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Abstract. New developments in nuclear magnetic resonance (NMR) relaxation spec-
troscopy and the availability of isotopically labeled biomolecules led to significant
progress in the understanding of polypeptide dynamics in solution. This article
summarizes some of the author’s work on homonuclear and heteronuclear NMR
relaxation of peptides and proteins and their structural dynamical interpretation based

on a variety of different methods.

Introduction

The function of biomolecules, such as
peptides, proteins, and nucleic acids, is
invariably coupled to structural flexibility
and molecular motion. Examples include
binding of ligands, such as ions, molecular
recognition, important, e.g. for protein-
DNA interactions that regulate transcrip-
tion, or enzymatic activity, where a sub-
strate typically binds to the receptor fol-
lowing the principle of ‘induced fit’. Be-
sides a kinematic view of molecular mo-
tion aiming at a description with high
resolution in space and time, there is also
the thermodynamic perspective (Scheme).
Roughly, enthalpy is a function of the
average three-dimensional structure while
entropy is a function of molecular dynam-
ics, which together determine the free en-
ergy that drives the actions of the system.

Molecular motion is highly sensitive
to the environment, suggesting that bio-
molecular dynamics studies should be car-
ried out in the native environment, which
is often in solution. A unique method that
can provide very detailed dynamical in-
formation on the solution state is nuclear
magnetic resonance (NMR) relaxation
spectroscopy [1-3]. From spin-'/2 nuclei,
such as 'H, B3C, and SN, the dominant
intramolecular spin interaction is the pair-
wise magnetic dipolar coupling, depicted
in Fig. 1, depending on the internuclear
distance r;g as well as on the angle G5
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The dipolar interaction causes transfer
of polarization between spins. This pro-
cess is manifested in multidimensional
proton-proton cross-relaxation NMR ex-
periments (NOESY) [4], which form the
basis of three-dimensional (3D) protein
structure determination by NMR [5][6].
Reorientational molecular motion leads to
stochastic time modulation of the dipolar
interaction, which induces energy ex-
change between the spin system and the
lattice [7]. This mechanism causes a non-
equilibrium spin state, that was previously
prepared by the application of radio-fre-
quency (rf) pulses, to relax towards ther-
mal equilibrium. Due to its sensitive de-
pendence on the motional timescales and
amplitudes, this process provides a ‘fin-
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gerprint’ of the dynamics probed at the
molecule’s many different nuclear sites
carrying a spin.

Homonuclear Cross Relaxation

In NOESY proton-proton cross-relax-
ation experiments, intramolecular motion
is manifested by angular and radial mod-
ulation of the dipolar interactions [8]. An-
gular modulation is caused by the overall
rotational diffusion motion (‘rotational
tumbling’) as well as by internal motion,

How do biomolecules work?

kinematic picture

IStructure + Dynamics — Functionl

thermodynamic picture

Enthalpy - TxEntropy = Free Energyl
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while radial modulation is purely due to
internal dynamics. For internal motional
timescales 7;,, much slower than the in-
verse Larmor frequency, lying e.g. in the
us—msrange, the cross-relaxation rate con-
stant between spins / and j with time-
dependent distance r(r) is proportional to
the (r;f’) average independent of the inter-
nal timescale. Since for these timescales
only one set of NMR lines is visible,
identification of multiple conformations
often relies on indirect methods: A clear
indication of conformational averaging is
the inexistence of a physically realistic
single conformer whose 3D structure is
compatible with all NOESY proton-pro-
ton distance constraints. Since most com-
puter algorithms in the field [6][9] that are
being used for the determination of 3D
protein structures intrinsically search for
single structures, which simultaneously
fulfill all distance constraints, the charac-
terization of multiconformational equi-
libria requires a different strategy. One
strategy was implemented in the protocol
MEDUSA [10].

MEDUSA consists of three main steps:
In afirst step, a large number of physically
viable conformations is generated, each of
them partially fulfilling asubset of NOESY
distance constraints. In a second step, the
generated conformations are clustered for
reasons of data reduction. In a third step,
population-weighted conformational en-
sembles are identified which quantitative-
ly best fulfill the experimental data.

The protocol was applied to the hydro-
phobic cyclic decapeptide antamanide
(-'Val-2Pro-3Pro-*Ala-Phe-Phe-"Pro-
8Pro-Phe-!%Phe-) dissolved in chloroform.
Antamanide is an antidote against the poi-
sonous mushroom Amanita phalloides,
which was known previously to undergo
conformational exchange [11]. The two
best-fitting pair conformations that were
obtained by MEDUSA can be character-
ized according to syn-correlated and anti-
correlated flips in the @5, @,y-backbone
dihedral angles, respectively [10]: Fig. 2
shows stereographic views of the syn-
correlated pair (top) and the anti-correlat-
ed pair (bottom) exhibiting different hy-
drogen-bonding networks indicated by
dashed lines. In addition, T ,-dispersion
measurements indicate interconversion
times at room temperature in the ps-range
[10].

Heteronuclear Relaxation
Relaxation of a '3C or >N spin is

usually dominated by the dipolar interac-
tion to the directly attached proton. Relax-
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Fig. 1. Magnetic dipole-dipole interaction between nuclear spins Land S that are part of a tumbling
molecule

Fig. 2. Stereographic pictures of the best-fitting conformational pairs of antamanide. Top: syn-pair;
bottom: anti-pair (reprinted with permission from [10b)).
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ation parameters, such as the longitudinal
relaxation time T, and the transverse re-
laxation time 75, and the heteronuclear
NOE can be measured for each heteronu-
cleus using NMR pulse sequences [12]
schematically shown in Fig. 3. For sensi-
tivity reasons, magnetization is transferred
from the protons to the heteronuclei, where

during the ¢,-evolution period the hetero-
nuclei are frequency-labelled. Then fol-
lows a variable delay 7, during which
magnetization is allowed to relax, before
the remaining magnetization is transferred
back to the protons for detection. Two-
dimensional Fouriertransformation along
the ¢, t, dimensions [4] yields the neces-

Heteronuclear '°N T, T, relaxation experiments
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Fig. 3. Schematic representation of 2D 1’N-NMR relaxation experiments, where the black rectangles

indicate radio-frequency pulses

Fig.4.Geometric view of the Gaussian Axial Fluctuation (GAF) model. The motion of the internuclear
vector is modeled by Gaussian fluctuations about the vertical axis leading to the displayed distribution

on the surface of a cone (reprinted with permission from [14]).
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sary resolution to measure cross-peak am-
plitudes for increasing 7, that allow ex-
traction of T and T, relaxation parameters
as decay times of exponential curves lying
typically in the 0.01-1-s range.

Relaxation Data Interpretation

Since heteronuclear radial modulation
is quite weak and uniform, differential
effects in the heteronuclear relaxation data
can be unambiguously attributed to angu-
lar motion. Over the years, different class-
es of motional models have been devel-
oped. While for overall tumbling either
isotropic or anisotropic rotational diffu-
sion is feasible (see next section), for in-
ternal motion, one can distinguish between
1) concrete analytical models, 2) abstract
analytical models,and 3)molecular force-
field-basedmodels (computer simulations).

Since experimental data alone often do
not allow one to discriminate between
different concrete analytical models, e.g.
Jump model vs. diffusion model, the ‘mod-
el-free’ description [13] has become pop-
ular as an alternative description of pro-
tein relaxation data. In this approach, the
relaxation parameters are translated to ab-
stract parameters that separately reflect
spatial and timescale motional effects: an
order parameter S2, which is a measure for
the spatial restriction of the internuclear
vector, and an effective internal correla-
tion time 7, [13]. In the absence of in-
tramolecular motion $%= 1, whereas §2 <<
1 reflects alarge amount of intramolecular
motion, Experimentally observed T, val-
ues usually fall into the subnanosecond
range.

It can be shown [14] that

2
2 _4n 2
- 5 Y2m
m=-2

S 2

where the GY = (Y”my”m*> <Y2m><YZm )
are the 2nd moments of the spherical har-
monics Y, evaluated over the spatial dis-
tribution of the corresponding internu-
clear vector. Egn. 2 also illuminates the
relationship between NMR S? values and
X-ray crystallographlc temperature fac-
tors B OCE O'r,, .Like 82, B reflects 2nd
moment information, but unlike S2, B is
also sensitive to purely translational mo-
tion due to the r dependence in the rY
terms.

It is clear that from 2nd moment infor-
mation of Egn. 2 the original distribution
of the internuclear vector cannot be recon-
structed without further assumptions. One

b
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assumption, e.g., that is guided by a har-
monic or quasi-harmonic description of
protein dynamics relevant for spin relaxa-
tion (class 3 models) [15] leads to the
Gaussian axial fluctuation (GAF) model
[14] belonging to the class of concrete
analytical models (1), where it is assumed
that the angular fluctuations of the inter-
molecular vector is dominated by Gaus-
sian fluctuations about a single axis (Fig.
4). For this model it is possible to analyt-
ically relate the $?-order parameter to a
dihedral angular fluctuation amplitude o,

§2 = 1-3 sin?6{ cos?6(1-e%)
+ Lsin?@ (1-e40%)) (3)
where @ is the constant angle between the
internuclear vector and the fluctuation axis.
In the limit of very large 0, §? = (3 cos?0
-1)¥4 corresponding to unrestricted diffu-
sion on the surface of a cone [13][16].
GAF has also been successfully applied to
describe the effect of local dihedral angu-
lar fluctuations on vicinal scalar J-cou-
pling constants [17].

Since $? is a measure of locally sam-
pled conformational space, it is no sur-
prise that it also has a thermodynamic
meaning. It can be shown that the differen-
tial S? values between two different pro-
tein states A and B yields an estimate of
the entropic contribution to the free ener-

gy [18]

(1-5% )
AGA PP = T Y log——2—
J ;

(1-5% )

(4)

where the sum includes the different nu-
clei. Thisexpression hasbeen applied [18]
to elucidate the contribution of changes in
the fast timescale backbone dynamics of
calbindin Dy, on calcium-binding cooper-
ativity studied by the groups of Chazin and
Forsén [19].

An Example

A backbone '’N-NMR relaxation anal-
ysis was performed [20] on the protein
ZF1-3, which contains the first three zinc
fingers of the eukaryotic transcription fac-
tor TFIITIA [21] that binds to the control
region of the 5S-RNA gene. Each of the
Cys,-His,-type zinc-finger domains has
25-26 amino acids binding a zinc ion that
stabilizes the well-defined tertiary struc-
ture consisting of an antiparallel S-sheet
and a helix [22]. The zinc-finger domains
are connected by two linker regions con-
sisting of 5 amino acids each.

Analysis of the relaxation data of ZF1—
3 in free solution yields for most residues

CHIMIA 57 (1997) Nr. 4 (April)

Fig. 5. Model for the average alignment of the three zinc-finger domains of ZF1-3 obtained from
anisotropic rotational tumbling effects manifested in heteronuclear relaxation data. The ellipsoids
superimposed on the three zinc-finger domains represent the rotational diffusion tensors for ZF1
(right), for ZF2 (middle), and for ZF3 (left) (reprinted with permission from [20]; copyright 1995,
American Association for the Advancement of Science).

internal correlation times 7, below 100 ps
and backbone $2-order parameters inside
the zinc-finger domains fluctuate around
0.8. According to the GAF model (Egn. 3),
this corresponds to backbone ¢-angle fluc-
tuation amplitudes ¢ SAF < 20°. The two
linkers exhibit somewhat increased mo-
bility with order parameters varying be-
tween 0.6 and 0.8, i.e., O'gAF =~ 20-30°.

The explanation of overall tumbling
behavior requires more sophisticated mod-
els, since the relaxation data are inconsist-
ent with an isotropic overall tumbling be-
havior that is usually observed for globu-
lar proteins. Analysis of the tumbling be-
havior by using a quadratic form [20] of
Woessner’s original equations [23] shows
significant anisotropic rotational diffusion
for all three zinc-finger domains. In Fig. 5
the resulting rotational diffusion tensors
are superimposed as ellipsoids on the back-
bone structure of ZF1-3. The middle fin-
gerZF2 shows the slowest tumbling (small-
est diffusion tensor) with the largest ani-
sotropy, since it is directly restricted in its
motion from both sides by ZF1 and ZF3,
Thus, ZF1-3 exhibits on the 10-ns time-
scale a large degree of long-range motion-
al restriction, which appears to have a
direct entropic relevance for the DNA-
binding process: a mutation in the linker
connecting ZF1 and ZF2 leads toincreased
mobility of ZF1, while DNA binding is
abolished. The structural information that
can be derived from anisotropic tumbling
may become a useful tool for structure
elucidation in systems where the NOE and
J-coupling density is low.
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Abstract. Development of a highly ‘atom-efficient’” production process for 2-alkyl-
substituted benzenesulfonic acids by arylation of olefins with 2-diazoniobenzenesul-
fonate catalyzed by a homogeneous Pd-complex and subsequent hydrogenation of the
resulting styrenes with an in siru generated heterogeneous Pd-catalyst.

1. Introduction

Industrial R&D in contrast to research in
academia is directed to generate added
value for the company and their custom-
ers, either by discovery of products with
outstanding properties or by finding new
and more economic ways to produce these
goods. The story to tell is about how catal-
ysis as a Technology can facilitate both,
the discovery of a new product and the
development of a new and economic pro-
cess.
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2. Discovery of an Useful Intermediate

In the early eighties in the catalysis
group of Ciba-Geigy’s Central Research
Laboratories, a program was induced in
order to exploit the synthetic potential of

!

v.Lnr. P. Baumeister, H. Steiner, K. Oertle, W. Meyer, G. Seifert

the, at that time novel, Heck arylation
reaction {1]. The study revealed the now-
adays widely recognized applicability of
the above-mentioned reaction. Since aryl
bromides or iodides are in many cases not
readily available as starting materials, the
research group started to explore other
leaving groups [2] in order to generate the
Pd-aryl species prerequisite to the inser-
tion of the olefin ligands.

Konrad Oertle, at that time member of
the ‘Catalysis Research’ group explored
the so-called Matsuda [ 3] reaction (Scheme
I). This reaction type starts from the dia-
zonium salts of aromatic amines as a pre-
cursor for the Pd-aryl species. He realized
the very broad scope of this reaction and,
after optimization of the reaction condi-
tions, synthesized a broad variety of sub-
stituted styrenes. This is exemplified by a
series of ortho-substituted benzenesulfonic
acids (Table) obtained from substituted
olefins by arylation with 2-diazonioben-
zenesulfonate.

3. Invention of a New Herbicide

Atthesametime, Willy Meyer,achem-
ist in R&D of Ciba’s ‘Crop Protection
Division’, worked on a project in the field
of sulfonylurea herbicides, a field well
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