings are resdlin the solid-state, the two resonances
originating from the B and H spin state in th&N spectrum are associated with different
anisotropies: The upfield and downfield componenthie nitrogen dimension are related
to approximately the sum and difference anisotropyhe >N CSA and**N-'H dipolar
interaction, respectively. As the interaction Haarilan of the™N spin can be considered
to be purely inhomogeneous in the sense of Manh\Waugh [15], no MAS frequency
dependence of the line widths is expected for taécscase. The intensities of the N'H
multiplet components are therefore only dependenthe MAS rotation frequency, as at
larger MAS frequencies the total signal intensisy ot distributed any longer over
multiple rotational spinning side bands. A morertugh consideration is given in Figure
3.3.2 in order to outline the physical basis of éffect. It is obvious that variations in the
size and orientation of theN CSA as well as th&N-'H dipolar tensor will change the
relative *®N-H?? multiplet intensity ratio at a given MAS rotatidrequency. This effect
is, however, negligible assuming the variation efisor parameters which have been
experimentally determined so fdPN CSA value are well documented by a number of
solution and solid state NMR works [92,93,94] anudegfor Ds=s-s ~=17C8 ppm,
s,=10@+5 ppm.*>N-'H bond which collinear witH°®N-'H heteronuclear dipolar coupling
tensor has 20-25° tilting angle relatively prindipais Z of the CSA tensor. In addition to
the static effect which is based on the chemicapgrties of an individual amino acid,
only dynamics can then contribute to a differenfiae width for N-H'° multiplet
components. We simulated, using SIMPSON packagé (@put files are given in
Appendix 1.1), the ratio between up- and downfietinponents of°N multiplet as a
function of the principial values, and asymmetry parameterof the’>N CSA tensor as
well as its orientation relatively®N-'H dipolar tensor. Isolated®™N-'H spin pair was

considered in tne simulations. The results aresssprted as contour plots in Figure 3.3.2:
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Figure 3.3.2. A) Simulation of the NWNH? intensity ratio of the nitrogen signal as a fuatof the reduced
anisotropys, and the asymmetry paramekeat a MAS frequency of 10 kHz (the angle is keptstant atb
=90 ppm). In both simulation, an external magnfiic of 14.1 T is assumed, corresponding tela
Larmor frequency of 600 MHz arfdN-'H dipolar coupling is 10828 Hz. B) Simulation o&tNH/NH?”
intensity ratio of the nitrogen signal as functafrthe reduced anisotrops; and the Euler anglé at a MAS

frequency of 10 kHz (the asymmetry is kept conséht=0.2).

The simulations show that the line width of bt lines in the doublet are equal
and the presented ratio is valid for amplitude amdgral values of the peaks. These
simulations allows to extract the principial valsig of >N CSA tensor and the angle b
between it and HN bond utilizing experiments afedént external magnetic fields. This
approach can be good alternative to single crygstaleasurements, recoupling pulse
sequences [96] and sideband analysis at slow sjrj@i7]. The asymmetry parameter
does not influence the ratio, and practically notessible, as well as by ROCSA and
sideband analysis. In order to extract these pammeaccurately, high precision
measurements have to be carried out.

A major concern in the experiments is the propgusichent of the magic angle.
Missetting of this angle reintroduces anisotropmtefactions and yields a dramatic
deterioration of the line shape and width, esphciaf the broad component of the

spectrum. This effect is illustrated in the Fig8r8.3:
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Figure 3.3.3. TheoreticaIN spectrum assuming a chemical shift anisotropy0f ppm and a dipolar and
scalar coupling to a directly bonded proton of Hxland -95 Hz, respectively, and an external magnet
field of 600 MHz. Simulations are shown for a MA&ation frequency of 10 kHz (red) and 24 kHz (black
The simulation is carried out for three differeatues for the Euler angk&- which describes the angle

between the principal axes of the rotor fixed fraand the laboratory coordinate system. Missettinh®
"magic angle" ¢"* = p™ = arctar(\/_z) » 54.7356) reintroduces the sum and difference anisotropyte

upfield and downfield component in the spectrurspeetively.

The influence on the magic angle missettings in ghesented simulations are
largely exaggerated compared to the achieved acgurathe experimental setup. A
magic angle missettings of 0.0206° and 0.011° tesw differential line width of 6 and
1.5 Hz respectivelly. The minimum differential limgdth observed in our experiments
amounts to 1 Hz which would be highest possible lmoadening due to magic angle
miscalibration.

Static interference effects are usually not obskivesolution-state NMR, since

they are averaged to zero due to the tumbling efrtiolecule in solution. However, a
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second order dynamic interference effect whichdsel on dipolar and chemical shift
anisotropy relaxation interference still influendbe spectra. This effect is the physical
basis of TROSY [39] and cross-correlated relaxaégperiments [98,99]. The size of the

*N,*N-'H cross-correlated relaxation ra@>"*°be expressed as [66]:
G0 = d e[43,(0) 3, ] R(cow)

d= Sah o
2erN
c=(gyBy(s,- 5.))° wx(Ds)

where gyromagnetic ratios dfN and'H are denoted agy and g respectively,h is

W (33.

Planck’s constant andyy is the effective®N-'H distance. The Larmor frequency BN
and'H is represented by and u respectively. The frequency of dipole-dipolar prot
nitrogen coupling is denoted byyn. The principal values dPN CSA tensor are given
by s||=s; ands~=sy = s,. The tensor can be assumed axially symmetric [99].

It is found experimentally thay adopts values on the order of 20-25° [92,93]. For
an isotropic motional model without internal motidhe spectral density functialin) is
given as)(W)=td/(1+w#tc). In addition to the size and relative orientatadrthe CSA and
dipolar tensors, the cross-correlated relaxatioe isatherefore directly proportional to the
size of the molecular correlation tinde. Assuming that there is significant dynamics of
the protein backbone in the solid-state, the ratithe *°N-H?/H® multiplet intensities will
be affected. In the solid-sate, the exact sizénefexpected effect for an individual amide
site is governed by the corresponding spectral iferfanction implicated in the
underlying motional model. Importantly, motions oo@ng on time scales which are fast
compared to the rotor revolution will not dependtio® MAS rotation frequency.

In general, we observe larger effects'ftt compared tdH. We speculate that the
limited resolution in théH dimension is due to residufl,'H dipolar couplings even at
these very high degrees of deuteration employedisnstudy. This is corroborated by the
MAS spinning frequency dependence of thiline width as reported earlier [28]. In the
following, we focus therefore on the analysis obss-correlated relaxation in tHeN

dimension. We expect, however, that similar effexssdescribed now fofN will be
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observable fotH as higher MAS rotation frequencies (> 30 kHz)dree available in the
future.

In order to identify motional properties as the reeuof the effect, we recorded
temperature dependettt,”®N correlation spectra withodH decoupling in the indirect
>N dimension. The'®™N dimension of aH coupled®H,"™N correlation experiment for
correlation signals resulting from the amid moiefyL61 and D62 recorded at different

temperatures is represented in Figure 3.3.4:

Figure 3.3.4. 1D columns along th&l dimension in &H coupled*H,**N correlation experiment in the
solid-state for different temperatures. The MASjfrency was set to 13 kHz. The effective temperatase
well as the line width (FWHM) of each resonancmdicated in the figure. Only at increased tempees,
the upfield component for the correlation signathaf amid of D62 is visible in the spectrum. Speectr
recorded at all temperature are reproduced aftétipleuheating and cooling cycles. Pulse sequence

depicted in Figure 3.2.1 A was used to record ticeseelations.

Clearly, the experimental differential N2#H® intensity is temperature dependent,
and must therefore be due to local dynamics asexgblerimental parameters which
influence the static properties of the effect (lig. the MAS frequency and angle) are
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kept constant. In addition, we observe variationghe relaxation behaviour for different

residues in the protein [81] indicating that indémchl motional effects are detected.

Figure 3.3.5. 1D columns along th&l dimension intH,*N correlation experiments (HSQC: Heteronuclear
Single Quantum Correlation; IPAR-Phase Ati-Phase) in the solid-state. For the spectra showimeatbp
and the bottom of the figure, the effective tempemwas set to 10°C and 24°C, respectively. TheSMA
frequency was adjusted to 24 kHz in both caseslimbevidth (FWHM) of each resonance is indicated i
the figure. Experimental details on the employeldg@gequences are provided as part of the supgortin

information.

The upfield component of D62 is broadened beyonteatien in the N
dimension for temperartures below 17°C. This resitherefore constitutes a typical case

for which TROSY type techniques should be bendficiarder to increase the resolution
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and sensitivity in the NMR spectra. The size oflthe width of the'H scalar decoupled
'H,>N correlation spectrum adopts approximately theaye value of the line width of
the upfield and downfield component. The apparesolution in thé°N dimension can be
increased, if we select only the narrow componérnhe® spectrum. This can be achieved
by application of spin state selective excitati8BK) techniques [82]. Spin-state selective
experiments have recently been successfully appli¢de solid-state in order to achieve
homonuclear scalar decoupling in uniformf enriched peptides and proteins [91,100].
In particular, we recorded an IPAP,"N correlation experiment [83,84] in which in-
phase and anti-phase correlation signals are aaltbdubtracted in order to yield only the
upfield or downfield component of the doublet. Ttesults of these experiments for
residues D62 and A55 as 1D columnsf dimension are represented in Figure 3.3.5.

The pulse scheme for the IPAP experiment is ilatett in Figure 3.2.2 and details
on the experimental setup and NMR parameters asngn the Experimental section. For
comparison, results of HSQC measurements with dtibut *H-'>N scalar decoupling in
the indirect dimension are represented in the &égas well. These experiments were
performed according to pulse sequence depictedguré3.2.1 B. Two effective sample
temperature of 10 °C and 24 °C were studied toiddie efficiency of introduced
technique at different motional regimes, controbydemperature variations.

Smaller, but still significant effects are observdédhe temperature of the sample
is raised to 24°C. Our experiments show that the Width of*°N can be strongly affected
by backbone motion, induced only by moderate teatpez changes. The dynamic
properties of other biomolecules like and membrnarzeeins and fibrillar aggregates are
likely to be different, but might result in undetaisle broadening of théN resonances if
standard solid state NMR experiments are employée. effective resolution can then
only be increased by application of TROSY type teghes highly deuterated
biomolecules.

In order to quantitate the motional contributionthe intensities, we determined
the differential®>NH*® multiplet intensities as an empirical function tbe MAS rotor
periodicity £,. Summarize all above mentioned effects which doutie to the ratio of the

1®NH?® multiplet intensities we express the function guEtion 3.3.2:
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I(NH™) N,NH) 1 RL) 1 A
= A(sN,b )[—x + B(b )z‘_Y + C(z‘c) (3.3.:
r r

| (NHF)

The pre-factoA comprises all terms related to the static valdg¢leanisotropys
as well as, théH->N dipole and the anglé between the principal axes of the two
anisotropies. It has been shown that the diffeaéntitensity is independent of the
asymmetry parameter of the >N CSA (see Figure 3.3.9 R is a correction term which
takes into account a possible misadjustment ofrtagic angleC describes the dynamic
contribution and is independent of the MAS rotaticeguency. We can fiX = 2.4, andA
= 4.0 and 4.8 for &N chemical shift anisotropy of 80 and 120 ppm, eesipely. By
simulation, we find that magic angle miscalibratioduces an offset to the ratio of the
®NH?® multiplet intensities (withY  0). This constant offset is on the order of 5%
assuming a magic angle misadjustment of 0.009°th&t same time, this particular
missetting results in a differential line width tbie **NH*® multiplet component of 1 Hz.
This is the approximate minimum differential lineidih that we observe at high
temperatures and fast spinning (24 kHz). We carefbee exclude miscalibration of the
magic angle as a potential source of the obserdfgtte In addition, magic angle
missetting would yield the same effect on the rpldti intensities for all residues in the
protein. We observe, however, large variationglftierent amino acids in the protein.

Figure 3.3.6 summarizes simulations and experinelatia for selected residues.
Care was taken in order to compensate for heatfegte which are caused by friction due
to sample spinning [81]. Simulations in which thegle between the rotor spinning axis
and the external magnetic field is systematicadlsiad (exact magic angle and mis-setting
of of 0.009°) are represented as black and red lirespectively. Even at this relatively
large deviation from the ideal condition, the expental data are not reproduced very
well. A MAS frequency independent offset can onéydxplained taking motional effects

into account.
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Figure 3.3.6. Experimental and simulated ratichef-tNH*® multiplet intensities as a function of the MAS
frequency. The experimental data is compensateldating effects due to friction induced by MASEeTh
effective temperature in all experiments was adpisd 10 °C. Spectra were recorded at an external
magnetic field strengtBy, = 14.1 T. Variation of the reduced anisotrapys indicated grey. In the
simulation, the angle between the principal axethefdipolar and the CSA interaction tensors wasose

20°. Missetting of the magic angle (resulting idifferential line width of 1 Hz) is indicated inde
bvA :arctar(x/_a » 54.735€, Motional effects result in a constant offsettd NH"? intensity ratio

independent of the MAS rotation frequency (représegas blue line e.g. for the residue D62).

Line width for up- and downfield®N multiplets has been studded for different
type of *H-*N correlation experiments at different experimergahditions to explore
achievable limits of resolution for the introducgaimple preparation. This information is
also important to estimate gain in resolution apligation of TROSY technique in
comparison with experiments employirftgl-'°N scalar decoupling. Three 2H-N
correlation spectra were recorded with acquisitiore of 92 msec if°N dimension. Two
experiments at spinning frequency of 24 kHz ankH3 and sample respective effective

temperature of 24 °C and 10 °C were obtained uSi@ccording to the pulse sequence
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Figure 3.3.7. Line widths for up- and downfield quonents of highly deuterated SH3. Pulse schemigeof t
experiments employ CP magnetization transfer aniflustrated in details in Figure 3.2.1 A. A) Spiing
frequency is 24 kHz and sample temperature is 28jGpinning frequency is 13 kHz and sample

temperature is 10 °C.
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depicted in Figure 3.2.1 A. In this experiment ialitvalue of the density matrix is
represented by operatog.NExtracted line widths are given in Figure 3.3.7.

Another experiment was recorded employing the pstdeeme, based on INEPT
and which is depicted in Figure 3.2.2 B. Spinninggtiency was 24 kHz and sample
temperature was 24 °C. In the indirect evolutionguedensity matrix at initial point is
given by operator HNy. Line width obtained in this experiment are reprdsed in Figure
3.3.8:

Figure 3.3.8. Line widths for up- and downfield qunents of highly deuterated SH3. Pulse schemigeof t
experiments employ CP magnetization transfer anilustrated in details in Figure 3.2.1 B. Spirgqin

frequency is 24 kHz and sample temperature is 24 °C

All the experiments show the same range of the Vundths, which states that
spinning frequency, sample temperature and evolgergsity matrix operator do not have
principal influence on obtained resolution, excephighly mobile residues like L8 and
D62. Small variations could originate not only fraonsidered reasons, but also from
temperature unstability of the sample for experiteemploying two CP transfer step of
0.8 ms each. Isotropic chemical shift of proteignsis in a'H-'>N 2D correlation
experiment depends, in general, on sample temperalle recorded a series 2D spectra
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at 13 kHz spinning frequency, employing pulse saheepicted in Figure 3.2.1 A at 4 °C,
10 °C, 17 °C and 24 °C. Superposition of two 2Dcserecorded at 4 °C and 24 °C is
presented in Figure 3.3.9:

Figure 3.3.9'H-"N correlation of SH3 recorded at 24 °C (black) &rftC (red).

Spectra recorded at 10 °C and 17 °C show interrteedi@emical shifts between
presented two correlations and not shown. We cartle many residues show chemical
shift changes, comparable with line width, in bdilmensions. These effect originates
from temperature dependent processes like wateeiprproton exchange, conformational
exchange as well as changing of nuclear chemicat@mment due to different motional
character of backbone. All high power pulses, (622, homo- and heteronuclear
decoupling sequences) heat up the sample and tetupeEs increase can achieve 40 °C
[65,101]. In course of these experiments protemmpierature is not stable and adopts large
range of values resulting in detection of the cloaishift averaged over all temperatures.
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Figure 3.3.10. Intensities’ ratio in different tyj-">N 2D spectra. Ratio INEPT/HMQC (black) represents
comparison of amplitudes obtained in HSQC expertmeeorded employing INEPT as heteronuclear
magnetization transfer step (Figure 3.2.1 B) tolaoges from HMQC experiment (Figure 3.2.1 C). Rati
CP/HMQC (red) represents comparison of amplitudeained in HSQC recorded employing CP as
heteronuclear magnetization transfer step (Figlzel 3\) to HMQC (Figure 3.2.1 C). A) and B) llluate
results at different scales.
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These spectra directly manifest additional advantzchigh deuteration scheme to
achieve optimal resolution.

We also performed comparative studies of all patsuences illustrated in Figure
3.2.1 to find optimum of sensitivity in these expeents. Scalar decoupled spectra were
recorded at spinning frequency of 24 kHz and eiffectkample temperature 24 °C. The
ratio of the peaks’ intensity is given by Figur8.30.

Studies of efficiency of INEPT as heteronuclearapahtion transfer element,
made ontH bulk signal, shows that its efficiency stronghgieases at increasing spinning
frequency and sample’s temperature. For theseeraferexperiments we took maximum
available for commercial equipment rotation frequeand highest possible temperature
of the protein to keep it stable. Inspection of tasults in Figure 3.3.10 shows thet**N
scalar coupling is significantly more efficient théeteronuclear dipolar interaction for
polarization transfer. These experiments also givaitative information about the degree
of residue mobility [7]. Peaks which have low “Ra@P/INEPT” belong to atoms located
in highly mobile regions.

In conclusion, we have shown that dynamics in te@mtimescale can indeed
induce significant line broadening &N resonances in solid-state NMR experiments in
solid-state samples. Averaging BN-H*® multiplet components due 4 decoupling
induces an effective relaxation of thEN coherence. In the absence of static
conformational heterogeneity, high resolution sslidte NMR spectra can only be
recorded by application of TROSY type techniquegtviselect the narrow component of
the multiplet pattern. We speculate that this effgevented so far the NMR spectroscopic
characterization of many membrane proteins andllébraggregates. Only in very
favorable cases in which dynamics are either of wenall amplitude or very fast (ps),
high resolution spectra can be obtained. We expettthis approach which requires high
levels of deuteration will have a significant impaa the rate and quality by which NMR
spectroscopic investigations will emerge in theifat

We found as well that these labeling scheme givespectives not only in

resolution improvement, but in sensitivity enhaneeatn
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4 Chapter. Quantitative analysis of backbone dynammegicrocrystalline
sample of the SH3 domain &fspectrin by MAS solid-state NMR.

4.1 Introduction.

Biological functionality of proteins is determinetby structure-dynamics
relationship. The internal protein motions are oamsble for such processes as ligand
binding, catalysis, folding, ions and water transfetc. [102,103 Massi, 2005
#132,104,105,106]. Liquid state NMR has been prowedbe well suited technique to
probe the internal and overall proteins dynamid¥/[1For last decades it has collected
enormous body of information about motion at défertime scales and amplitude ranges
[108,109,110]. Many protocols have been establigbechallenge this key properties of
proteins.

Solid state NMR has advantages in studding of nutdecflexibility, since the
overall tumbling in solid state is absent and do@&scontribute to relaxation processes. In
such systems internal motion can directly manifesglf not being hidden by global
molecular reorientation. Solid state NMR enablesstody amorphous and unsoluble
systems and probe their motional properties.

For motional studies in solid state systems mamyaaches have been developed
in the past, like line shape analysis of CSA anddgupolar couplings of deuterium, as
well as relaxation measurements have been don&l[14,12,113]. Several experiments in
the past have been performed on solid state psowiploying these techniques &rid
longitudinal relaxation experiments [114,115]. Tdesxperiments, however, due to
limited resolution and signal-to-noise ratio do rmbvide widespread multiple site-
specific picture of dynamics information, which vidghow variation of correlation time
and motional amplitude from one part of the molecid another, and give only rough
estimation of motional character in solid statet@ires.

Rapid progress in sSsSNMR methods like microcrystallsample preparation [42]

and decoupling pulse sequences [29], made possiiniglete assignment of proteins in
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solid state [42,116,117,118,119,120,121]. Thesbknigaes provide with perspectives to
obtain knowledge about many site-specific motigraiameters. A number of works have
been made recently to characterize dynamical ptiegsem solid proteins. Extensive
studies of*°N longitudinal relaxation have been used to deteenmotional properties of

backbone in Chr protein by Emsley and coworkergguexplicit average sum (EAS)

formalism [8,85,122]. Deuterium quadrupolar cougéinand relaxation properties have
been used by Reif and coworkers to characterizzechdin dynamics [7,80,123]. Motional
averaging of'H-""N and*H-"*C dipolar couplings have been measured [94,124,i®5]
determine order parameters in solid state proteRecently, differential transversal
relaxation times have been employed to obtain matiinformation about backbone in
SH3 [67].

In this chapter we present studies of backbone rdiged properties of
microcrystalline sample of the SH3 domain afspectrin by MAS solid-state NMR.
Extremely high level of deuteration of theN labeled protein [28] was used to obtain a
variety of high quality experimental data. The dymas were probed by measurement of
the >N longitudinal [67] and transversal relaxation [6@tes at different external
magnetic fields. Motional averagedN-'H dipolar couplings have been obtained in
studies of ®N-'H cross-polarization (CP) dynamics [31] to quantifgneral order
parameter of motion. A vast set of the experimemiala allows to employ many
parametrical model-free approach introduced by fi.ipad Szabo [110] and extended by
Croneberg and coworkers [126] for the data integpi@n. Obtained fast and slow
correlation times as well as fast and slow orderamp&ters show high variation of

backbone flexibility, as it has been shown eafBeB5].

4.2 Experimental section.

Longitudinal and transversal relaxation data ad a®lreduced dipolar couplings
have been obtained on SH3 domain from chickespectrin at extremely high level of
deuteration [28]°N labeled perdeuterated SH3 protein has been e$ah/10:90 HO-
D,O mixture to reduce proton density to very low lenasulting in ultrahigh resolution in

2D N-'H correlation spectra. Detailed description of $aenple preparation is given in
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Chapter 2 and Ref. [28]. The prepared protein e tpacked into 3.2 mm and 4 mm
rotors in amounts ca. 10 mg each. Only experimetdéd obtained on high deuterated
samples were used for the motional analysis.

Fully protonateda-SH3 protein has been prepared according to théoqob
described in Ref. [42]. The longitudinal relaxatiexperiments conducted on this sample
were used to elucidate influence BN->N proton driven spin diffusion (PDSD) on
apparent™N longitudinal relaxation times [122]. These datarev not considered in
theoretical analysis of dynamical properties ofph&ein backbone.

The samples preparation was done by Kristina Rehdo&il Dr. Anne Diehl.

NMR spectroscopy was carried out on Bruker-Avantg#ruments operating at
600MHz and 900MHz proton Larmor frequency equipp&tt 4 mm and 3.2 mm double
resonance probes. All experimental pulse sequesreebased on proton detected D
>N correlation experiments introduced in ChapteFigure 2.4.1 A, with incorporated
elements to measure physical property of interEgpical line width for'H and N
signals obtained in such experiments are 20-301dz816 Hz respectively at spinning
frequency of 13 kHz and 24 kHz. No rf power is rembdor hetero- and homonuclear
decoupling of anisotropical dipolar couplings. Brotdetection scheme [28,38,51] was
employed to achieve high sensitivity.

Longitudinal relaxation time (J has been measured at two external magnetic
fields, corresponding to 600 MHz and 900 MHz protanmor frequency, using the 4 mm
probe. In both experiments the probe temperatusesgato 275.0 K, which corresponds
to an effective sample temperature of 285.0 K. Spipfrequency was adjusted to 13 kHz
to avoid the sample degradation in course of lagrgntexperiments. The employed
experimental pulse sequence is given in Figurel4.2.

Effective suppression of the dominant water resoeamvas achieved by
modification of the constant time (CT) experimemggested by Zilm and coworkers [51].
The experiment starts with a 90H excitation pulse, followed by a ramped CP
magnetization transfer of 8@&ec duration from protons to nitrogen. After thé pQlse,
the N polarization is stored along the Z-axis duringvariable delayDT, when
longitudinal **N polarization is allowed to relax. A variable del@-t,/2) precedes and

follows the™N evolution periodt;. Two delays £t:/2) are required to introduce a 180°
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proton pulse fod decoupling in the indirect dimension keeping tipeziment constant
time with respect to the water magnetization. Tiked delayt,, following the CT period,
is optimized for water signal suppression. Typiealues fortimax and ¢, in our

experiments are on the order of 30 ms and 60-120aspectively. Since the longitudinal

Figure 4.2.1. Pulse sequence to meaSiNd ;. Open and filled bars represent 90° and 180° pulse

respectively.

relaxation timeT, of °N is on the order of 7-20 s [8,67], th®\ magnetization can be
stored along the Z-axis without significant losgesur experiment. The back-transfer of
polarization to’H is accomplished using a second 8@&kc ramped CP step. Typical
values for rf power during CP applied to proton atdogen channels are 45 and 54 kHz
respectivelyH magnetization is finally acquired using WALTZ-b@teronuclear scalar
decoupling. The employed field strength on tfil channel was set to 2 kHz. The
acquisition time was set to 26 ms and 100 ms fdiréet and direct dimensions for
experiments at both external magnetic fields. Adfchpulses had 50 kHz and 60 kHz
strength on nitrogen and proton channels respégtivie total, five *H->N correlation
experiments were recorded at two external magtielids with different delay®T. At
600 MHz instrument relaxation delays were set t8,04, 8 and 15 seconds, while at 900
MHz spectrometer they adopted 0, 2, 4, 7 and 18mgkc Additional reference spectra
with DT=0 were recorded in the middle of each experimesgaes. Phase cycfer=(X, -

x) and f=(y, -y) has been implemented for the spin tempeeafilter. Data were

processed with an exponential line broadeningldz %n both dimensions.
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The pulse scheme to measure differential transheesaxation rates of*N is

given by figure 4.2.2:

Figure 4.2.2. Pulse sequence employed for the memsnts of NH?/**NHP differential T, decay rates.

Open and filled bars represent 90° and 180° putsspgctively.

The transversal relaxation experiments were comrduan an instrument at
external magnetic field corresponding to 600 MHatpn Larmor frequency, using a 3.2
mm probe. Differential transversal relaxation ratemve been measured at spinning
frequency of 16 kHz and 24 kHz to elucidate infleeerof residual homonuclear dipolar
couplings in the proton net. The probe temperanae set to 259.0 K and 275.2 K for 24
kHz and 16 kHz MAS frequency, respectively. Effeetiprotein temperature at these
conditions corresponds to 285.3 K.

The transversal relaxation experiments are simitardescribed earlier the
longitudinal relaxation experiment. After a firsPGtep follows a variable del&@; when
>N transversal magnetization is allowed to relaxthie center oD, a 180° nitrogen pulse
is applied in order to refocus tH&\ chemical shift,*H->N scalar coupling and the
external magnetic field inhomogeneities. During &8 field of 55 kHz has been applied
for the proton channel, while strength on the gigno channel was 35 kHz and 43 kHz at
24 kHz and 16 kHz MAS frequency respectively. Thquasition time was set to 50 ms
and 100 ms for the indirect and the direct dimemsidn total, eightH-'>N correlation
experiments were recorded with different del&ysf 0, 4, 9, 17, 28, 42, 65 and 100
milliseconds. Two additional reference spectra vidtt0 were recorded in the course of

each experimental series. All spectra were apodized 7 and 5 Hz lorentzial broadening
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in the proton and nitrogen dimension respectivaly.other experimental parameters are
the same as has been used in the longitudinalatbaxexperiment.

The pulse sequence to meastife™>N heteronuclear dipolar couplings is given in
Figure 4.2.3:

Figure 4.2.3. Pulse sequence employed for the memsmts of °N-'H heteronuclear dipolar couplings.

Open and filled bars represent 90° and 180° putsspgctively.

The experiment was conducted on an instrument &rreead magnetic field
corresponding to 600 MHz proton Larmor frequensing a 3.2 mm probe. The spinning
frequency has been set to 24 kHz to reduce pratotoip dipolar coupling as much as
possible. The probe temperature was set to 259.@hGh corresponds to an effective
sample temperature of 285.3 K. Affét 90° excitation pulse CP of variable duratiep
was applied to monitor oscillating dynamics'df magnetization, which directly depends
on *H-"N dipolar coupling. RF fields ofH and**N channels were set at 64 kHz and 40
kHz respectively. In total, 68 experiments wereorded with uniform increment dfcp
equal to 12vs, resulting in evolution time of 80# . The acquisition time was set to 26
ms and 100 ms for the indirect and the direct dsm@nrespectively. Data were processed
with an exponential line broadening of 7 Hz in bdimensions.

All other experimental details are the same abeneixperiments described earlier.

Longitudinal relaxation rates of®N in fully protonated sample have been

measured according to the pulse sequence reprdsariigure 4.2.4:
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Figure 4.2.4. Pulse sequence to meaSiNd; in the protonated sample. Proton-proton dipoltractions
are suppressed by PMLG-9 in the indirect dimensidrile N detection was employed. Open and filled

bars represent 90° and 180° pulses, respectively.

'H-H dipolar decoupling in the indirect proton evotutiperiod was achieved by
applying of PMLG-9 decoupling sequence [24] witlotpn field strength of 81 kHz. A
180° pulse on th&N channel is applied in the centertofor heteronuclead decoupling.
After CP transfer}>N magnetization is stored along the Z axis allowiogelax during
variable delayDT,. At 15N detection, TPPM [29] proton decoupling was applising a
RF field of 90 kHz. The acquisition time was setl® ms and 27 ms for indirect and
direct dimensions. Five 2EH-""N correlations were recorded with deldyE, 0, 2, 4, 6.5
and 12 seconds. One additional reference experimémtDT,=0 was recorded in course
of the experimental series. At Fourier transfororatidata were apodized with an
exponential line broadening of 10 Hz and 15 Hzhae hitrogen and proton dimension

respectively.

4.3 Theoretical background.

In the following, we consider relaxation BN spin of amide group in the protein
backbone. Motional modulation ¢fN-'H dipole-dipole coupling and anisotropy of the
>N chemical shift results in incoherent effects,elikransversal and longitudinal

magnetization relaxations, which bring the spintaysinto Boltzman equilibrium state.
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The fast regime of internal motion keeps the thimakconsiderations within the limits of

Redfield’s relaxation theory [127] as it has beenftcmed by previous NMR studies in

solids [7,8,114,115]. In general, the dynamics angitudinal and transversal

magnetization decays are different and have diftefenctional dependence on the
interaction parameters and motional regimes, chenamg the system. Combined

analysis of these relaxation data allows to obtaliable amplitudes and frequencies of
the internal motion in range of validity of the eioyed theory.

The longitudinal relaxation rate;RL/T; is given by [66]:

2
Rl ZT—O[JO(WH - Wy )+ 3J1(WN )+ 6‘JZ(WH+ WNX+1_25(’2 ‘Jl(WN)

2
h
d? = —g;j; °© W,
¢2=(gyBy(s - 5.))°° wix(Ds )’

where gyromagnetic ratios dfN and'H are denoted agy and g, respectivelyh is

@.1)

Planck’s constant andyy is the effective®N-'H distance. The Larmor frequency BN
and™H is represented by and g respectively. The frequency of dipole-dipolar prot
nitrogen coupling is denoted byn. The principal values ofN CSA tensor are given
bys|=s; and sr=sy=sy. The tensor can be assumed axially symmetric far o
considerations [93,99].

In solid state NMR a spin Hamiltonian of an isotht&N-'H pair is heterogeneous
in the sense of Maricq and Waugh [15] and’fiteline width is determined by relaxation
only if the spinning rate is comparable or higheart the size of the CSA and dipole-
dipolar interaction. In a system where the protdn *&N-'H pair is coupled by
homonuclear dipole-dipolar interaction with a protoet, the spin Hamiltonian is not
homogeneous anymore and the dephase of transweesghetization of">N spin is
determined not only by relaxation, but influencdésbaby heteronuclear dipolar coupling
with the directly bound proton. In this system {id T, relaxation dynamics can not be
used to probe motional properties of proteins. por@on dilute SH3 sample proton line
widths depend on the spinning frequency, manifgstire inhomogeneous nature of the
spin Hamiltonian [28]. In such a system, Measurements are perturbed by heteronuclear

dipolar couplings and do not provide directly infation about the relaxation. In a system
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of 4 protons with weak mutual dipolar interactiook 800-1200 Hz, additional line
broadening of both multiplet componentsdfl scalar coupled toH is uniform and is

about 4 Hz, according to the simulations, whiclultssare given in Figure 4.3.1:

Figure 4.3.1. SIMPSON simulations for line width'df spin coupled to isolated 1H (black) or 1H dipolar

interacting with proton net of 3 spins (red). Linilths at half high are given in the plot.

The simulations have been made using Simpson padiéag and input files are
given in Appendix 2.1. The size of homonuclear tgpdipolar coupling of two protons at
a distance of 5 A is 0.97 kHz. In perdeuteratedgins the proton density is well below
1.0'H/100A% [57,58], for dilute SH3, the proton density is aba0 folds less, since back-
exchange of amide protons was made in a 10:4D-B,O mixture. In such protein, the
average proton-proton distance is 10 A resultingipole-dipolar coupling of 0.12 kHz,
which is well below the values used in the simolagi. The asymmetry in the line width of
the *H-'°N scalar coupled multiplets is still determined dyross-correlation relaxation
betweenN CSA tensor andH-">N dipolar coupling. The theoretical expression tfte

cross-correlation rate is [66]:
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= dxc[43,(0) 433, ] B(co)

d = w,, (4.3.2

C=uy XS, -S.)
where P»(x)=(3x*-1)/2 is a second Legendre polynomial apés an angle between the
principal axis of HN dipolar tensor and tise axis of N CSA. Other constants are
determined in Eq. (4.3.1Jn(») is the spectral density function, which dependstlte
nature of the motion of the HN vector. Direct cddtion of the spectral density function
for MAS solid state NMR has been made in a numbierworks [85,128]. Our
interpretation of the experimental data is basedtle model free approach (MFA)
introduced by Lipari and Szabo [110] and extendg@bonenborn and coworkers [126].
In this approach the density function is given by:

2
J(W):li;;z - sz)1+;;2r + St 9) 1+l/tl/5? 2 (43
R f s

where overall rotational motion is described by twerelation timefg and the
generalized order paramet8r which is a measure of spatial restriction of thetion.
Internal motion is considered to be consistingugdesimposed fast and slow motions with
fast # and slow?s correlation times [126,128]. Generalized orderapaaters for fast and
slow motion are given bys; and S, respectively. Due to boundary conditions the

generalized order parameter can be decomposed as:
=983 (4.3.¢

if slow and fast motions are independent. For sikghysical reasonability fast and slow
correlation times should be different at least me mrder of magnitude. In the solid
proteins rotational reorientation is absent, arelfitst term in the Eq. (4.3.3) should be

omitted, resulting in simplification of motional aysis.

4.4 Experimental results.

The longitudinal relaxation, as well as transvensess:-correlated relaxation rates
were measured on a proton dildity enriched sample of the SH3 domain from chicen

spectrin, which has been described in Experimergatian. Representative plots of
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longitudinal magnetization decay for selected nes#dcollected at 600 MHz are shown in
Figure 4.4.1:

Figure 4.4.1. Relaxation decay for longitudif magnetization for D62, Y15, E45 and T24 measated
external magnetic field of 600 MHz proton Larmagduency. The intensities were renormalized to have
first point equal 1. A two parameters monoexporamtecay function was used to fit the experimediab.

Fitting curves are represented in the same cokbexperimental data.

The T, relaxation data were obtained according to thegpatheme represented in
Figure 4.2.1. High resolution allows to extraciawetion rates for 46 residues and make a
map, covering almost completely backbone. Figude24shows the measured Values at
600 MHz and 900 MHz fields. Monoexponential fit wased to extract relaxation rates
from the experimental results. Numerical valuesrgfas well as Tandh are given in
Appendix 2.2.

Inspection of Figure 4.4.2 shows strong site speedriations of T. Since the®N
CSA and'H-'*N dipolar couplings have minor variations for HNirpan the backbone

[93,94,129] it manifests strong difference in motbregime. The obtained, Telaxation
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Figure 4.4.2. Trelaxation time with respective error bar as afiom of residue number. The data were
obtained in the experiments performed accordirthegulse sequence presented in Figure 4.2.1.d\Ban
represent data collected at 600 MHz and 900 MHze®t/ely. The secondary structure elements are

depicted below the X-axis.

83



data are in agreement with previous works [8,67/Jaitative analysis shows that at
higher magnetic field relaxation time for most dess is considerably longer,
approximately 1.2-1.5 times. This reflects thatrlexation is determined mostly by slow
motional regime, whemg-ts>>1.

So far, transverse relaxation parameters were ocgssible, since it was not
understood what determines, Telaxation in the solid-state. In protonated saspl
residual hetero- and homonuclear dipolar interastiwhich are not suppressed by MAS
or heteronuclear dipolar decoupling can induceiagmt line broadening which makes
impossible the T measurements and analysis. In this chapter, weeptean experiment
which allows to indirectly access, by measurement of the dynamic interference of the
>N CSA and the'H,"™N dipolar coupling in a proton, nitrogen spin paithese
experiments are feasible due to the dramaticaltyedesed proton density, described in
Chapter 2 and in the experimental section. Thisaamh in sample preparation yieltds
line widths on the order of 17-35 Hz afiN line widths on the order of 8-17 Hz at
spinning frequency of 8-24 kHz without any homod dreteronuclear decoupling [28].
Completely resolvedH-"N scalar coupling allows to measure differentidbxation
induced by interference betweéhl-**N dipolar coupling and®N CSA. **N-'H 2D
correlation spectrum recorded according to thegyakquence given by Figure 4.2.2 at
delay D=0 is represented in Figure 4.4.3. High resoluadlows to resolve most of the
residues and obtain,Trelaxation parameters for 40 of them. Here andvoehll
represented transversal relaxation experimentalltsesvere obtained at a spinning

frequency of 24 kHz, except when it states differen

84



Figure 4.4.3'H detected 2B°N-'H correlation experiments of the dilute sample rded at 600 MHz
instrument. The spectrum was apodized using 1®ahéiz lorentzial broadening fid and**N dimensions
respectively.

Transversal relaxation decay for bdfiN multiplet components was measured
according to the pulse scheme represented in Fgarg. For the residues D62, Y15 and
E45 the experimental data are shown in Figure 4vitld monoexponential fitting curves

for each doublet component.
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Figure 4.4.4. Relaxation decay of transvetddimagnetization, measured at external magnetid 66600
MHz proton Larmor frequency. Up- and downfield datltomponent of D62, Y15 and E45 are ploted.
Normalized intensities were fitted employing twagraetrical monoexponential decay function. Fitting

curves are represented in the same colors as porreing experimental data.

The transversal relaxation rates for upfield andmfeeld >N doublet components
are represented in Figure 4.4.5. The experimertia dere fitted with monoexponential
decay curve. The upfield component relaxes fasterafl residues. Such behavior is
guantitatively consistent with the theoretical dggon given above and allows to employ
transversal relaxation data to evaluate backbongomoResidues G28, L33 and All

show opposite behavior, which we explain by lackesblution and sensitivity.
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Figure 4.4.5. Experimental transversal relaxatates of°N magnetization. Data for up- and downfield

doublet components are represented with and witkxpgrimental error bar.

Site specific variations in absolute values gfare well pronounced, but direct

consideration of Tin relaxation analysis in solid state NMR speatops/ are not feasible
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due to uncertain impact of the dipolar coupled gmatet with nitrogen via heteronuclear
dipolar interaction. Only difference between up#datownfield components might be
accounted to obtain motional parameters. Diffeatntielaxation rates defined as
1/2(2/T3,upfielr 1/ T2 downfield @re represented in Figure 4.4.6:

Figure 4.4.6. Experimental CSA/DD cross correlatddxation rates with fitting error bar. A) and B)

represent the experimental data at different scale.

In the experiments we observed non zero differerdecay for a number of
residues. Residues D62 and L8 located in the O\atedminus, as well as L34, E45, T24

and R21 show extremely high differential line bremithg, comparable with proteins in
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solution state. Even though high resolution X-raycure of SH3 [40], (PDB entry 1u06)
shows increase in B factor only for two of thessdees D62 and L34.

Comparison for differential transversal relaxatrates measured at 16 kHz and 24
kHz are represented in Figure 4.4.7.

Figure 4.4.7. Experimental CSA/DD cross correlatddxation rates recorded at 16 kHz and 24 kHz
spinning frequency, represented by red and blackesi respectively.

Correlation within the experimental error gives ehgerimental prove for validity
of the introduced technique, as it has been predliearlier by the simulations represented
in Figure 4.3.1.

Protein-water hydrogen exchange has impact on ms@suoss-correlated
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Figure 4.4.8. A) Ratio of transversal relaxatioteraf TROSY-component and longitudinal rate fix. B)

Ratio of differential transversal relaxation rateldongitudinal rate fol°N.

relaxation rates, as it has been revealed by a euoftworks [130,131,132], sinékl spin

changes quantum state between +1/2 and —1/2. &&idts in mixing up- and downfield
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>N components and observable relaxation rates axeiraiof both rates, corresponding
to TRSOSY and anti-TROSY component. In our expentmehe upper limit of the
exchange can be approximated by the apparent detay in*°N-T; measurements.
Proton exchange, and thus, replacemenHdby ?H, will directly result in a loss of signal
intensity. Figure 4.4.8 illustrates the ratio of &dh, as well as the ratio of;Rand slow
decaying multiplet component.

One can see that transversal decay time is mubér fd&n the possible hydrogen
exchange, and the measutedalues represent the real differential transversialxation
rates. Observed strorfgN T, field dependence manifests that the apparent tiotigal
relaxation times are not determined by proton emgba since this effect is field
independent.

The generalized order paramegin solid state NMR characterize the amplitude
of internal motional and can be extracted by olmt@ym of averaged anisotropic
interactions. HeteronucledrN-'H dipole-dipolar coupling is well suited to probleet
order parameter [94,124,125], since it is almostlependent on local structure
conformations. To measurgd-°N dipolar couplings, the pulse sequence depicted in
Figure 4.2.3 was employed. The size of the dipotaiplings was extracted using fitting
routing programmed in SIMPSON simulation packagl®&SON input file is given in
Appendix 2.3). It was assumed that weak proton harolear dipole-dipolar interactions
in highly proton dilute sample is suppressed tegm&icant level by MAS of 24 kHz. This
is confirmed by narrow'H line widths on the order of 25 Hz. In rotatinarfre,
determined by spin lockintH field, residual homonuclear dipolar couplings eeduced
in twice [14], allowing completely neglect homonest dipolar coupling in proton bath.
CP dynamics in an isolatetH-*°N was considered in course of the fitting procedure
Three variable parameters were included in the Isitioms: *H-">N heteronuclear dipolar
coupling, simple exponential damping of the timendin data as well as scaling factor.
Dynamics of magnetization transfer from proton wogen during CP for residues Y15,
T24, E45 and D62 are given in Figure 4.4.9 witlpessive simulated curves.

The fitting results for 44 residues are represeimefiigure 4.4.10 and given in

numerical format in Appendix 2.4.
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Figure 4.4.9. Evolution 0fN magnetization for selected residues in courseRfSimulated curves are

represented in corresponding color.

Figure 4.4.10. Measurements’®f-*°N backbone heteronuclear dipolar couplings of Set®ading to pulse

sequence given in Figure 4.2.3.
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Most of dipolar couplings between proton and nigmogre close to coupling in
static *H->N pair with a bond length of 1.02 A, which corresds to 11478 Hz in
frequency units. These results demonstrate thabbiMls are subjected to very restricted
motion in terms of extended MFA. Similar results KN and HC bonds in backbone of
solid state proteins were found in other works 124,125]. The relaxation rates foiN
magnetization in course of the experiment are enringe of 130-800 Hz, which shows
slow decay of antiphase coherence, involvit\yand’H spins.

In solid state NMR the generalized order paramistarratio of motional averaged
dipolar coupling to it is value at static limit. djectory of motion related to dynamic
model. If HN bond diffuses in a cone with semiangl¢han general order parameter
may be expressed as [110]:

S=cos@ )(1+cosf ))/2 (4.4.

For a=21.3° it gives order parameter of 0.9. A relatlipsbetween order
parameter and parameters of motional trajectory e@en studied for a number of models
by different authors [128,133,134,135].

Figure 4.4.11. A comparison of longitudinal relasatrates measured on protonated (red) and dedigek)

sample of SH3 vs. residue number.
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Potential influence of protonation on observabld T, values was studied by
comparison of longitudinal relaxation rates meagune fully protonated and proton dilute
samples, which are presented in Figure 4.4.11.

Although many residues show the same relaxatioegim both experiments, in
general relaxation is considerably longer for tighly deuterated sample, which can be
explained in view of the following effects. As ia been shown previously [5,122], in a
protonated protein§N-'>N diffusion takes place on second time scale amderpialize
observable longitudinal relaxation rates which srehe range of 0.02-0.2 Hz. Strong
dependence on the MAS speed"™-°N PDSD and observable longitudinal relaxation
rates have been studied in other works [136,137¢hwhktrongly confirm this source of
uncertainty in*N T, observations. Another possible source of interfezein >N
motional analysis could be a relaxation inducednbkighboring protons in protonated
sample. Thesé®N T, relaxation interactions are suppressed to insigmif level at the

protein preparation, used for our experiments.

Figure 4.4.12. Differences of longitudinal relaratirates measured in protonated and proton dedmple
of SH3 as a function of sixth power of inverse aligte between nitrogen neighboring. Linear fit reprged

as continuous line.
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Correlation of difference in">N relaxation rates for protonated and highly
deuterated sampld3R;=R; protonateaR1,delute t0 l0Cal nitrogen density within 6A vicinity is
plotted in Figure 4.4.12.

The sum of®N-"N inverted distances in sixth power, calculatedosding to
crystallographic structure (PDB entry 1u06 and 2NUAt first approximation
proportional to">N->N PDSD. The correlation is loosely representedibgalr fit DR;=-
0.04+7.64-81/R%n), with standard deviation of 0.021 and 2.27 fa yhintercept and the
slope respectively. From this experiments we sestradght correlations for changes in R
and possible”®N->N PDSD, which shows that the observable rRtes in protonated
samples can not be reliable corrected using sirapipirical model based only on local
nitrogen density. We can conclude that high detiteradegree in proteins is required to
obtain relaxation information in isolated HN paiosstudy backbone dynamics, since that
evolution of quantum system of many interactingqisman not be described accurate for a

protein.

4.5 Simulated results and discussions.

Simulations to fit the experimental data were penied using the extended model
free approach [110,126]. Theoretical interpretatadnrelaxation experiments based on
extended MFA is very common in solution state NMR decades, while limited works
[67,80,115,128] employed it to analyze motion blidssetate NMR. In solution there is
fast isotropical overall molecule tumbling on nagwsnd timescale resulting in isotropic
relaxation rates.

In solid state, a powder sample consists of ciygslwhich are fixed in a rotor
and have isotropic distribution of orientations @hiare modulated by rotor spinning and
small amplitude internal motions. Under these ctoié motional trajectory of each
crystallite is very restricted and depends on thentation in the rotor frame. In general, it
leads to anisotropic relaxation rates, as it hantshown in number of works [85,128].
Thus, experimentally observed @ndh rates are average values over a rotor period and

crystallites ensemble.
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Measured heteronucleda™-'H dipolar interactions allow to obtain directly the
generalized order parameters as the ratio of maltiameraged dipolar couplings to it is
value at static limit.

In order to extract the dynamic parametérss and &, the difference between
experimental and theoretical data were calculatedrding to the Equation 4.5.1:

2 2 , 12

RMSD= (R Ri) + ——(RiZs Ro + o ™ )

1,600 1,900

(4.5.1

whereRMSDis difference between experimental and theoretiedéh, which was
minimized by a grid search of fs andS%, superscriptsheo andex denote theoretical
and experimental values for transversal relaxatete h, longitudinal relaxation rates
R1.600and R gpo Obtained in 600 MHz and 900 MHz external magnigicls respectively.
The theoretical values for the relaxation ratesenealculated according to the equations
4.3.1, 4.3.2, 4.3.3 and 4.3.4. Three experimerghles can determine unambiguous three
unknown dynamic variables, s andS, describing backbone motion.

Fast correlation times are determined by locahtibns and are on the order of 10
ps. At first approximation relaxation rates in dobtate can be characterized by slow
correlation times [67,85,115, Giraud, 2005 #159hilev fast correlation times have a
minor impact. It can be assumed tlfat15 ps [115]. At these approximations we map
RMSDsurface in s andS% coordinates to localize the minimum for each residtor the
simulation®N CSA valueDs=170 ppm and its angig=20° were taken. Other numerical
values for parameters ar&#4-">N dipolar coupling is 11478 Hz, proton frequency fo
spectrometers at nominal external magnetic fiel@atf MHz and 900 MHz are 600.1275
MHz and 900.19 MHz respectively. Mapp&MSD for the residue T24 is presented
below. In order to consider an impact of differeataxation data on convergence of
RMSD two additional minimization fittings were made edsonly on longitudinal
relaxation rates obtained at 600 MHz and 900 MHereal magnetic fields (difference
noted RMSDI'1), and longitudinal relaxation rates and transakrcross correlated
relaxation rates at 600 MHz magnetic field (diffece notedRMSDI1eta). Expressions

for calculated values are given below:
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where all notations correspond to the ones intreduen Equations 4.5.1. The
experimental (with standard deviation) and fittedues for T24 are given in the Table
4.5.1:

Table 4.5.1. Experimental and fitted values for T24

fs NS S’ Tis Tu s h, Hz Fitting
(600MHz) | (900MHz) error
Experiment 10.3+0.4 17.23+1.24  8.52+0.p0
RMSD fit 34.8 0.78 10.62 17.97 8.0 0.08
RMSDT leta fit 35.2 0.78 10.74 - 8.08 0.065
RMSDT1 fit 324 0.79 10.28 17.24 0.003

where generalized order parame$er0.78.

Figure 4.5.1 illustrateRMSD RMSDI'1 andRMSDT leta surfaces in coordinates
tsandSs.

While fits based on differential transversal reléo@ rate show well defined
extreme, minimization routine based only ondhita give a ‘valley’ of possible solutions
for s and S, which demonstrates that this analysis effectivégtermines the ratio
(1- S/ ts. This is to be expected, when the data are limited; times, and similar
behavior has been observed in other studies [67,85]

Optimization procedure according to Equation 4\Wwds applied to 33 residues,
which have full set of experimental data, whilewas assumed to be of 15 MSD
values for 18 residues were within a range of eafbR6%, which corresponds to the
estimated experimental accuracy. Slow correlatioes with the corresponding square of
order parameters as well as the square of genedlabder parameter are plotted in Figure
5.4.2.
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Figure 4.5.1. Difference between theoretical anukexnental relaxation data for T24 as a functions@ind
<. Surfaces for RMSCRMSDT1 andRMSDT 1eta are represented by A), B) and C) respectively
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Figure 4.5.2. A) Square of generalized (black) sloev motion (red) order parameters. B) Slow cotieta
time. Error bars in figure B) represent taRSDof the fit.
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Values obtained fors and S are consistent with data obtained by Emsley and
coworkers for Ch microcrystalline protein [85].

The presented results of the simulations demoesti#t fast correlation time
might have significant impact on relaxation dynasrfior a number of residues. In attempt
to capture influence of this motion and its chagastics, we reanalyze all the data in a
view of RMSDminimization determined by Equation 4.5.1 using 3odimensional (3D)
grid search as variable parameters not dgagnd<%, but #; as well. Motional parameters
were reconsidered for all residues. Home made (tke @employed to extract dynamical
values is given in Appendix 2.5. Generalized onrameter as well as order parameter

for slow motion are shown in Figure 4.5.3:

Figure 4.5.3. Square of generalized (black) and stmtion (red) order parameters obtained in 3D grid

search for SH3 backbone.

Fast and slow correlation times are given in Figute.4 and 4.5.5 at different

scales.
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Figure 4.5.4. Slow correlation times for SH3 baakbdrom three parametrical relaxation data fittiBgor

bars represent tot®IMSDof the fit. The data are represented at two scales
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Figure 4.5.5. Fast correlation times for SH3 backbfsom three parametrical relaxation data fittifige

data are represented at two scales.

Represented in Figure 4.5.4 error bars give mininofimotal RMSD Presence of a
big error for Y13, R21 and Y57 are explained by lexperimental data quality and are
not consider in following analysis. As it followsofn structural elements of SH3 depicted
in all Figures there is no straightforward correlatof motional parameters and secondary
elements of the protein. The same results wererodden the work of Emsley and
coworkers [85]. For solution state NMR, relationsiietween motional parameters and
secondary structure elements are well establishdduaually loops, N- and C- terminus
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and other flexible regions have well pronounced vandJ() values [138,139]. Our
experimental data for measuretl-*H dipolar coupling and Tshow that there is no such
strong dependence, but a tendency, that non stestelements have lo® and, contrary
to solution stateJ(n) has higher values, e.g. D62 , L8, R21, T24. Ak tresidues
showing short T (L8, R21, T24, T32, L34, E45, Q50, Y57, L61 and2p6aveh higher
than 5 Hz. We also did not reveal any correlatietwieen hydrogen bonding and motional
parameters. Recent work in solution state NMR [1gl@jws the possibility of intep-
sheets long-range correlated motion, providing wigppe spreading of slow motion and
conformational changes across a protein. This idaa stimulate possible analysis
approaches to connect secondary structure andmstwon in a solid protein as well. The
summary of all simulation results is given in Appgen2.6.

Inspection of Figures 4.5.4 and 4.5.5 show an antshg class of residues, which
have extremely long slow and fast correlation timésanosecond and 50-200 ns range
respectively. These values are much more highen tigpical correlation times for
proteins’ backbone in solution state, which aralenorder of 10 ps and 10 ns for fast and
slow motion respectively. Recent combined studie$ relaxation data from solution
and solid state NMR [67,80] suggest that internaashnics of a globular protein in liquid
and in crystalline solid are essentially identicahich has many other lines confirming
this supposition. One physical rationale behinthésnature of forces determining fast and
slow motion. Fast motion is actually due to lodatdtions determined mostly by forces of
chemical bonds. While a base for slow motion argleange forces, which have a higher
variability and resulting in broader correlatiomé distribution. The major difference
between backbone relaxation in solid and soluttatess, so far, overall tumbling. Recent
studies of backbone motion [141] by means of redidiipolar couplings revealed a
presence of an additional motion on the order d¥ b6, which is consistent with our
results for slow motion of a group of residues. drder to explain obtained long
correlation time for a number of residues we camser a presence of an additional slow
motion regime with correlation time around 100 @btained for these residues “fast
motion”, according to physical consumptions, shobkl considered as another slow
motional regime, which has a typical correlatiandi~10 ns, and which has been deeply
studied before by liquid state NMR. Additionallyretion on the time scale of 10 ps must
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be present. Due to limited set of experimental datan not be quantitatively described
and more relaxation experiments are required ftailgel description of this motion.

In conclusion, we could show that due to large esa#l deuteration transverse
relaxation properties dPN can be measured in solid state NMR, which havebeen
accessible before. Combined with high quality Itmgjnal relaxation experiments and
heteronucleat®N-'H dipolar couplings measurements these data praeii#ble base for
guantitative analysis of backbone motion in micystalline protein of SH3. Observed
substantial difference in longitudinal and transeédifferential rates manifest strong site
dependent variability of backbone. Extended moxsd pproach was employed to extract
parameters like correlation time and order paranadtenotions at different time scales. It
has been shown that transversal relaxation expetgrdramatically increase accuracy of
obtained motional parameters. Additional relaxafiwacesses on a time scale of 50-200
ns has been detected.

We expect that these experiments will find wideadreapplication in the

characterization of dynamics of biomolecules ahlggality level.
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5 Chapter. Detection of water molecules in a micrgtailine sample of the
SH3 domain o&-spectrin by MAS solid-state NMR.

5.1 Introduction.

The interaction of water with proteins is a majetadminant of protein stability. In
protein crystal structures, many water moleculesfaund to be closely associated with
polar surface groups and may confer correlated e behavior of these groups. More
importantly, water molecules adopt a very importahé in function of many membrane
proteins like e.g. proton pumps like bacteriorhaglopand secondary transporters. The
discovery and characterization of channels in ee&mbranes, for which the Nobel price
for Chemistry in 2003 was awarded to Peter Agre Raderic MacKinnon, has ongoing
impact on the study of membrane proteins in gen&ran though many structural aspects
of water and ion channels could be clarified [143]1 questions concerning the details of
the transport mechanism remain to be answered [BBlijd state NMR is well suited to
address these problems due to its sensitivity ¢éoldleal environment of a given spin.
Characterization of mobile water molecules in MASBIBIR was pioneered by Griffin and
co-workers [145], who detected water moleculeheicinity of the Schiff-base nitrogen
in bacteriorhodopsin.

Deuteration offers the unique possibility to stuthe dynamics of these water
molecules in details. Deuteration is required ideorto suppress strong intermolecular
proton-proton dipolar interactions which would peit weaker interactions between the
protein and water molecules of interest.

It was demonstrated in solution state NMR that nmfation about hydration
dynamics can be obtained from nuclear Overhaudectsf(NOES) between water and
protein protons [146,147,148]. Tightly bonded watenlecules can be site-specifically
localized. If their correlation time is long enou@hr. > 1.13), they give rise to a negative
NOE which has the same sign as the diagonal peakp@mentary information on the
dynamics of water molecules can be obtained frongrmagc relaxation dispersion
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measurements [149]. This method makes use of ereliffial rotational correlation time of
water molecules which gives rise to a characteri$tequency dependence of the
longitudinal relaxation rate fRespecially of quadrupolar nuclei likel and*’O, and allows
the determination of the life time of water molexsubound in the interior of a protein.
This life time is strongly temperature dependerd mas estimated to be in the order of
nsec at room temperature [150,151,152]. Water médscexchange with external bulk
water as a result of protein conformational flutitwas. Motion in this time regime {
1nsec) should therefore induce relaxation in neigimgoH" resonances due to dipole
dipole interactions.

In this chapter we present a qualitative descniptd the water dynamics in a
protein in the solid state [40]. The dynamic ch&eastics are indirectly monitored by the
efficiency of magnetization transfer between theewanolecule and a reporter amide
proton and by the slrelaxation of the amide protons which we find &dbtered due to the
presence of mobile water. The conclusions are dfewymn comparison of the ssSNMR data
with a X-ray structure. Available resolution of Xy structure is 1.49 A, which allows the
refinement of water molecules in the structure. €Thaent study was motivated by the
observation that certain cross peaks in the preljodescribed'H detected'H,*N
correlation experiment were absent, when homonuaeaoupling was omitted in the
proton dimension [38]. Recently have reported ssidibout correlations between side
chain carbon resonances carbons nearby labile iprgetons and water protons.
Mechanisms like water-protein hydrogen exchangeS,[1%4], dipolar-mediated water-
protein interaction [155] were considered. Theseretations were predominantly
observed for Tyr, Thr, Ser, Lys and His residuethWabile hydroxyl, imidazole ring, or
side-chain amine protons. Heteronuclear Overhaeffects was observed betwe&iN
and *H nuclei, confirming dipolar relaxation mechanism a microcrystalline protein
[156].

The presented experiments are sensitive to distandedynamics of the detected
water molecules with respect to the protein. Wewshwere for the first time that
information about localization and dynamics of watelecules can be obtained in the

solid state by interpretation of the relaxationdogbur of a reporter amide proton.
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5.2 Materials and solid state NMR methods.

The SH3 protein sample was expressed and puriftedrding to the protocol
described in [42]. The X-ray structure used for tbemplimentary analysis was
determined by Dr. Katja Faelber. It was solved @ K. The structure was deposited in
the PDB, entry 1U06. The detailed description \&gielsewhere [40].

Figure 5.2.1. NMR pulse sequences for localizatibwater molecules bound to proteins by MAS solid
state NMR. A)**N detectedH,*N PMLG correlation experiment including'd T, filter along a third
dimensiont;. B) H,O-H" spin diffusion experiment. Hmagnetization is initially suppressed using a
REDOR-filter element which dephases all proton nedigation of nuclei in spatial proximitiy of'aN
nucleus. Other, noliN bonded protons are not affected by the filteRBDOR filtering time of 6 rotor
periods is employed. A variable spin diffusion mixitimet ., allows for magnetization transfer from water
protons and OH protons in the protein side chairtheé amide proton which is detected tHa >N PMLG
correlation experiment. The CP contact time igséi60vs to allow only for transfer between directly

bonded proton and nitrogen nuclei.
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NMR experiments to measurél dephase afte, filter (Figure 5.2.1 A) were
performed on a 600 MHz Bruker-Avance wide-bore speceter equipped with a 4 mm
triple resonance probe. Experiments to measuf@-H" spin diffusion (Figure 5.2.1 B)
were recorded on a 400 MHz Bruker-Avance wide-tgpectrometer equipped with a 4
mm triple resonance probe. Approximately 9 mg ef photein was used. MAS frequency
was set to 10 kHz and temperature was adjuste80d<2 Both experiments are based on
>N detected'H-'"N correlation experiment. During the proton evalatiin the indirect
dimension'H-*H homonuclear decoupling was achieved by PMLG-9 [&Ing proton
frequency of 81kHz and a" of 15 ms. The'H-*N J coupling as well as possible
residual dipolar broadening was removed by impleaten of a'®N 180° degree pulse
applied in the middle of;{{157]. After the indirect evolution polarizatiorahsferred via
CP from™H to *N. The CP mixing time was set to 168 to restrict polarisation transfer
between directly bonded nuclei. During detectioRPM [29] of 90kHz was applied dhi
channel for heteronuclear decoupling.

T, filter experiment (Figure 5.2.1 A) starts with &aton pulse on'H channel,
rotor synchronized 180° pulse was applied in theédhei of evolution period to refocus all
inhomogeneous interactions. The, N correlation experiment follows this element. In
the HO-H" spin diffusion experiment, a REDOR filtering elamef six rotor periods
duration is implemented to dephase magnetizationitobgen-bonded protons. During
REDOR PMLG is applied to protons to avoid any dgdipolar interactions of the proton
network. Duration of the REDOR dephasing period wasnerically optimized using
SIMPSON [95] to suppress proton polarization afitetir dephasing in the tilted frame. A
90° pulse flips protons along Z and subsequent siifiiusion provides polarization
transfer to N from water protons with following detection by ® 2H,">N correlation

experiment.

5.3 Results.

We have observed previously that in the absendeonfonucleartH,*H dipolar
decoupling certainH" resonances are broadened in a direct proton éwolperiod [38].
In the following, we describe two experiments thaere carried out in order to
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characterize the origin of this effect. Both expets are based o' detected PMLG
'H,>N correlation experiment®N instead of'H detection was employed in order to
unambigously address the influence of water orpth&on spectra.

In the first experiment, aH T, filter precedes the PMLGH evolution period
(Figure 5.2.1 A). As a function of the filteringrte ¢, we observe a differential decay of
the *H,">N correlation peaks (Figure 5.3.1). The intensifyddferent cross peaks as
function of the mixing time is presented in Figlr&.2. The decaying intensities were

fitted assuming mono-exponential decay accordintgecequation:
|7 (ff) = Igz— f exp¢ ly /Tzeﬁ) (5.3.1)

Figure 5.3.1. 200, filtered 'H,"N correlation spectra obtained with the pulse seqe@resented in Figure

5.2.1 A at various mixing times.

Intensities were normalized to the intendygyf the respective cross peaktat 0
ms filtering time. The slowest decay rate is obsdrior residue D62 with an effective

time of 2.56 ms, whereas the fastest decay ratkl eceliably be assigned to residue D40
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that decays with an effective time of 0.17 ms. Th&, decay rates of the Horotons of
all amino acid residues are summarized in Tablel58ote that the decay rates differ by

more than a factor of 10 from one another.

Figure 5.3.2T, decay rates for different residues as a functicheT, filtering time #;.

In the second experiment (Figure 5.2.1 B), a RED®pe filter element is
employed in order to suppress all protons which directly bonded to™N. In a
subsequent mixing period (spin diffusion), magragtan is transferred from 4@ and OH
protons to M protons which are detected again ifHa >N correlation experiment (Figure
5.3.3). The experiment was carefully adjusted aaccorrelations were observed for a
mixing time of/ix =0 ms. Buildup curves for several correlationssdrewn as a function

of mixing time in Figure 5.3.4.
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Figure 5.3.3. 2D bD-H" spin diffusion*H,**N correlation spectra obtained with the pulse seqee
presented in Figure 5.3.2 B at varidbs™H spin diffusion mixing time¢... Reference spectrum is

represented by 2EH,°N correlation experiment without REDOR filter.

The characteristic time for "H magnetization buildup in this experiment is
represented for all amino acid residues in Tab815.The buildup rates given in Table

5.3.1 are obtained after fitting the experimentgbdo the empirical equation:

RO (2 ) = 1T L expgt WU (5:3.

mix
Intensities are normalized to the intensigyof the respective cross peak in a

regular®™N detected PMLGH,"®N correlation experiment. corresponds to the ratio of

cross peak volumes:

—10 a
=12 00n /10 (5.3.2

obtained in the O  H" spin diffusion experiment at infinite mixing time the peak

volume extracted from the reference PMLG experimgmbom is included as a variable
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parameter in the fit, since efficiency of the spliffusion transfer might depend on the

number of protons in the vicinity of the respectivé&

Figure 5.3.4. Magnetization buildup curves as afion of the'H,'H spin diffusion mixing timeg, for

selected residues obtained from the pulse sequstroeen in Figure 5.3.2 B.

The fastest buildup is observed for residue N3& waih apparent buildup time

LO0® HN

constantT" of 0.4 ms. For this residues, a maximum intensityéEDORfof 0.44 is

obtained. The slowest buildup can reliably be dweteed for K39 where a value of

TH®H" of 5.5 ms is obtained. In this cadéznor /| mepor 1 reaches a value of 0.7. For

approximately half of the residues, cross peaksthie HO HN spin diffusion
experiment are only obtained for mixing timagx 2 5.0 ms (i.e. V9, Y13, D14, Y15,
V44, R49, Q50, G51, F52, A55, K60 and D62 etc.). thes class of residues, a linear fit

,L0® HN

was employed in order to extract the respectivédbpitime constanfl" . In this

case, a value fotiepor i Of approximately 0.2 is obtained. For two residgu¢s8 and

,L0® HN

L61, a much larger value foF" greater than 100 ms is extracted from the date. Th

is due to the fact that the cross peak intensithinbO  H" spin diffusion experiment

at fmix = 5.0 ms is very low. Longer values fi§x would have to be acquired in order to
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retrieve an accurate buildup time constant. Theegfihese two residues are omitted in the
discussion.

In order to validate the NMR data, the NMR struatyparameters have to be
compared to a high resolution X-ray structure & wild-type SH3 domain of chickear
spectrin, determined at a resolution of 1.49 A (RidBy: 1U06) [40].

Table 5.3.1. H isotropic chemical shift values,"HT, decay rates and,® H" spin diffusion buildup
rates for the SH3 domain afspectrin. Characteristic distances to other exgeable protons in the protein
and to water protons as extracted from the X-raycsire are indicated for each' lproton. X denotes the

average value and the standard deviation for the respective fittathmeter.

T, Decay HO-H spin diffusion
Res d°HN | T [s] r=I repori/lo TH20 HN [g) Interacting Protons
[pPpm]
X S X S X S
L8 8.0 912 102
V9 8.8 923 51 0.327 15300 HN31/2.96;
L10 9.1 HN59/2.62;
All 9.2 HN29/3.73+HN28/3.84
L12 9.1 HN13/2.39
Y13 7.0 1287 316 0.217 23000 HN12/2.39
D14 8.4 1776 85 0.217 23000 HN27/3.27+010/2.01
Y15 8.5 999 150 0.250 20000 HN25/2.90+2HZ18/3(298/3.31
Q16 7.6 1712 297 0.61 0.3 4643 3564 026/3.95
E17 7.7 0.43 0.02 764 108 1HG24/2.55
K18 8.6 689 115 HN19/2.05
S19 7.1 473 34 0.42 0.05 1428 379 HN18/2.05+HNB2/8:025/4.74
R21 8.1 HN22/2.52+HG19/3.40
E22 7.6 500 41 0.43 0.02 764 108 HN21/2.52+HN13/805/3.79
V23 7.5 1408 198 HN52/3.34
T24 6.5 502 36 0.42 0.06 1421 430 12HH49/2.21+11%1R181+1HG24/3.68+020/3.07
M25 9.3 1187 445 0.244 20520 HN15/2.90
K26 9.0 911 172 0.27 0.04 1352 505 016/3.27+048/3.7
K27 9.2 1200 176 0.115 43336 HN14/3.23+034/3.581/3.96
G28 8.8 665 66 0.117 42581 HN29/2.64+HN11/3.848Q28
D29 8.4 584 78 HN28/2.64+HN11/3.73+04/3.35
130 8.7 593 86 *06/4.32
L31 9.5 HN9/2.96
T32 8.2 360 39 0.48 0.03 954 153 HN45/3.14+1HG38/805/4.04+*06/4.44
L33 8.9 1121 69 HN7/3.37
L34 8.9 0.40 0.03 730 154 HN35/2.23
N35 7.4 533 78 0.45 0.04 2946 509 HN34/2.23+ HNAZBHN36/3.93+*044/4.92
S36 9.2 449 39 0.63 0.09 1768 524 HN37/2.59+HN93/81G36/3.46+03/1.91+024/2.91
T37 8.1 171 19 0.43 0.04 1184 282 HN36/2.59+HN38/2.65+1HG3H8@1/3.00 +03/3.60
N38 9.1 456 54 0.44 0.03 | 403 100 HN37/2.65+01/1.98
K39 8.6 423 35 0.7 0.2 5468 2291 HN40/2.45+07/2.00
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D40 8.0 259 34 0.38 0.05 2390 652 HN41/2.26+HN3%207/3.86

w41l 8.4 316 28 0.44 0.11 2452 1268 HN40/2.26+*CBY4.

w42 9.0 HN53/3.14+HN55/3.38

K43 8.9 541 115 0.51 0.06 1909 457 HN35/3.12+0%/3.5

V44 9.3 1121 125 0.206 24200 HN51/2.71

E45 8.1 409 87 HN32/3.14

V46 8.9 HN49/3.38+HN47/3.79

R49 8.4 585 37 0.313 16000 HN48/2.52+HN46/3.383/@83+021/3.95
Q50 8.4 2281 384 0.192 26000 023/1.97

G51 8.7 1027 87 0.219 22900 HN44/2.71

F52 9.0 1268 181 0.240 20800 HN23/3.34+09/3.87

V53 8.8 1129 150 0.33 0.11 3439 1979 HN42/3.14

A55 7.4 665 69 0.246 20300 HN56/2.81+HN42/3.38/807

A56 7.9 500 44 0.24 0.03 567 235 HN57/2.72+HN55/2.82/2.02+033/3.52
Y57 7.3 372 71 HN58/2.48+HN56/2.72

V58 7.3 571 109 0.046 HN57/2.48

K59 8.6 245 56 0.39 0.02 499 82 HN10/2.62+*08/5331/5.48+*013/5.63
K60 9.2 1493 257 0.169 29500 011/1.95+051/3.98

L61 8.1 423 49 0.032 HNG62/2.36

D62 7.8 2588 342 0.189 26469 0O/1.9+HN61/2.36 (PDB1QKX)

Residues for which build up rate was calculatedgisi linear approximation:V9, Y13, D14, Y15, M25,
K27, G28, V44, R49, Q50, G51, F52, A55, K60, D62ty molecules marked with asterisk adopting a
distance longer than 4A and not considered in #a¢uation in Figures 5.4.1-5.4.5.

5.4 Discussion.

Inspection of Table 5.3.1 indicates that there aseasy correlation between the
data of theT.-Filter and the HO-H" spin diffusion experiment. The .B-H" spin
diffusion experiment selects for protons which avet directly attached to™N.
Magnetization is then transferred to the amide qraising spin diffusion mixing. We
were expecting therefore that a fast buildup matthe HO-H" spin diffusion experiment
should also result in a rapid decay of the respective Hesonance. This is, however, not
the case. Possible interactions for a given amideund the contactsHH", HN-OH (side
chain) and N—H,0. The buildup rate in the 8-H" spin diffusion experiment should be
sensitive to a cluster of water molecules arourdwhter molecule which is close to the
H" resonance that we can detect. Dipolar trunctioghtieduce the buildup rate in this
case. On the other hand, thgfilter experiment should be especially sensitivenore
than one M proton is in close proximity to the detected anpdeton. Taken together, the
two experiments yield complimentary information abthe respective spin system and its

dynamic.
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In order to better estimate the experimental daththe correlation to the X-ray
structure, we represent the relative decay or bpilchtes of the two experiments as a
function of the inverse third power of thel-'H distances involved for the respective

amide proton. Th&; decay is described semi-analytically using theaéiqu:

L/T,)" =A+B | 1/ (5.4.1

J

Figure 5.4.1. Effective Tj relaxation rate as a function of the dipolar iattions as expected from the X-
ray structure. Only residues are represented fachwiio water molecule is found within 4.0 A. Resigu
which have no, one and more than one dipolar iotienato another M proton in the protein structure are

colored white, black and green, respectively.

Figure 5.4.1 represents only those amide protonsviich no water molecule is
found within 4 A in the X-ray structure. ResidueBigh have no, one and more than one
dipolar interaction to another™proton in the protein structure are colored whitieck
and green, respectively. There is apparently ncetadion between the T/ decay rate and
the number of interacting protons. In order talg NMR experimental data, we assumed
a linear relation between theTi/decay rate and the dipolar interactions calcul#teoh
the H'-H distances (with H being H OH and HO) as extracted from the the X-ray
structure. E45, T32, W41 and 130 are excluded froma fit, since they deviate
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significantly from the average value. Additionasidiies which are in close proximity to
water molecules are taken into account in Figu4e25Red and blue symbols indicate the
theoretical dipolar coupling values assuming thag¢ and two protons contribute to the
interaction, respectively.

The distance between the amide proton and the wateton is calculated

according to:

rij :\/dliN,o + dOZ,H + 2dHN‘oq),H cos’ (542

where d,, o denotes the distance betweell &hd water oxygend, ,, the bond
length in the water molecule arfthe angle between the NYdnd O—H vector [158]. In
order to calculate the H,H distances, we assumatl ttfte water oxygen is hydrogen
bonded to the amide proton. In addition, we havedua value off =52.52° [158],
assuming symmetrically bonded water molecules.

The experimental decay data taking water molecur&s account fit the same
empirical relation, with the exception of residu@44, Q50 and K60. For these“H
protons, a long effectivé, is observed, even though water molecules are faurbse

proximity.
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Figure 5.4.2. Effective T} relaxation rate as a function of the dipolar iat#ions as expected from the X-
ray structure. All residues are represented. Redoare symbols indicate the theoretical dipolarpting

values assuming that one and two water protonsibate to the interaction, respectively.

So far, the isotropic and anisotropic" Hthemical shifts, as well as their
orientations in the molecular frame are not tak&on account in the analysis of tfe
decay rates. The observed deviations might be dus=@ rotational resonance effect
[159]. Therefore, the T decay rate was analyzed as a function of tHg4M chemical
shift difference Pd) (Figure 5.4.3). The projection angle betweentthe H'-N vectors
which are in spatial proximity is represented ia figure 5.4.3 as well which might be an
approximation for the differentidH chemical shift anisotropy (CSA). Residues for athi
the H' atom is in contact with anothef'Htom within 2.0 A |, 2.0-2.5A, 2.5A-3.0A, 3.0A-
3.5A and 3.5A-4.0A are colored in magenta, redegrélue and yellow, respectively. In
cases where a"Horoton is in vicinity of two amide protons, onlyet strongest interaction
is taken into account. For small chemical shiftaliénces, a slight increase in the rate is
observed as expected (e.g. T32, Y57, E45). Theerafighen=0 rotational resonance

117



effect is defined by the line width of the respeetH" resonance which is on the order of
200 Hz P 0.3 ppm). On the other hand, a large dispersiabflofdecay rates is observed
for HY protons for which only a small isotropic chemishift difference between the
dipolar coupled nuclei is observed (residues calénegreen, corresponding to &' H"
distance of 3.0-3.5 A). We therefore conclude tither mechanisms thar0 rotational

resonance must as well contribute to the tlecay rate.

Figure 5.4.3. T/, relaxation rate as a function of the isotropicrofeal shift difference between twd*H
protons. Only the strongest interaction is takea atcount in cases where 8 ptoton is in close proximity
to two H' protons. Residues for which thé tom is in contact with anotheMttom within 2.0 A , 2.0-
2.5A, 2.5A-3.0A, 3.0A-3.5A and 3.5A-4.0A are coldria magenta, red, green, blue and yellow,

respectively.

In Figure 5.4.4, the NMR experimentas®H" build up rate is correlated with the
dipolar couplings calculated from the,®H" distances extracted from the X-ray
structure. Total dipolar coupling for each residsi€alculated according to Eq. 5.4.2. At

first sight, the buildup rate does not seem todb&ted to the expected dipolar interactions.
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However, taking into account that water moleculas be classified according to their
binding properties with respect to the protein libvas to identify three distinct water
molecules—in addition to bulk water: (I) Water nmlkes being in contact with bulk
solvent; (lI) Tightly bonded water within the cooé the protein; (lll) Dynamic water
molecules located in flexible regions of the prmotéihese regions are indicated in Figure

5.4.4. A qualitative explanation for this interibn is given below.

Figure 5.4.4. HO-H" spin diffusion buildup rates as a function of digolar interactions expected from the
X-ray structure. Amide protons which are in contaith bulk water, tightly bound water and flexible

regions of the protein are labeled with I, Il atigiespectively.

For completeness, Figure 5.4.5 represents the nuiaximtensityl repor-tthat can
be achieved for eaci,'®N correlation peak as a function of tha®# " puildup rate.
For very long mixing times, this ratio should giméormations about the number of water
protons in the vicinity of the respectivé' igroton. (For 1 protons, a value of 0.5 would be

expected; for 2 protons 0.67 etc.).
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Figure 5.4.5. Ratio between cross peak volumes extracted frontth@N PMLG correlation reference
experiment and the equilibration intendi’nyDOR_fextracted from the y@-H" spin diffusion experiment, as

a function of the experimentalTL/decay rate.

() For residues D14, Q50, and K60, we observe gy \&mnall buildup rate
112 "N At the same time, T4 adopts a smaller value as what would be expected
from the distances extracted from the X-ray stmec{rigure 5.4.2). The crystal structure
displays a very dense network of water moleculesirad these residues which is located
on the surface of the protein and is in contach Wwitlk water. We explain this finding that
water protons near residues located in region Iraxery fast exchange with bulk solvent
water molecules. This would result in a reductiémlipolar interactions. Therefore, these
water molecules do not contribute to a magnetiratimildup in the HO-H" spin
diffusion experiment nor to the™HT, decay, and are not detectable by MAS solid-state
NMR.

(1) Tightly bounded water within the core of tipeotein (region I1). Residues
located in region Il (N38, A56, T37 etc.), follom ampirical relation between theT$.°

"N) buildup rate and the dipolar interaction expedteth the X-ray structure. These
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water molecules behave solid-like. Most of themehaontacts to a symmetry-related
molecule in the crystal. They can therefore be iclmmed as being located in a pseudo-

core of the protein.

Figure 5.4.6. MOLMOL representation of the chicleespectrin SH3 domain. Colour coding is according to
the X-ray B-factor. B-factors of around 10, 20 &@dA° are represented in blue, red and yellow,
respectively.

(I Dynamic water molecules (region lIll). For réses which are located in
region Il (V46, E22 etc.), we find a very rapid gmetization buildup in the 40  H"
spin diffusion experiment, whereas no interactiartqer (H', OH or HO) is found in the
respective region of the X-ray structure. V46 isali@d in a loop region which connegts
strands 3 and 4. For this loop, a higher B-factb2h3 A% is found compared to the
average B-factor of the structure of 14.2 kterestingly,'H,"N correlations for N47 (B-
factor = 31.17 A) and D48 (B-factor = 31.71 % cannot be assigned in the MAS solid-
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state NMR spectra. Figure 5.4.6 displays the SiH&tire color coded according to the
B-factor of X-ray data refinement.

In the current electron density refinement, onlytewamolecules are taken into
account that have an occupancy of 100%. Water ml@ecwhich undergo chemical
exchange between two or more sites have an occymdiiess than 100% and cannot be
detected in the X-ray structure at the current ltgém. In addition to dipole—dipole
interactions, which are expected for protons indbkd-state yielding a i dependence,
fluctuations of dipolar interactions inducing redéon might have to be taken into account
for these mobile water molecules. Magnetic relaxatidispersion allows for the
determination of the correlation time of water noolles in the core of a protein [151]. The
correlation time could be estimated to be on théeorof t. 1ns. Motion of water
molecules on this time scale should induce relaraith neighbouring M resonances due
to fluctuations of dipole dipole interactions. Sunbtion would be in agreement with the
observation of disordered regions in the proteystal in which the electron densities are
not very well defined indicating small conformatabrheterogeneities. We cannot totally
rule out the possibility that differences obserbetiveen the solid-state NMR data and the
X-ray crystal structure are due to the differemhperatures which are used in the X-ray
(200 K) and NMR studies (280 K), respectively. mler to unambiguously address this
guestion, a room temperature X-ray structure woeldequired. We expect, however, that
for a X-ray structure determined at 280 K, the dipancies in region lll between the
NMR and the X-ray data would be even more striksigce the number of well defined
water molecules would be lower due to increasedritakmotion.

For four residues (E17, R21, T32 and S36), the Ha&-H" cross peak buildup
rate can only be explained taking into account hesence of short contacts between
exchangeable protons residing in the backbone argide chain chemical groups: E17
(E17HY-T240H, 1.1 A), R21 (R21M4S190H, 2.7 A), T32 (T32M4T320H, 3.4 A) and
S36 (S36M-S360H, 2.3 A). It was not possible to detect tberesponding side chain
protons in a direct or indirect fashion. Suppressiof exchange relayed transfers
(H,O OH H") is theoretically possible, but requires the aggilon of periodic band-
selective decoupling pulses covering the ertiteehemical shift range from 12 to 6 ppm

[160]. This is not possible, since this pulse woasdwell affect the waterHcorrelations.
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In the long run, however, applications to deuterggmtein samples with selective methyl
group protonation [161] are possible to suppressdlunwanted correlations.

Previously, *H,°C correlations were observed between side chaimsairing
labile protons and water [153,154,155]. We can welthat chemical exchange during
cross-polarization contributes significantly to tHeO-H" buildup rate. Exchange rates
between amide protons and the solvent are typicallfthe order of <10 Hz [162]. No
cross peaks between water and amide nitrogens edeetdd using a CP contact time
between 150ns and 2 ms in a@H,®™N PMLG correlation experiment. In addition,
broadening of the Mresonances due to chemical exchange between'tpeoton and the
solvent can be ruled out, since homonuclddr *H dipolar decoupling vyields line
narrowing of the M resonance lines. The opposite behaviour would yeated, if
chemcial exchange is the major contribution to lim®adening. Therefore one can
conclude that the effects that are observed areafi"H homonuclear coupling.

In conclusion, it has been shown that MAS solidtestAIMR can provide
information about water molecules in a protein @tite undergoing dynamics on a ns to
ns timescale. Upon comparison with the X-ray stectaf the SH3 domain, three regions
could be identified which are assigned to wateoivwed in a hydrogen network close to
bulk water, to water burried in the interior of theotein and to flexible regions of the
molecule. Analysis of the #-H" spin diffusion buildup experiment allows the
assignment of these dynamic water molecules, whevater molecules which are located
on the surface of the protein and which exchanga&lawith the bulk solvent are not
detected. Th&, decay experiment is sensitive both t&,H' and H',H.O interactions. In
cases where the X-ray structure is not known, sHdti™ distances are readily identified
as described earlier [163]. This should allow dedéntiation of H,H" and H',H,O
interactions. These experiments will find use idesrto better understand the role of water

in stabilizing protein structures.
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6 Chapter. Resolution enhancement in MAS solid-NM& by application

of 1*C homonuclear scalar decoupling during acquisition.

6.1 Introduction.

In the past, many methods have been developedppress strong anisotropic
interactions and improve line width in solid st&iMR, like sample preparation [28,42],
fast and ultra fast MAS [44,45], development ofenet and homonuclear dipole-dipole
decoupling sequences [23,24,29]. These developmesgslted in significant line
narrowing making scalar homonuclear couplings ttomdeterminants of th&C line
width in uniformly enriched samples.

The achievable line width dfC withoutJ decoupling is on the order of 100-150
Hz [164], while typical one bondcoupling constants in amino acids are 55 Hz fgiQC
and 35Hz for G-Cp [165,166]. In addition3J.. couplings between backbone and side
chain carbons yield an additional contribution he bserved line width. Removal of
these couplings is getting more important in ssNadRhigher quality spectra are obtained.

3¢ B¢ homonuclear decoupling can be achieved eithepipjication of selective
radiofrequency pulse schemes or biosyntheticallyubiyng a labelling strategy in which
each®C is only directly bonded td°C nuclei. A number of approaches to achidve
decoupling which were originally developed in saotstate NMR have successfully been
implemented in solid-state NMR. Selecti{i€ labelling schemes [5,167,168] remaye
couplings and also reduce dipolar truncation effe&cilitating long range distances
determination. On the other hand, uniforiC labelling of backbone is required for
sequential assignments. Application of selectivésgni for refocusing homonucledr
coupling in the indirect dimension was used in 8ofu NMR [169]. This idea was
implemented in solid state NMR by Strauss et alO[1@nd later reconsidered by
Ilgumenova et al [88] to decoupC. These approaches were limited so far to theentli

dimension, while the direct dimension would be meffecient in terms of experimental
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time expenses. Combination of decoupling in botd threct and indirect dimension
should yield, however, the best resolution.

Recently Emsley and co-workers [91,100] appliech-spate selective excitation
schemes in solid state NMR, which were originalgveloped by Sgrensen and co-
workers [82] for solution state NMR. Single and deulPAP selection filters were used
for 1D experiments to separate a single multiplemgonent by recording and
superposition of in- and anti-phase doublet andtquapectra [91]. In the 2B°C,**C
correlation experiment a quite elegant scheme waplayed [100] where spin state
selection in the indirect dimension was achievethgusan IPAP sequence within a
constant time'*C evolution period, while PDSD is used as a zeraatum mixing
sequence to obtain spin-state selective £p@arization transfer, yielding line narrowing
in the direct dimension after combination of inderted recorded data sets with one
another. The major prerequisite are relatively I@iltgring time periods on the order of
J/2 often resulting in significant polarization lessat moderate MAS frequencies. The
experiment demonstrates a remarkable improvememswlution in the direct dimension
by as much as 44%, while the line width in the liedi dimension was enhanced by 17%.
The last value was achieved due to a relativelytsh3®, which was a compromise
between loss of polarization (ca. 35%) and linetinvid\n empirical scaling factor is used
for combination of different data sets to extrdu single spin component [100] and it is
linked to the PDSD mixing time, which does not &f@n the same way an in- and anti-
phase signal. The way to define the scaling fattonot obvious and is based on an
empirical approach.

Carbon-carbon scalar couplings can also be remoyeaglective irradiation of one
or several spectral regions of interacting nuclei.this case, the respective multiplet
collapses into a single resonance line. Such déicguiechniques are used for decoupling
in the indirect dimension in solution state NMR,paying wide band selective adiabatic
pulses [171,172]. Band selective homonuclear cadasbon decoupling can be applied
during **C acqusition. This approach has recently been ssfidey implemented fot*C
detection of paramagnetic proteins [173] in solutitate NMR.

In thischapter, we implement a mono and double seidctive homonuclear
decoupling sequence based on selective irradiatitime direct dimension to increase the

effective resolution for solid-state NMR applicatso We show that the application of a
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weak RF field does not interfere with sample rotatif care is taken to avoid HORROR
(M=o 2) [174] or R3 =n*wto;) [175] conditions. The method was tested firshgsan
uniformly *N-*C enriched peptide sample, Nac-Val-Leu-OH, and thas applied to an
amyloidogenic hexameric peptide (STVIIE), where esevoverlap in the Land C'

spectral region prevented the assignment of tressmances.

6.2 Experimental.

All experiments were carried out on a 600 MHz Brukgance spectrometer,
equipped with a 4mm triple resonance probe. Thel@red 1D and 2D pulse schemes are
illustrated in figure 6.2.1. We assume that allsatiopic interactions as well a%-'H
scalar couplings were reduced to an insignificawel by MAS (ca. 11-12.5 kHz) and
application of the TPPM proton decoupling schensingia RF field strength of ca. 90
kHz. All experiments start with a 90H excitation pulse followed by a ramped CP
magnetization transfer from protons to carbon.Ha BD experiment, C' is selectively
irradiated during the evolution in the indirect @insion to suppress the scalar coupling to
Ca. Proton driven spin diffusion is used to yield matization transfer between different
carbon sites. In all experiments band-selective dramlear*C,**C scalar decoupling was
achieved during stroboscopic detection by apphbecatof band-selective adiabatic RF
pulses. In order to avoid misunderstanding hereafise use the term
“stroboscopic/windowed detection” to designate d@b@ having RF power irradiation
applied on the detected nucleus during the acgunsiThis scheme requires to lock/open
the preamplifier gate after/before each samplingtpd his results in increase in the noise
level. On the other hand, the expression “standatdction” is used to denote detection,

when the preamplifier gate is kept locked duringwhole acquisition time.
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Figure 6.2.1. A) Pulse sequence employed¥8+*C homonuclear scalar decoupling during detection.
Selective pulses with windows for data samplingrapresented as shapes with gaps and 90° pulses are
indicated by open bars. B) 2fC-**C PDSD pulse scheme witfC-**C homonuclear decoupling during

detection. Selective irradiation in the indireanénsion is represented as a shape.

The window duration for irradiation (HDDUTY) wastde 37% of the dwell time,
as a compromise between decrease of the signalite-ratio due to probe ring down and
efficiency of the decoupling performance. In th@exments, a dwell time of 14.% was
employed. A supercycled adiabatic SEDUCE-1 (digdimto 1000 points) pulse [70,176]
was used to irradiate the selected frequency bangéserating a “DANTE-like” [177]
train facilitating the selectivity of the shapedigmi In the stroboscopic regime at low

power the signal-to-noise ratio depends on HDDUE¥oading to [173]:

[| _HDDUTY
o 100  (6.2.1)

yielding 0.79 for a HDDUTY value of 37%. Experimemyalwe observe however a

sS_s

N N

smaller value: the signal-to-noise ratio measutedd@DUTY of 37% and zero power is
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reduced to 0.65 compared to conventional deteckiomvever, collapse of multiplets into

singlets still yields a sensitivity improvement.

6.3 Results and discussion.

For a quantitative characterization of band-selectihomodecoupling the
uniformly ®N-**C labelled dipeptide Nac-Val-Leu-OH was used agst sample. The
MAS frequency was set to 12.5 kHz. All experimentse carried out at 280 K. Figure
6.3.1 shows several experiment@—1D spectra, in which no decoupling was applied (A
D, F), G was decoupled from C' (B),,Gvas simultaneously decoupled from C' and C
(C) and C' was decoupled from (E). MLEV16 [178] and P9 [179,180] supercycling of
the selective pulses was used in experiments BAn&)C), respectively.

All shaped pulses were generated using the STDIB® in XWINNMR 3.5. The
experimental results are summarized in Table hbBscopic detection was used for the
reference experiments represented in (A) and ®)low for direct comparison with the
homonuclear decoupling experiments, shown in (B8),gnd (E). C' region of a spectrum
recorded with standard detection is representedFn to allow comparison with
stroboscopic detection (D) which was used for exiee experiment. Noise levels were
equalized for both experiments.

Observed line width of not decoupled C' andr€sonances are between 101 and
125 Hz, whileJ coupling is clearly resolved only for Leu C'. HonmgtearJ couplings are
comparable with the line widths what makes the dpting efficient. Except of’cC,*C
andC,*>N J couplings (ca. 50-90Hz) and homogeneous broadgomg30Hz [88]) not
completely suppressed interactions like CSA,*C and *C,C dipolar couplings
contribute to the line width. The last interactibroadens lines due to the second-order
dipolar shift. For low magnetic fields at, between n=1 and n=2 rotational resonance
conditions the broadening is comparable With,**C J coupling and it's influence on the
line width was carefully studded in [88]. At higheragnetic fields this effect is reduced

due to truncation of “flip-flop” term in homo-nu@edipolar spin Hamiltonian by the
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Figure 6.3.11°C-1D spectra of u}fC-**N] Nac-Val-Leu-OH, displaying th€C' and™C, spectral regions.
The MAS frequency was adjusted to 12.5 kHz. Thausitipn time was set to 50 ms. The signal was
processed without any apodization. The same expetahconditions were used in all experiments greor
to allow for direct comparison of resolution and #ignal-to-noise ratio. Stroboscopic detection usesd in
all cases except of F) to allow a direct comparison

A) C, without decoupling.

B) C, with C' decoupling.

C) G, with simultaneous decoupling from C' angir€gions.

D) C" without decoupling.

E) C' with G, decoupling.

F) C" without decoupling, no stroboscopic detection
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large chemical shift difference term. The influerdehe truncation we clearly observed
in spectra of Nac-Val-Leu-OH at 400 MHz spectrometehereJ coupling splitting of
Leu C' is not well resolved any more and line wittih carbonyl resonances roughly 10
Hz more (data not shown). This fact points thaemdl magnetic field directly results in
decoupling performance.

We observe a reduction in line width for Leu and &ain the case of decoupling
from C, by 59 and 49 Hz, respectively, which is in theeordf the C'-G scalar coupling,
indicating good performance. In the case of dedngpl, from C', a line narrowing of
50.5 Hz and 36 Hz is observed for Leu and Vali€spectively. Simultaneous decoupling
of C' and G while observing ¢ results in a line narrowing of 74 and 58 Hz fouland
Val, respectively. Previously, a line narrowing the direct dimension in case of
decoupling G from C' using the spin-state selective scheme0ed2 Hz [91], and in the
indirect dimension in case of simultaneous decogptif G from C' and ¢ of ca. 55 Hz
[88] could be achieved at moderate spinning freqigsn

Sensitivity gain obtained by the decoupling expenits comparatively to the
reference experiments are given on figure 6.3.Xkinbainto account factor 0.65 for
sensitivity decreasing in case of stroboscopicaete one can obtain that gain achieves
116% for Leu G.

Despite the advantage of higher sensitivity andlu®n, homodecoupling can
cause significant Bloch-Siegert shift (BSS) of theonances of interest [181]. In the case
of decoupling G from C' and C' from & no induced shifts were observed due to the large
chemical shift difference between these nuclei. lid®@and selective decoupling causes
an induced shift of the £and G resonance frequency due to irradiation gf The BSS
value in this experiment for both Val and Lew &€ 19 Hz. This value is on the order of
0.13 ppm and therefore much smaller than the liéwand close to the digital resolution
one obtains in multi-dimensional experiments. B&® be compensated by using an
additional symmetric pulse of the same shape hatiagopposite frequency offset from
the signal of interest which can easily be impleteénn the indirect dimension. The
major limitation of this approach in the direct d@insion is the short time available for RF
irradiation during detection. Using a compensatpoyse significantly decreases the
decoupling performance in the direct dimensionultssnot shown). Also, calculation of

130



the BSS based on numerical simulations is pos§iblé] and can be performed for any

elaborative adiabatic pulse.

Table 6.3.1. Full linewidth at half heighf)in Hz for Nac-Val-Leu for decoupling of differegpectral

regions.
DlLeu C'| DVal C' | DVal C, | DLeu G, | RF Power (Hz) Refocusing Supercycle| BSS

pulse duration (Hz)
(ms)

A 111.5 125

B 75.5 74.5 4400 12.7 Mlev16 0 Hz

C 53.5 51 8300 10.640 P9 19 HZ

D 107 101.5

E 48 52.5 4400 12.7 Mlevl6 0 Hz

Abbreviations in the table for different spectrarespond to ones used in capture of Fig. 6.3.2.
A) C, without decoupling.

B) C, with C' decoupling .

C) G, with simultaneous decoupling from C' angir€gions.

D) C' without decoupling.

C' with G, decoupling.

The homonuclear decoupling sequence was appliedarto amyloidogenic
hexameric peptide (STVIIE) [182}*C-1D spectra of*C-**N uniformly labelled STVIIE
with and without decoupling are presented on figbrg.2 B and A respectively. The
spectrum without decoupling was acquired in stathddetection mode. The natural
abundance spectrum of the peptide is shown in dighu3.2 C. Comparison of the
decoupled spectrum with the natural abundance ahdiecoupled spectra demonstrates
the high efficiency of the decoupling scheme.

Single band**C-*C, J decoupling was achieved by selective irradiatiérthe
3C, region. Parameters of the employed pulse are airtol those used in the previous
experiments applied to the dipeptide. An adiab&&DUCE-1 pulse with a MLEV-16
supercycle was applied with an on-resonance fregueh59 ppm (see figure 6.3.2 D)
employing a RF field amplitude of 5 kHz and a diaraiof 11.5 ms. In case of continuous
irradiation it has excitation band width of 4kHzhie windows for detection make it
more selective. RF power and duration of the pulsee experimentally adjusted for the
optimal performance.
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Figure 6.3.21°C-1D spectra of fibrillized STVIIE demonstratingetperformance ofC-*C homonuclear
scalar decoupling. Spectra were acquired wat a ¥td@iency of 11 kHz, temperature of 273 K and
application of a 90 kHz RF field strength for TPRgcoupling.

A) C' region of *C-*N uniformly labelled sample without homonuclearlacaecoupling, standart
detection is used, ns=256.

B) C' region of*C-"*N uniformly labelled sample with homonuclear scalacoupling applied to
the G, region, ns=256.

(C) Natural abundance spectrum, ns=22000.

(D) Full spectrum of*C-*N uniformly labelled sample, ns=256.

Spectra (A), (B) and (D) were recorded at the saomglitions. The acquisition time in the
experiments was 35ms. The experimental time fon eaperiment was 8 min. The spectrum (C) was
recorded using an acquisition time of 30 ms, ans rgaorded within 22 hours. No apodization wasiegdpl

for all spectra.

Signal-to-noise ratio for the highest peak in netalpled spectrum is 31.1, while
decoupled spectrum yields S/N 27.5. Such ratio Gorregion is lower than in the
experiments for Nac-Val-Leu-OH, which can be exmdai by the spectral overlap and

broader line width. For our experience decouplieggfgrmance decreases while irradiated
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bandwidth increases. It is also a case for STVIHictv has broader {region. Higher RF
decoupling power can improve decoupling performabc it results in unwanted spikes
and artefacts.

This approach was utilized to improve the resohutmf the 2D experiment.
calrhatic o spectral regions of the PDSEC-C correlation experiment performed with
and without homonuclear decoupling are presentédgn6.3.3 B and A respectively. The
former spectrum was recorded using the pulse sequshown in Figure 6.2.1 B.
Homonuclead decoupling in the direct dimension was analogouth¢ 1D experiments.
For the indirect dimension, the same pulse shapeamgployed, while the amplitude of
the applied RF field was set to 1600 Hz due toinaity of the irradiation. The resolution
achieved in the decoupling experiment allows unguondils assignment of all resonances,
especially G-C' correlations, which was not possible before.e T$tandard PDSD
experiment demonstrates for most peaks resalvamliplings, making the spectrum more
confusing for interpretation, especially for thegioms with spectral overlap. In the
decoupled spectrum, we count only sixC correlations, while seven would be expected.
The missing C' resonance is broadened due to chermxchange between different
conformations (data not shown). Analysis of thengiwal shifts of the cross peaks
indicates that the missing resonance belongs edhidin glutamic acid carboxyl.

This 2D experiment also containg-C;, correlation (data not shown) witfic **C
J decoupling only in the direct dimension, while rinés no decoupling in the indirect
dimension. Due to strong spikes between 45 andpB® gaused by selective irradiation,
cross peaks for serine and threonine are not ohiskervwhile valine, isoleucine and
glutamic acid have sharper lines in the direct aisien. Spikes could be reduced to not
significant level by decreasing irradiation poweu it also would reduce the decoupling

performance.
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Figure 6.3.3. &P C' regions of two PDSD spectra of fibrillized {i¢-*N] STVIIE using a mixing time
of 15ms.

A) Reference experiment, without homonuclédecoupling.

B) Experiment recorded with homonucleldtecoupling in both dimensions according to theguls
sequence represented in figure 6.2.1 B.

All spectra were recorded at the same experimeotaditions. The MAS frequency was set to
11kHz, temperature was adjusted to 273 K and TPP80 &Hz was used for heteroniclear decoupling in
both dimensions. An acquisition time gf¥=10ms and.f"*=30ms was used for the indirect and direct
dimension, respectively, with TPPI [12] for phasadgtive detection. Both spectra were processed by
applying a sine-bell function phase shiftedd$ and byp/3.5 in § and in § respectively. Total experimental
time for both spectra was 12 hours. Plot levelsath spectra are chosen to be slightly above thésen

level. Spectra on the top are row projection a8 $m in the indirect dimention.

The experiments obviously show that decoupling ucquisition is useful for

improving the spectral resolution in the direct dimion.J decoupling is highly efficient
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whenJ is comparable or larger than the natural line widbh cases where thescalar
coupling is resolved, decoupling results in redgdime number of peaks by a factor 6f 2
where n corresponds to the number of decoupled spims can dramatically enhance the
resolution in complicated spectra. If the sum odlac couplingsS J; is not less than
natural line width, ideal decoupling decreaseditireewidth byS J. In this case, presented
experimental approach gives the theoretical vatluefsignal-to-noise ratio enhancement
in case of full decoupling of spectra as:

S— n
N x%o 2 (6.3.

where %

The factor k describes the signal-to-noise ratiordase due to employing of stroboscopic

denotes the signal-to-noise ratio of the spectrum withoullewn
0

detection anah corresponds to the number of decoupled spins. 8\dmin-state-selective
schemes yield a signal-to-noise ratio:

S_ xP A2 (6.3.

N N

where %

The factor h reflects the signal decrease durimg preparation period, which for

denotes the signal-to-noise ratio of the spectrum without dexpupl
0

moderate MAS frequencies of 10-15 kHz is on theepmf 0.4-0.85, depending on the
nucleus [91]n refers to the number of decoupled spins 1/2.

In conclusion, it has been shown that applicatibrlh@monuclear decoupling is
feasible during detection. This decoupling schemeseases the resolution of the carbon
resonances up to a factor of 2-2.5. At the same,tisensitivity can be moderately
increased (up to factor 1.2). We assume that thagegly turns out to be useful for larger

biomolecules like e.g. membrane proteins, wheretsgeoverlap is critical.
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Appendix 1.1. Simulation 6N peaks ratio.

SIMPSON input file to simulate of the NHNH® intensity ratio of the nitrogen signal as
function of the reduced anisotropy and the Euler angle at a MAS frequency of 10 kHz
(the asymmetry is kept constantat0.2). In the simulation, an external magneticdfief
14.1 T is assumed, corresponding tdHaLarmor frequency of 600 MHz andN-‘H
dipolar coupling is 10828 Hz. Results are presemtddgure 3.3.3 A.

spinsys {

channels 15N 1H

nuclei 15N 1H

dipole 1 210828.1000
jcoupling12-9500000
shift2 1p 7.7p 0.654000
shift 1 100 90p 0.2000

}

par {

spin_rate 10000
gamma_angles 80
sw 100000
crystal_file zcw986

np 40000
start_operator 11x+12x
detect_operator I1p
proton_frequency 600e6
method gcompute

}
proc pulseq {} {
global par

maxdt 1
delay 100000

proc main {} {

global par

setiO

set outfilel [open HNJbeta-CSA10-600-90p.dat w]

puts $outfilel "here integral inntensity of 15N liplets at 10kHZ spinning frequency
HNbeta-CSA10-600.in "

puts $outfilel " beta changes from 0 to 30, stép 2

puts $outfilel "CSA changes from 80 to 120, stép 2

puts $outfilel "integration 100-297.5 and -97.% 10l left and right"

puts $outfilel "integration 147.5-297.5 and -93255 half left and right"
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puts $outfilel "ratio fullleft/fullright, ratio Héeft/halfright, check ratiofull/ratiohalf"
puts S$outfilel "beta CSA fullleft fullright halfle halfright ratiofullleft/right
ratiohalfleft/right checkfull/half "

set outfile2 [open HNJbeta-CSA10-600s-90p.dat w]

puts $outfile2 "here integral inntensity of 15N Itiplets at 10kHZ spinning frequency
HNbeta-CSA10-600.in "

puts $outfile2 " beta changes from 0 to 30, stép 2

puts $outfile2 "CSA changes from 80 to 120, stép 2

puts $outfile2 "integration 100-297.5 and -97.8-10l left and right"

puts $outfile2 "integration 147.5-297.5 and -9355 half left and right"

puts $outfile2 "ratio halfleft/halfright "

puts $outfile2 "CSA beta"

set name [ list HNbeta-CSA000-80 HNbeta-CSA002H80beta-CSA004-80 HNbeta-
CSA006-80 HNbeta-CSA008-80 HNbeta-CSA010-80 HNIe$#012-80 \ HNbeta-
CSA014-80 HNbeta-CSA016-80 HNbeta-CSA018-80 HNIE2$#020-80 HNbeta-
CSA022-80 HNbeta-CSA024-80 HNbeta-CSA026-80 \ HEHeBEA028-80 HNbeta-
CSA030-80 \HNbeta-CSA000-82 HNbeta-CSA002-82 \

[* cycled names for output files */

HNbeta-CSA000-118 HNbeta-CSA002-118 HNbeta-CSADDE-HNbeta-CSA006-118
HNbeta-CSA008-118 HNbeta-CSA010-118 HNbeta-CSA012-\1HNbeta-CSA014-118
HNbeta-CSA016-118 HNbeta-CSA018-118 HNbeta-CSA0P®-HNbeta-CSA022-118
HNbeta-CSA024-118 HNbeta-CSA026-118 \ HNbeta-CSAD28 HNbeta-CSA030-118
\ HNbeta-CSA000-120 HNbeta-CSA002-120 HNbeta-CSADPE HNbeta-CSA006-120
HNbeta-CSA008-120 HNbeta-CSA010-120 HNbeta-CSA022-HNbeta-CSA014-120
HNbeta-CSA016-120 HNbeta-CSA018-120 HNbeta-CSA020-HNbeta-CSA022-120
HNbeta-CSA024-120 HNbeta-CSA026-120 \ HNbeta-CSAD28 HNbeta-CSA030-120

for {set delta 80} { $delta<=120 } { incr delta}{

for {set bet 0} { $bet<=30 } { incr bet 2 } {

set f [fsimpson [ list [list dipole_1_2_ beta $bpigt shift_1_aniso [expr $Nfreq*$delta ] ]
11

fphase $f -scale 0.2

faddlb $f 10 0

fzerofill $f 1048576

fft $f

set [list arl ] [fint $f [list [list 100. 297.5]ikt -97.5 100. ]]]

set [list ar3 ] [fint $f [list [list 147.5 297.5]ist -97.552.5]]]

puts " delta= $delta beta= $bet "

puts "$arl”

puts "$ar3"

puts $outfilel "$delta $bet $arl $ar3 [expr [lindkarl 0)/[lindex $arl 1] ] [expr [lindex
$ar3 0)/[lindex $ar3 1] ] [ expr [lindex $arl Ojfjlex $arl 1]/ [lindex $ar3 O]*[lindex
$ar3 1] J"

puts $outfile2 " $delta $bet [expr [lindex $arFidex $ar3 1] 1"

fextract $f 297.5 -97.5
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fsave $f [lindex $name $i]
funload $f

incr i

}

}

}
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Appendix 2.1. Simulation 6N line width.

Here we give SIMPSON input file to simulate datagemted in Figure 4.3.1. File gives
>N line width in net of interacting protons and dasm modified to get spectrum without

mutual proton-proton interaction.

spinsys {

channels 15N 1H

nuclei 15N 1H 1H 1H 1H
dipole 1 2 10828.1 0100
jecoupling12-9500000
shift2 1p 7.7p 0.654000
shift 1 100 100p 0.2000
shift 3 0p 7.7p 0.65 20 10 50
shift 4 2p 7.7p 0.65 4 23 58
shift 5 3p 7.7p 0.65 88 71 31
dipole 2 3-1000 12 210 33
dipole 2 4 -1200 72 12 210
dipole 25-800 2344 71
dipole 34 -800 17 0 56
dipole 3 5 -200 54 56 88
dipole 4 5-1111 37 88 59

}

par {

spin_rate 10000
gamma_angles 40
sw 100000
crystal_file zcw986

np 36000
start_operator 11x+12x
detect_operator I1p
proton_frequency 600e6
method gcompute

}

proc pulseq {} {
global par

maxdt 1

delay 100000

}

proc main {} {

global par

set f [fsimpson |

fphase $f -scale [ expr 0.2*96/100]
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faddlb $f 10 0

fzerofill $f 1048576

fft $f

fextract $f 297.5 -97.5
fsave $f Lw3-1H-10kHz.spe
funload $f

}
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Appendix 2.2 Experimental values fqr, T, and /7 for SH3.

Relaxation data, presented in Chapter 4 are listéalv:

Here are T(s) measured at 600 MHz and 900MHz, the resultaarfoexponential double

parametrical fit are given below:

res600 - residue name for 600 MHz results

T1m600 - T (s) values obtained on 600 MHz instrument

rmsT1m600 - fitting error for 600 MHz data

res900 - residue name for 900 MHz results

T1m900 - T (s) values obtained on 900 MHz instrument

rmsT1m900 - fitting error for 900 MHz data

res600 T1m600 rmsT1m600 res900 T1m900 rmsT1mPO0
L8 4.65122 0.55357 L8 5.36274 0.75442
V9 34.49652 4.4205 V9 49.35347 3.38694
L10 20.24588 7.64212 L10 23.93327 5.10801
All 28.53027 6.05962 All 18.47348 3.93767
L12 19.78929 4.08874 L12 43.53311 13.23298
Y13 49.31829 4.26401 Y13 41.39503 5.78818
D14 15.5703 3.74983 D14 19.35336 1.9613
Y15 29.9036 1.36573 Y15 37.5575 2.52793
Q16 15.35992 1.70167 Q16 19.7283 1.94812
E17 17.86445 2.32283 E17 32.21341 4.04229
K18 34.65028 2.00623 K18 38.9366 4.16906
S19 11.02079 0.86132 S19 12.74473 0.56572
R21 1.88915 0.03026 R21 1.87723 0.04017
V23 18.71523 0.27578 V23 14.61347 2.59048
T24 10.3015 0.40404 T24 17.23294 1.24016
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M25 30.42302 3.06346 M25 32.89406 2.4795
K26 30.68446 2.5618 K26 33.59218 3.12812
K27 16.21695 3.43673 K27 22.5766 2.51842
G28 27.70589 1.12555 G28 34.47533 2.85962
130 18.7838 1.31456 130 28.05375 2.06242
L31 24.90612 3.37559 L31 47.74123 11.12265
T32 5.83826 1.09314 T32 9.85698 1.30392
L33 39.81106 3.81586 L33 47.66893 7.48523
L34 7.40778 0.82943 L34 11.08549 0.14222
N35 36.70529 2.11795 N35 54.62919 10.2861
S36 10.23215 4.41405 S36 1.23309 0.72999
K39 7.85471 0.55624 K39 12.8825 0.76761
D40 17.72376 8.07643 D40 12.5363 4.01969
w41l 16.48384 2.52876 w41 20.75727 4.54966
K43 21.94894 1.96619 K43 25.58464 2.42105
V44 14.15855 3.27695 V44 23.6864 4.38537
E45 5.17612 0.42789 E45 7.56929 0.94315
V46 23.96791 0.24613 V46 23.91198 0.66379
R49 18.58777 3.30262 R49 25.92933 3.16032
Q50 6.07359 0.17378 Q50 9.7956 0.30869
G51 17.12147 1.71814 G51 29.71033 3.11572
F52 26.64148 1.69641 F52 39.14954 4.27127
V53 45.35447 2.09126 V53 60.19296 18.01921
AS5 27.52659 2.64574 AS5 41.01593 2.11826
A56 15.43669 6.45111 A56 20.49128 3.37275
Y57 11.73353 4.93633 Y57 27.69486 4.67284
V58 37.32621 5.33921 V58 53.34332 8.45611
K59 17.27467 3.17124 K59 34.19614 8.31288
K60 5.37541 0.48357 K60 9.30321 0.51437
L61 6.35323 0.34614 L61 7.61761 0.86798
D62 1.32981 0.11112 D62 1.90392 0.1198
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Tabellenbeschriftung 6.3.1

Here are 7 values measured at 600 MHz, the results of mormexqial double

parametrical fit are given below:
Fit Y=Al*exp(-t/T2)

residue - residue name: index “u"-upfield componemd index “d’—downfield

component.

T2 - fitted T, values, given in ms

rmsT2 - fitting error

residue T2 rmsT2 S19d 109.52491 10.55787
L8u 16.43704 2.70341 R21u 32.79999 5.99448
L8d 39.19565 5.96228 R21d 38.00433 6.1894
residue T2 rmsT2 E22u 91.44308 11.21602
Vou 58.23465 6.04686 E22d 116.37239 12.85235
vad 63.64111 11.1999 T24u 51.77266 10.19356
L10u 50.20194 11.62402 T24d 92.20754 9.02342
L10d 51.08688 13.27561 M25u 124.27129 7.38347
Allu 50.79323 8.6638 M25d 127.03479 11.66648
Alld 42.82496 4.89224 K26u 75.82919 8.72209
Y13u 85.03502 6.51391 K26d 159.12953 23.8421
Y13d 109.91327 10.7556 K27u 123.5899 21.02955
D14u 123.10333 16.08263 K27d 160.71246 29.60936
D14d 129.67558 19.11829 G28u 235.29155 128.00644
Y15u 120.23911 8.88771 G28d 177.53701 69.53937
Y15d 147.92812 18.4476 130u 43.97566 3.65029
Q1l6u 106.74434 11.94045 130d 56.59404 8.23255
Qled 160.65726 | 19.82059 L31u 52.18956 10.37006
E1l7u 69.37638 11.3982 L31d 51.1269 6.38497
E17d 101.74927 20.59008 T32u 40.70137 2.87055
S19u 74.91788 6.04814 T32d 66.78183 8.08979
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L33u 253.92497 62.14668 Q50u 41.8958 3.71217
L33d 129.4832 47.54509 Q50d 109.03036 9.45569
L34u 19.12764 3.1863 G51u 99.88773 15.65227
L34d 82.20574 12.432 G51d 114.48702 18.23962
S36u 31.73364 3.50604 F52u 59.33875 8.40816
S36d 47.41241 8.45216 F52d 103.93138 15.4367
T37u 54.01046 9.55827 V53u 55.41258 7.47038
T37d 52.85019 5.1266 Vv53d 57.35837 13.29579
D40u 62.71761 7.22669 A55u 47.22755 9.0972
D40d 65.05281 3.62276 A55d 43.94305 9.44126
W41lu 71.09831 8.07984 AS56u 155.22534 44.65558
w41d 132.48731 25.29049 A56d 472.23413 107.97382
K43u 31.68615 5.56534 Y57u 71.23618 6.0909
K43d 39.50518 7.19582 Y57d 188.40539 42.19341
V44u 46.57035 4.27749 V58u 118.5932 11.39635
V44d 36.85981 5.64242 Vv58d 107.81716 15.96831
E45u 27.27114 1.86436 K59u 73.34286 5.91156
E45d 67.57842 3.85929 K59d 91.47597 17.08946
V46u 35.9953 4.97092 L61u 46.8153 4.7525
V46d 66.76452 10.82971 L61d 110.9554 16.1608
R49u 58.70095 5.51544 D62u 7.65634 0.87838
R49d 76.11557 5.64984 D62d 94.29044 14.10393

Tabellenbeschriftung 6.3.2

Here are differential relaxation rates values mesbsuat 600 MHz, the results of

monoexponential double parametrical fit are givelow:

Residue—residue
Eta—differential relaxation rate, given in Hz

RmsEta—fitting error

Resisdue Eta rmsEta V9 0.59 0.555

L8 17.66259 6.94351 L10 0.615 0.505
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All -2.475 0.52 S36 3.53 1.2
Y13 1.16 0.205 T37 0.185 0.59
D14 0.44 0.6 D40 2.915 0.88
Y15 0.49 0.425 W41 2.625 0.67
Q16 1.63 0.585 K43 2.875 0.54
E1l7 2.8 0.595 V44 0.015 0.605
S19 2.72 0.37 E45 10.64 1.035
R21 12.135 2.235 V46 2.425 1.115
E22 1.79 0.445 R49 1.64 0.345
T24 8.515 0.895 Q50 6.745 0.545
M25 0.415 0.39 G51 0.875 0.415
K26 2.595 0.25 F52 6.705 1.25
K27 0.19 0.9 V53 1.28 0.575
G28 0.2 1.55 AS5 -0.32 0.57
130 2.8 0.58 A56 1.715 0.575
L31 -0.165 1.155 Y57 4.37 0.37
T32 5.185 0.655 V58 -0.405 0.545
L33 -2.16 1.565 K59 1.3 0.64
Resisdue Eta rmsEta L61 6.515 0.645
L34 22.565 1.83 D62 60 8.28

Tabellenbeschriftung 6.3.3
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Appendix 2.3 SIMPSON input file to extr&®-"H dipolar coupling values.

The input file below was used to extract dipolangongs, which were discussed in Chapter 4.

spinsys {

channels 1H 15N

nuclei 1H 15N

dipole 1 2 10828 0 20 0
shift 1 0 Op 0.65 17 84 12
shift20170p 0.2000
jecoupling12-9300000
}

par {

spin_rate 25000
gamma_angles 20

sw 250000

crystal_file rep678

np 199

start_operator 11x
detect_operator 12p
proton_frequency 600e6
method gcompute
variable rfn 39000

}

proc pulseq {} {
global par mn g

maxdt 0.5

reset

pulse 1e6 64000 0 $par(rfn) O

}

proc minuit {} {

global par mn g k

set k [expr $k+1]

set f [fsimpson [ list [list dipole_1 2 aniso $rdimole)] ] ]
set scale [ expr 100000*$mn(sc)]
set Ib $mn(lb)

fphase $f -scale $scale

faddlb $f $lb O

fsave $f mnHAd50Q50f3.fid

puts "k= $k"

set rms [frms $f $g -re]

funload $f

return $rms

proc main { } {

global par mn g k

setk1

set g [fload "cp50Q50-30f3.fid"]
set expfidnp [fget $g -np]

puts "np= $expfidnp"
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# mnpar name val step [min max]
mnpar dipole 11000 2000 9000 12000
mnpar Ib 90 200 0 250
mnpar sc 14 4 10 18

mnminimize
minuit
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Appendix 2.4. Fitting results forN-"H dipolar coupling values.

The results were obtained by employing SIMPSON pgek the input file is given in
Appendix 2.3.

Notations:

A-residue number

Res-residue

Hdd-"N-'H dipolar coupling

Lb—line broadening, according to SIMPSON stand&imhple exponential damping of the time
domain data

Scale—scale.

Itter—number of iterations

Rms—error given by SIMPSON minimization routine.

Res Hdd Lb Scale Itter rms

8 L8 10369 152.7 8.91 208 0.948

9 V9 10994 202.6 11.76 377 0.632

10 L10 11060.4 180.2 16.4 286 0.985

11 A11 10974 36.86 9.92 184 1.32

12 112 10980 162.2 9.95452 1.1

13 Y13 10987 136.3 11.78 237 0.7

14 D14 10607 168.2 13.68 817 0.532

15Y15 11038 187.1 13.3 216 1.49

16 Q16 10585 148.72 15.1 498 0.856

17 E17 11028 111.38 15.84 223 0.998

18 K18 10974.2 146.9 17.48 396 0.787

19 S19 10713 227.2 13.9 284 1.18

21 R21 10834 125 5.93 390 1.37

23 V23 10797 250 13.81 382 0.637

24 T24 10122 181.5 11.62 378 0.932

25 M25 10990 147.8 13.6 303 0.899

26 K26 10857 153.4 12.1 452 0.852
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27 K27 10962 171.9 11.02 260 0.927

28 G28 11178 228 11.28 668 1.25

A Res Hdd Lb Scale Itter rms

A Res Hdd Lb Scale Itter rms

30 130 10901 102.97 9.47 459 0.966

31 L31 10917 207.6 10.55 337 1.06

32 T32 10512 222.3 10.91 1403 1.16

33 L33 10935 89 9.02 289 0.993

34 L34 10951.3 121.5 9.053 455 1.84

35 N35 10946 182.8 13.1 320 0.725

39 K39 10696 127.8 11.77 670 0.486

41 W41 10915 111.6 10.89 286 0.972

42 W42 10934 135 10.4 645 0.56

43 K43 11075 139.1 9.93 283 1.22

44 V44 11100 153.2 15.2 501 1.02

45 E45 10472 160.03 8.55 318 1.28

46 V46 10999 158.4 10.8 328 1.22

49 R49 10978 149.9 11.34 366 1.09

50 Q50 10391.4 250 14.61 1368 0.74

51 G51 10836 207.3 10.57 756 0.631

52 F52 10956.3 158 9.88 878 0.905

53 V53 11116 148.3 12.63 257 0.953

55 A55 10973 129.6 12.1 478 0.637

56 A56 10908 175.2 12 379 1.06

57 Y57 11004 149.3 7.47 254 1.33

58 V58 11073 140.7 11.2 372 1.01

59 K59 11051 148.6 10.63 691 0.914

60 K60 10762 216.2 15.7 359 0.905

61 L61 10521 218.2 12.5 556 0.486

62 D62 6513 292.6 12.05 705 1.01

Tabellenbeschriftung 6.3.4
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Appendix 2.5 C++ code to fit correlation parameters

This program was employed for grid search, desdribeéChapter 4, Equation 4.5.1.

char chX;
char *outfile[63][5], *resname[63]; // 6 -experentah, 1 - output

double x2, tf, s2s, ts, wN, wH, wdHN, VdHN, pi, wneN900, wH900, wns900, S2f;

double T16exp, Etaexp, T16,eta2, RMST1, RMSetaMSRiple , T19, T19exp;

double tsstep, tsmax, s2sstep, tfstep;

double optTriple[63][10], optetaT1[63][9], optT1[HS]; // S2s, ts, rms, T1600, eta600, T1900,
tf

double datain[63][5];

int valid[50];

intn, k, m;

double J(double s2s1,double ts1,double wl) ;
double R16(double s2s1,double tsl);

double R19(double s2s1,double tsl);

double eta(double s2s1,double tsl);

void data(void );

void main()

{

data();

tsmax=800;

tsstep=0.2; // nanoseconds

s2sstep=0.004; // s2slow step

tfstep=20./2000000./2000000.;

cout<<1e-9*1000000000.<<"\n"; cout<<"cos= "<<cdk(280.*pi)<<"\n";

ofstream writeGeneral; writeGeneral.open("_GemglxSH3all.dat",ios::out); // triple RMS
file

if (‘'writeGeneral) {cout<<"file error";} else {cox<"\n output file
"<<"GeneralRelaxSH3.dat"<<"is open \n";};

writeGeneral<<"Here results for relaxation, akideie and combinetions, 1st Triple results,
2nd T1+T2, 3d T1+T1, tf="<<tf<<"\n";

writeGeneral<<"ResName ResNum S2general T1600&Expt T1900ex S2slow tsl tf1(ns)";
writeGeneral<<" rmsTriplel T16001 etal T19001 8®2&l ts2 rmsEtaTl2 T16002 eta2
T19002"
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writeGeneral<<" S2slow3 ts3 rmsT1T13 T16003 eta30D3"<<"\n";

ofstream writeRes; writeRes.open("_GeneralRelax&H3lat",ios::out); // triple RMS file

if (‘'writeRes) {cout<<"file error";} else {cout<<h output file
"<<"GeneralRelaxSH3.dat"<<"is open \n";};

writeRes<<"Here results for relaxation, all regdand combinetions, 1st Triple results, 2nd
T1+T2, 3d T1+T1, tf="<<tf<<"\n";

writeRes<<"ResName ResNum S2general T1600Ex etREQP0ex S2slow tsl tf1(ns)";
writeRes<<" rmsTriplel T16001 etal T19001 S2sltsZ2rmsEtaT12 T16002 eta2 T19002";
writeRes<<" S2slow3 ts3 rmsT1T13 T16003 eta3 TB9€€"\n";

ofstream writeCheck; writeCheck.open("Check.das:;out); // triple RMS file

for (m=1; m<47; m++)
{

n=valid[m];
optTriple[n][3]=optetaT1[n][3]=0ptT1[Nn][3]=1000.;
T16exp=datain[n][2];

T19exp=datain[n][3];

Etaexp=datain[n][1];

x2=pow(datain[n][4]/VdHN,?2); /I general orderrpmeter
$2s=x2+0.0002; // slow order parameter
tf=0./2000000./1000000.;

optTriple[n][3]= optetaT1[n][4]= optT1[n][5]=100.;

for (k=0; k<500; k++)

{

$2s=x2+0.0002; // slow order parameter
cout<<pow(2,5)<<"\n"<<"S2="<<x2<<"\n"<<"s2f=x2/s2%<x2/s25<<" "<<"\n";
cout<<"s2s "<<"ts "<<"RMST1 "<<"RMSetaTl "<<"RM4ifte "<<"T1 "<<"eta2 "<<"\n";

do{

ts=0.2;;

do

{

T16=1./R16(s2s, ts);
T19=1./R19(s2s, ts);
eta2=eta(s2s, ts);

RMST1=sqrt(pow( (1./T19-1./T19exp)*T19exp,2)+ pow( (1./T16-
1./T16exp)*T16exp,2)+0*pow( (Etaexp-eta2)/Etaexp;2)
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RMSetaT1=sqrt(pow( 0*(1./T19-1./T19exp)*T19exp,2)+ pow( (1./T16-
1./T16exp)*T16exp,2)+pow( (Etaexp-eta2)/Etaexp;2) )
RMStriple=sqrt(pow( (1./T19-1./T19exp)*T19exp,2)+ pow( (1./T16-
1./T16exp)*T16exp,2)+pow( (Etaexp-eta2)/Etaexp;2) )

Il cout<<tf<<" "<<resname[m]<<s2s<<" "<<" "<<ts<<K<RMSTI1<<" "<<RMSetaTl<<"
"<<RMStriple<<" "<<T16<<" "<<eta2<<" "<<T19<<" "<dh";

Il writeCheck<<tf<<"  "<<resname[m]<<s2s<<" "<<" <" "<<RMSTI1<<"
"<<RMSetaT1<<" "<<RMStriple<<" "<<T16<<" "<<eta2<<«<T19<<" "<<"\n";

if( RMStriple<optTriple[n][3])

{

optTriple[n][1]=s2s; optTriple[n][2]=ts; optTrip[a][3]=RMStriple;
optTriple[n][4]=T16; optTriple[n][5]=eta2; optTrip[n][6]=T19;
optTriple[n][7]=tf;

}

if( RMSetaTl1l<optetaT1[n][3])

{

optetaT1[n][1]=s2s; optetaT1[n][2]=ts; optetaTIB}FRMSetaT1l,
optetaT1[n][4]=T16; optetaT1[n][5]=eta2; optetam][p]=T19;
optetaT1[n][7]=tf;

}

if( RMST1<optT1[n][3])

{ optT1[n][1]=s2s; optT1[n][2]=ts; optT1[n][3]=RM¥L;
optT1[n][4]=T16; optT1[n][5]=eta2; optT1[n][6]=T19
optT1[n][7]=tf;

}

ts=ts+tsstep;

} while (ts<=tsmax) ;

cout<<"\n";

S2s=s2s+s2sstep;

} while (s2s<=1.) ;

writeGeneral<<resname[n]<<" "<<valid[m]<<" "<<x2¥<  "<<datain[n][2]<<"
"<<datain[n][1]<<" "<<datain[n][3]<<" ";

writeGeneral<<optTriple[n][1]<<" "<<optTriple[n][&<" "<<1e9*optTriple[n][7]<<"
"<<optTriple[n][3]<<" "

writeGeneral<<optTriple[n][4]<<"  "<<optTriple[n]x<"  "<<optTriple[n][6]<<"
writeGeneral<<optetaT1[n][1]<<" "<<optetaTl[n][2]&< "<<optetaT1l[n][3]<<"
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writeGeneral<<optetaT1[n][4]<<" "<<optetaT1[n][5]¥< "<<optetaT1[n][6]<<" "
writeGeneral<<optT1[n][1]<<" "<<optT1[n][2]<<" "<<otT1[n][3]<<" *;
writeGeneral<<optT1[n][4]<<" "<<optT1[n][5]<<" "<eptT1[n][6]<<" "<<"\n";

tf=tf+tfstep;

}

writeRes<<resname[n]<<" "<<valid[m]<<" "<<x2<<" &datain[n][2]<<" "<<datain[n][1]<<"
"<<datain[n][3]<<" ";

writeRes<<optTriple[n][1]<<" "<<optTriple[n][2]<<" "<<1e9*optTriple[n][7]<<"
"<<optTriple[n][3]<<" ";

writeRes<<optTriple[n][4]<<" "<<optTriple[n][5]<<"<<optTriple[n][6]<<" ";
writeRes<<optetaT1[n][1]<<" "<<optetaT1l[n][2]<<%%optetaT1[n][3]<<" ";
writeRes<<optetaT1[n][4]<<" "<<optetaT1l[n][5]<<%%optetaT1[n][6]<<" ";
writeRes<<optT1[n][1]<<" "<<optT1[n][2]<<" "<<optI[n][3]<<" ";
writeRes<<optT1[n][4]<<" "<<optT1[n][5]<<" "<<optI[n][6]<<" "<<"\n";

}

writeGeneral.close();

writeCheck.close();

writeRes.close();

}

double J(double s2s,double ts,double w)

{

double Jint;
Jint=(1.-x2/s2s)*tf/(1.+w*w*tf*tf)+x2/s2s*(1.-s28)s*1e-9/(1.+w*w*ts*1e-9*ts*1e-9);
Jint=Jint*1.;

return Jint;

}
double R16(double s2s1,double ts1)

{

double R1lint;

Rlint=wdHN*wdHN*(J(s2s1, tsl,(wH+wN)) + 3.*J(s2s1s1,(wN))+6.*J(s2sl, tsl,(wH-
wN)))/10.+2.*wns*wns*(J(s2s1, ts1,(wN)))/15.;

return R1int;

}

double R19(double s2s1,double ts1)

{

double R1int900 ;

R1int900=wdHN*wdHN/10.*(J(s2s1, ts1,(wH900+wN900)) + 3.*J(s2s1,
ts1,(wN900))+6.*J(s2s1, ts1,(wH900-wN900))) +2.78908*wns900/15.*(J(s2s1,

ts1,(wN900)));
return R1int900:;

}
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double eta(double s2s1,double ts1)

{

double etaint, P2 ;
P2=1./2.*(3.*c0s(20./180.*pi)*c0s(20./180.*pi)-1.)
etaint=P2*wns*wdHN*(4.*J(s2s1, tsl1, 0.)+3.*J(s2&d1, wN))/15.;
return etaint;

}

void data (void )

{

pi=3.14159;

tf=0./1000000./1000000.;
wdHN=10828.*2.*pi*(pow(1.04/1.02,3));
WN=60.817345*2.*pi*1000000.;
wH=600.1275*2.*pi*1000000.;
wns=wN*170./1000000;
VdHN=10828.*(pow(1.04/1.02,3));

wN900=91.2*2.*pi*1000000.;
wH900=900.19*2.*pi*1000000.;
wns900=wN900*170./1000000;

outfile[24][4]="_ResultsT24.dat"; outfile[24][1]="RmstripleT24.dat";
outfile[24][2]="_RmsetaT1T24.dat"; outfile[24][3]=RmsT1T24.dat";

datain[24][1]=17./2.; Il in Herz, Etaexp
datain[24][2]=10.3; //in seconds T16exp=
datain[24][3]=17.23; // T19exp=
datain[24][4]=10122.2; //Hdd
resname[24]="T24",

datain[8][1]=17.66259; // in Herz, Etaexp
datain[8][2]=4.65122; //in seconds T16exp=
datain[8][3]=5.36274; /| T19exp=
datain[8][4]=10369;

datain[9][1]=0.59; // in Herz, Etaexp
datain[9][2]=34.49652; //in seconds T16exp=
datain[9][3]=49.35347; // T19exp=
datain[9][4]=10994;
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/* input for all residues*/

datain[61][1]=6.515; // in Herz, Etaexp

datain[61][2]=6.35323; //in seconds T16exp=

datain[61][3]=7.61761; // T19exp=
datain[61][4]=10521,

datain[62][1]=60.00259; // in Herz, Etaexp

datain[62][2]=1.32981; //in seconds T16exp=

datain[62][3]=1.90392; // T19exp=
datain[62][4]=6513;

outfile[8][1]="_RmstripleL8.dat";
outfile[9][1]="_RmstripleV9.dat";
[*the same for all reidues*/

outfile[61][1]="_RmstripleL61.dat";
outfile[62][1]="_RmstripleD62.dat";
outfile[8][2]="_RmsetaT1L8.dat";
outfile[9][2]="_RmsetaT1V9.dat";

[*the same for all reidues*/

outfile[61][2]="_RmsetaT1L61.dat";
outfile[62][2]="_RmsetaT1D62.dat";

outfile[8][3]="_RmsT1L8.dat";
outfile[9][3]="_RmsT1V9.dat";

[*the same for all reidues*/

outfile[61][3]="_RmsT1L61.dat";
outfile[62][3]="_RmsT1D62.dat";

outfile[8][4]="_ResultsL8.dat";
outfile[9][4]="_ResultsV9.dat";

/*the same for all reidues?*/

outfile[61][4]="_ResultsL61.dat";
outfile[62][4]="_ResultsD62.dat";

valid[1]=8;
valid[2]=9;

[*the same for all reidues*/
valid[45]=61;

valid[46]=62;
resname[8]="L8";
resname[9]="V9";

/*the same for all reidues*/

resname[61]="L61";
resname[62]="D62";

}
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Appendix 2.6. Simulated results for motional parearse

The results are obtained using grid searched piegém Appendix 2.5.

Experimental data:

ResName-residues name

S2genera—generalized order parameter, obtained étioect 1°N-'H dipolar couplings
measurements

T1600Ex—T(s) experimental data, obtained on 600 MHz instmime
EtaExp—differential transversal relaxation rate)(Hibtained on 600 MHz instrument
T1900ex—T(s) experimental data, obtained on 900 MHz instmime

Simulated data:

S2slow—order parameter for slow motion.

tsl—correlation time of slow motion, ns.

tfln - correlation time of fast motion, ns.

rmsTriplel—difference between experimental andutated data, given by Equation 4.5.1
T16001 - calculated in grid search simulationg)value for 600 MHz field.
etal—differential transversal relaxation rat¢Hz), calculated in grid search simulations,
for 600 MHz field.

T19001 - calculated in grid search simulationg)value for 900 MHz field.

ResName S2general T1600Ex etaExp T1900ex S2slotfltsdrmsTriplel T16001 etal T19001

L8 0.81617 4.65122 17.6626 5.36274 0.88037 1523 @.01771 4.59975 17.6833 5.29038

V9 0.91752 34.4965 0.59 49.3535 0.96972 19 0.02594 35.5194 0.57046 50.0342

L10 0.92857 20.2459 0.615 23.9333 0.97277 22.4 0.02969 20.3528 0.61724 23.2588

A1l 0.91419 28.5303 -2.475 18.4735 0.99839 0.8 0.0861 25.0817 0.01421 23.3129

Y13 0.91635 49.3183 1.16 41.395 0.99655 353.2 0.04986 54.1772 1.15904 49.0404

D14 0.85406 15.5703 0.44 19.3534 0.96226 12.20.0d977 15.4825 0.4429 19.2679

Y15 0.92488 29.9036 0.49 37.5575 0.97708 21.6 0.06027 30.6088 0.49373 35.234

Q16 0.85052 15.3599 1.63 19.7283 0.93472 26.4@MEB33 15.7781 1.63672 18.9658
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E17 0.92321 17.8645 2.8 32.2134 0.94741 47.8 9@@262 18.7688 2.79029 30.9788

S$190.87122 11.0208 2.72 12.7447 0.92742 38.2@@KW63 10.9952 2.72059 12.6139

R21 0.89101 1.88915 2.5 1.87723 0.99521 492.6 @®&A4116 3.36301 2.49908 3.81801

T24 0.77775 10.3015 8.515 17.2329 0.78195 37.8G.@®1 /8 10.314 8.50825 17.2151

M25 0.91685 30.423 0.415 32.8941 0.98105 22.4 0.0807 29.7666 0.41975 32.3117

K26 0.8948 30.6845 2.595 33.5922 0.951 54 0.060830.7445 2.57555 34.2452

K27 0.91219 16.217 0.19 22.5766 0.97239 6 0.026793.6.3543 0.18151 23.3723

G28 0.94849 27.7059 0.2 34.4753 0.98069 9.8 006/@4 26.6781 0.20149 35.4199

130 0.90206 18.7838 2.8 28.0538 0.91026 30.4 MA35B1 18.7062 2.80487 27.9747

L31 0.90471 24.9061 -0.165 47.7412 0.97291 0.28109 43.5659 0.00906 43.8492

T32 0.83883 5.83826 5.185 9.85698 0.94703 82 92004 5.92478 5.18791 9.72222

L33 0.9077 39.8111 -2.16 47.6689 0.9719 0.2 0 2B¥4.8118 0.00944 42.0837

L34 0.91036 7.40778 22.565 11.0855 0.96656 68408 6.00511 7.37307 22.5638 11.1076

S36 0.93717 10.2322 3.53 1.23309 0.99337 535.6M&EB55 9.22807 3.53006 8.60271

D40 0.93717 17.7238 2.915 12.5363 0.96937 94.6 @.ZP435 15.6678 2.92878 15.0935

W41 0.90438 16.4838 2.625 20.7573 0.92458 34.2.0@4193 16.4539 2.62571 20.7454

K43 0.93109 21.9489 2.875 25.5846 0.94329 49.2 0.08837 22.2321 2.86562 25.2605

V44 0.9353 14.1585 0.015 23.6864 0.9995 0.2 0.3491.3 21.8042 0.01636 21.2977

E45 0.83246 5.17612 10.64 7.56929 0.89666 103BELBI46 5.16119 10.6495 7.59563

V46 0.91836 23.9679 2.425 23.912 0.97856 116.2 0.0276 24.3605 2.42303 24.0816

R49 0.91485 18.5878 1.64 25.9293 0.93505 24.4@A%¥/711 18.6923 1.61616 26.1139

Q50 0.81963 6.07359 6.745 9.7956 0.88783 57.2(.(B®&L5 6.07313 6.74208 9.78155

G51 0.89134 17.1215 0.875 29.7103 0.93954 14.92/08 17.464 0.87121 29.1426

F52 0.91119 26.6415 6.705 39.1495 0.91939 81.R.B2&051 26.1796 6.73156 39.532

V53 0.938 45.3545 1.28 60.193 0.9622 33 0.04 0.93510501 1.26035 62.1875

A55 0.91402 27.5266 -0.32 41.0159 0.96622 0.2 01119 34.3387 0.01149 34.562

A56 0.90322 15.4367 1.715 20.4913 0.93142 24.8 0.08852 15.3632 1.72263 20.38

Y57 0.91919 11.7335 4.37 27.6949 0.96339 107.8 @.28022 14.5505 4.37469 23.9055

V58 0.93075 37.3262 -0.405 53.3433 0.97495 0.D0963 45.8936 0.0086 46.1921

K59 0.92706 17.2747 1.3 34.1961 0.93126 18.6 0B 1B.6712 1.33015 31.3727

L61 0.84027 6.35323 6.515 7.61761 0.88047 54.£1D2026 6.30015 6.53639 7.48194

D62 0.32201 1.32981 60.0026 1.90392 0.44221 14D@LM0344 1.32666 59.9656 1.90852

Tabellenbeschriftung 6.3.5
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Summary.

Understanding the mechanisms how biological systems< is an important
objective of current structural biology. Nucleargnatic resonance (NMR) spectroscopy
is a well suited technique to approach these garadisto study structure and dynamics of
biomolecules in order to obtain complimentary infiation for understanding
functionality of proteins. Recently, rapid progréss been made in the field of biological
solid state NMR (ssNMR), which resulted in complstaeucture elucidation of several
peptides and small proteins, the characterizatioprotein complex formation and the
characterization of dynamic properties of smalltgirss. Solid state NMR is the method of
choice for structural and dynamic characterizabbmembrane proteins and aggregated
amyloidogenic systems, which are poorly soluble eard not be easily studied by solution
state NMR and X-ray spectroscopy. Modern solideshi¥IR is still limited in resolution
and sensitivity, and requires developments in sangskparation and pulse sequence
design.

In my thesis, | study the potential use of deuterain protein solid state NMR for
sensitivity, as well as for resolution enhancemient°N-'H correlation experiments.
Achieved progress in these fields allows to montackbone motion with high accuracy,
which has not been available before. We show fer fibst time that TROSY type
experiments can be beneficial for solid state NMRaddition, a pulse sequence fo€-
3¢ J decoupling was developed to increase resoliritime carbon dimension.

Chapter 2 describes proton detected experimerttsedfN labeled proteim-SH3
at different levels of deuteration. This sample paration technique allows proton
detection without homonuclear and heteronuclearogi@ling at moderate spinning
frequencies, resulting in ultrahigh resolution attbthe®N and*H dimensions.

In Chapter 3, we employed ultrahigh resolution talgze TROSY effects in
ssNMR, which can be exploited to study dynamicaffen the solid state and to relate
their influence on line width. These studies mighve significant impact for the further

improvement of resolution for solid state NMR intigations of large biomolecules.
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The dynamics of the protein backbone are investitjay measurements BN T,
and T in Chapter 4. Transversal relaxation measurem@getg introduced for the first
time in ssSNMR. These experiments allow to desaribernal dynamics of a protein in the
solid state, which are responsible for the funciliy of biomolecules.

Another aspect of functionality and structure digbiof proteins is their
interactions with water molecules, which were stddin Chapter 5. The introduced
experiments allow the site specific detection ofawanolecules in the solid state and the
estimation of their mobility. This approach migle bised to study water channels or water
molecules in amyloid fibrils.

Chapter 6, shows the pulse sequence to decoupféGHEC homonuclear scalar
couplings during stroboscopic detection. This témphe can be successfully applied in
order to increase the spectral resolution up &ctof of 2-2.5 and sensitivity up to a factor
of 1.2. We expect that this approach will be usébulthe study of larger biomolecular
systems like membrane proteins and amyloidogeritiges and proteins where spectral

overlap is critical.

Keywords:
Solid state NMR spectroscopy, Linewidth, Perdeti®na Dynamics of proteins
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Zusammenfassung.

Das Verstandnis der Mechanismen, nach denen bsulogiSysteme ablaufen, ist
ein  wichtiger Fokus der aktuellen Strukturbiologie. Kernmagnetische
Resonanzspektroskopie (NMR) ist eine geeignete Aikclim solche Ziele anzustreben
sowie Struktur und Dynamik von Biomolekilen zu estthen, um komplementare
Informationen zum Verstandnis von Proteinfunktidialzu erhalten. Rasante Fortschritte
sind vor nicht langer Zeit auf dem Gebiet biologmscFestkorper-NMR (ssNMR) erzielt
worden, was zu vollstandiger Strukturaufklarunglzabher Peptide und kleiner Proteine,
der Beschreibung von Protein-Komplexbildung sowee der dynamischen Eigenschaften
kleiner Proteine gefuihrt hat. Festkérper-NMR ist Methode der Wahl bei struktureller
und dynamischer Charakterisierung von Membranpretei und aggregierten
amyloidogenen Systemen, die schwer l6slich und kamih Losungs-NMR oder
Rontgenkristallographie zuganglich sind. Modernestk@per-NMR ist noch immer
limitiert, was Auflosung und Empfindlichkeit befitif und macht weitere Entwicklungen
auf den Gebieten der Probenpréparation und desd®uienz-Designs erforderlich.

In meiner Arbeit untersuche ich die potenzielle wemdung von Deuterierung in
der Protein Festkorper-NMR zur Erhéhung von Empfimteit und Auflésung int°N-H
Korrelationsexperimenten. Der erzielte Fortschattf diesen Gebieten erlaubt die
Verfolgung von Proteinrtickgratbewegungen mit holnauigkeit, die vorher nicht
verfugbar war. Wir zeigen zum ersten Mal, dass TR@Xperimente fur Festkorper-
NMR gewinnbringend sind. AuBerdem wurde eine Paissez fiir**C-*C J Kopplung
zur Erhéhung der Auflésung in der Kohlenstoff-Dirsgm entwickelt.

Kapitel 2 beschreibt protonendetektierte Experimeai’®N markiertem Protein
a-SH3 bei unterschiedlichem Deuterierungsgrad. Diesehnik der Probenpréparation
erlaubt Detektion von Protonen mit homonuklearett beteronuklearer Entkopplung bei
moderaten spinning-Frequenzen, was zur ultrahohefidégung sowohl in der*N-
Dimension als auch in d&-Dimension fiihrt.

In Kapitel 3 nutzten wir die ultrahohe AuflosungrzAnalyse von TROSY

Effekten in der ssSNMR, welche dazu genutzt werd&mlen, um dynamische Effekte im

180



festen Zustand zu untersuchen und ihren Einflugsdeni Linienbreite in Beziehung zu
setzen. Diese Studien kdnnten signifikanten Eisflasf zukinftige Verbesserungen der
Auflésung fur Festkoérper-NMR an grol3en Biomolekiihaten.

Die Dynamik des Proteinriickgrates wird tiber Messdag'®N T; und T, Zeiten
in Kapitel 4 ergriindet. Messung transversale Rélaxavurde zum ersten Mal in der
ssNMR einbezogen. Diese Experimente erlauben edsetBeibung der inneren Dynamik
eines Proteins im festen Zustand, welche fur di@k&onalitat von Biomolekllen
verantwortlich ist.

Ein anderer Aspekt von Funktionalitdt und strukitereStabilitat von Proteinen ist
ihre Wechselwirkung mit Wassermolekilen, was im ikdp5 untersucht wird. Die
eingefuhrten Experimente erlauben die ortsspehiésbDetektion von Wassermolekiilen
im festen Zustand und die Erfassung ihrer MobiliAteser Ansatz kdnnte genutzt
werden, um Wasserkandale oder Wassermolekule incéaeyl Fibrillen zu untersuchen.

Kapitel 6 zeigt die Pulssequenzen zur Entkoppluag ¥C-*C homonuklearen
skalaren Kopplungen wahrend stroboskopischer DetektDiese Technik kann
erfolgreich eingesetzt werden, um die spektralelg®suing um bis zu 2-2.5 fach und die
Empfindlichkeit um bis zu 1.2 fach zu erh6hen. \fwarten, dass dieser Ansatz nutzlich
fur Studien an grolBeren biomolekularen Systemen Wembranproteinen und
amyloidogenen Peptiden und Proteinen sein wirddeeen spektraler Uberlapp kritisch
ist.

Schlagwéorter:

Festkorper-NMR-Spektroskopie, Linienbreite, Perdaatung, Dynamik von Proteinen
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