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The Idea and its Architecture
A Short Synopsis

In order to give a general  but short  overview, 

the architecture and content of my Ph. D. thesis 

are illustrated at this point.

As  the  title  of  this  book  states,  the  golden 

thread of  the  work  is  the interplay of  nuclear 

magnetic  resonance  spectroscopy  and  com-

putational chemistry. By means of a tutorial that 

describes  the  procedure  of  peptide  structure 

determination  and nine different  projects  from 

the  research  fields  of  physical,  organic,  bio-

logical,  and  medicinal  chemistry,  the  fruitful 

meshing of  both methods is  demonstrated.  In 

this context, it seemed - in my opinion - to be 

more  important  to  focus  on  the  ways  ex-

perimental  and computational techniques con-

tribute to solve scientific problems than to ex-

tensively review the chemical and / or biological 

backgrounds of  the  treated topics.  The archi-

tecture and the content of my thesis mirrors this 

philosophy.  However,  all  nine  projects  are 

accompanied by brief background informations. 

The  project  presentations  are  subdivided  into 

an introduction, a “Scientific Question” section, 

the  preparation,  performance,  and analysis  of 

experiments  and calculations,  a  conclusion,  a 

materials and methods section, and a personal 

declaration. The distinct chapters are structured 

as listed in the right column.

NMR  Spectroscopy  and  Computational 
Chemistry: All theoretical and practical aspects 

which  are  of  importance  for  this  work  are 

presented in three introductory chapters. First, 

two short overviews of essential NMR spectro-

scopic and molecular modeling approaches are 

given. Finally, a tutorial is provided that explains 

how peptide structures can be characterized.

Determination  of  Molecular  Arrangements: 
Three topics are described which all deal with 

the  determination  of  molecular  constitutions, 

configurations, and conformations.

Simulation  of  Molecular  Dynamics:  Three 

projects  are  summarized  in  which  flexibilities 

and motions of small molecules are studied via 

molecular dynamics simulations.

Elucidation of New Drug Candidates:  Three 

chapters are presented which have the search 

for  new compounds  that  display  affinity  for  a 

given receptor molecule in common.

Conclusions and Perspectives: The obtained 

results are explicitly and shortly summarized. In 

addition, some perspectives in the interplay of 

nuclear magnetic resonance spectroscopy and 

computational chemistry are discussed.





1 Both Sides of the Medal
NMR Spectroscopy and Computational Chemistry

Nuclear magnetic resonance spectroscopy, usually called NMR, is the 

only experimental method that provides information about the structural 

arrangement, the dynamical behavior, and intermolecular interactions of 

almost  all  kinds  of  molecules  at  atomistic  resolution.  This  insight  in 

complex chemical  states and mechanisms is  of  great  importance,  in 

particular  with  respect  to  medicinal  chemistry.  However,  all  data 

collected via NMR spectroscopy only represent averages over time and 

molecular  ensembles.  Since  there  is  almost  no  experimental 

methodology  that  gives  insight  into  the  thermodynamic  or  kinetic 

properties  of  a  single  molecule  over  a  certain  period  of  time, 

computational approaches based on classical or quantum physics and 

empirical observations have been developed in order to explore time 

series and ensemble distributions. Moreover, some complex processes 

like intermolecular recognition can be scaled down by introduction of 

mathematical  algorithms  that  have,  in  parts,  the  power  to  model 

molecular  interactions  or  to  predict  the  structural  requirements  of 

molecules for being well-binding receptor ligands. Regarding bioorganic 

and  medicinal  chemistry,  NMR  spectroscopy  and  computational 

chemistry complement each other in a very fruitful way. For example, 

data obtained via NMR spectroscopy can be explained by sophisticated 

molecular dynamics simulations; in addition, results gained by virtual 

library  screening,  docking  or  QSAR  studies  can  guide  NMR  based 

screening experiments. Thus, the potential of NMR spectroscopy and 

computational chemistry and their interplay are the main topics of the 

following introductory chapter.
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1.1 The Versatile Application Fields of Solution-State 
NMR Spectroscopy

NMR spectroscopy has emerged to one of the most  valuable experimental 

tools in chemistry and physics during the last decades.[1] Its power results from 

the  detection  of  almost  every  atom  type  in  a  molecule  in  its  specific 

environment. Each of the magnetically active isotopes is characterized by its 

specific resonance frequency at a given static magnetic field, determined by 

its gyromagnetic constant γ. In addition, chemically different nuclei of the same 

isotope have different resonance frequencies (chemical shift; CS). The mutual 

interactions of these nuclei which occur through chemical bonds or through 

space can e.g. be used to elucidate a molecular structure. Furthermore, NMR 

spectroscopy  does  not  only  yield  information  about  the  connectivity  of  all 

atoms  within  a  molecule  (the  constitution)  or  the  spatial  arrangements  of 

atoms  or  groups  (the  configuration  and  conformation);  it  also  provides 

precious aspects about dynamics within a molecule and interactions to other 

molecules,  such as to surrounding solvent  molecules or  to specific  binding 

partners.  The  most  prominent  application  areas  of  NMR spectroscopy  are 

listed below:

1) Structure Determination

2) Investigation of Molecular Dynamics

3) Detection of Intermolecular Interactions

4) In vivo / vitro Analysis

5) Magnetic Resonance Imaging

6) Facility for Quantum Physics

Since the latter three points are not of relevance for this work, only the first 

three topics described in more detail in the following subsections. It should be 

noted that all given aspects refer to solution-state NMR spectroscopy and to 

methods that  have been developed to investigate small  and medium-sized 

molecules and their interactions with biomacromolecules.

1.1.1 Structure Determination of Small Molecules in Solution

NMR  based  structural  studies  always  begin  with  the  elucidation  of  the 

constitution of a molecule. This is almost identical with the assignment of NMR 

signals to atoms in the molecule of interest. Whereas assignment of as many 
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as possible signals is required for the elucidation of a three-dimensional (3D) 

structure,  a  full  assignment  of  all  NMR  signals  is  not  necessary  for 

establishing the constitution. However, when spatial distances between atoms 

are  used  for  conformational  analysis,  it  is  important  to  identify  all  specific 

constitutional positions. The main source for establishing the constitution of a 

molecule  are  scalar  couplings  which  are  mediated  between  two  nuclei  by 

electrons via covalent bonds. Their strength strongly depend on the kind, the 

number, and the orientation of bonds between the magnetically active nuclei, 

e.g.  1H,  13C,  15N,  19F,  31P. J-couplings directly provide informations about the 

connectivity  of  atoms  which  could  be  used  for  the  determination  of  the 

constitution of molecules. Elucidation of the stereostructure - the configuration 

and  the  conformation  -  is  the  next  step  in  structural  analysis.  Three main 

parameters are used to elucidate the stereochemistry: Scalar couplings - as 

addressed above - are in turn of  great  value since some J-couplings bear 

information about  the 3D arrangement  of  atoms and atom groups that  are 

connected by covalent bonds. The main source for differing scalar couplings is 

thus determined by different bond angles and dihedrals. Another way to obtain 

this  information is  the use of  cross-correlated relaxation (CCR),  but  this  is 

rarely used for drug or drug-like molecules.

The  second  and  probably  most  important  parameter  for  3D  structure 

elucidation is the nuclear Overhauser effect (NOE) which serves as basis to 

derive spatial distances between hydrogen atoms or,  in rare cases, hetero-

nuclei. The NOE emerges via relaxation processes between magnetic dipoles 

that are in a non-equilibrium state. In principle, relaxation processes can best 

be understood by looking at a simple model: if a hot piece of metal is placed in 

porridge, first the porridge molecules very close to the metal will be heated; 

subsequently, after a certain time, the heat of the metal will further dissipate 

into the highly viscous “porridge bath” until an equilibrium is reached in which 

the temperature of the metal and the porridge is identical. In other words, the 

temperature  of  a  molecule  depends  on  its  distance  to  the  metal  in  the 

beginning  of  the  experiment.  As  the  build-up  of  the  NOE  is  inversely 

proportional to the sixth power of the distances between the nuclei, it can be 

used to determine intramolecular  distances by following the kinetics of  the 

build-up.  This  means  that  the  intensity  of  an  NOE  cross-peak  could  be 

converted into a pairwise distance restraint. An example for this procedure is 

given in figure 1.1.
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More  recently,  a  third  experimental  source  for  NMR based  conformational 

analysis  has  been  established:  residual  dipolar  couplings,  shortly  called 

RDCs.[2] To  measure  anisotropic  parameters  like  RDCs,  a  solute  must  be 

partially aligned; this means, that the solute can not freely tumble in solution 

but prefers some orientations. The ongoing development of suitable alignment 

media makes the approach applicable to a wide range of drug and drug-like 

molecules.[3,4] Since anisotropic parameters are proportional to the averaged 

orientation of a molecule relative to the static magnetic field (which serves as 

an  external  reference),  long-range  correlations  within  a  molecule  can  be 

elucidated which allow the determination of an averaged structure with a very 

high precision. In a simplistic picture, spins can be looked at as magnets with 

an inherent rotation at the Larmor frequency. Although spins are not oriented 

directly along the static magnetic field B0, the integration over time of the fast 

rotating magnets yields a resulting magnetic moment parallel or antiparallel to 

B0 (see Fig. 1.2). The magnetic moment of a spin results in the same magnetic 

field as a classical magnet with the typical r-3 dependence of the magnetic field 

with respect to the distance to the magnet and the (3·cos2 θ - 1) dependence 

with respect to the angle θ relative to the axis of the magnetic moment. Since 

the magnetic moment of the spin is oriented along the static magnetic field B0, 

the angle θ is identical  to the angle  Θ with respect to B0 (see Fig.  1.2).  A 

second spin close in space feels the magnetic moment of the first spin and 

therefore resonates at a slightly different frequency as compared to an isolated 

spin. Since spins parallel and antiparallel to B0 are about equally populated, 

the  field  contributions  of  neighboring  spins  lead to  a  signal  split  (which  is 

Figure 1.1: Fixation of the 
Ala8-HN proton  in  Cyclo-
sporin A via NOE-derived 
distance  restraints  as  an 
illustrative  example  for 
NMR  based  3D  structure 
determination.

A) The amide region of the 
2D-NOESY  spectrum  of 
Cyclosporin A in CDCl3 at 
243 K with the cross peaks 
to  Ala8-HN indicated  by a 
box.

B)  Distances  in  the  final 
structure  shown by dashed 
yellow lines as a result of 
the  NOE-derived  distance 
restraints.  The  distance  to 
the methyl carbon is given 
as a representative for Me 
group protons. (taken from 
reference [1])
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usually called the residual dipolar coupling) with the distance of the doublet 

components given in Hertz.[5] In addition, there are several other anisotropic 

parameters  like  residual  quadrupolar  couplings,  residual  chemical  shift 

anisotropy,  or  pseudo-contact  shifts  that  could  fruitfully  contribute  to  the 

structure  determination  process.  Since  the  mentioned  parameters  are  not 

routinely used for the elucidation of small molecule structures, they are not 

further described.

From a medicinal  chemist's point  of  view, one is not only interested in the 

conformation  of  a  ligand  molecule  freely  tumbling  in  solution.  When  a 

compound has the potential to interact with a target molecule, e.g. a protein or 

nucleic acids, its “active” conformation - the three-dimensional structure in the 

bound state - is of even more importance. In this scope, a lot of methods have 

been developed that  mostly take advantage of  so-called exchange-transfer 

processes.[6] To name but a few, techniques based on exchange-transferred 

NOEs,  exchange-transferred  RDCs,  exchange-transferred  pseudo-contact 

shifts, or exchange-transferred cross-correlated relaxation are versatile tools 

to elucidate the conformation of a ligand bound to a receptor.[1] Although a lot 

of  important  informations can be obtained via the mentioned methods,  the 

majority  of  structures  of  bound  ligands  is  still  determined  by  X-ray 

crystallography  since  the  precision  of  crystal  structures  of  molecular 

complexes is usually higher than conformations of receptor ligand complexes 

solved by NMR spectroscopy.[7]

A deeper and also more physical insight in the detection and application of J-

couplings, NOEs, and RDCs, respectively, is spared at this point as a detailed 

explanation  of  the  NMR driven  structure  elucidation  procedure is  given  in 

chapter 1.3.

A

Figure  1.2: Illustration  of 
the dipolar interaction. The 
magnetic  field  induced by 
spin  I adds  up  to  a  static 
magnetic field B0 and leads 
to a shift of the resonance 
frequency  of  the  close-by 
spin  S.  Spins  oriented 
parallel  and antiparallel  to 
the B0 field are equally dis-
tributed, resulting in signal 
splitting  with  a  certain 
dipolar  coupling  given  in 
Hz.  (taken  from  reference 
[1])

B
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1.1.2 Tracing Molecular Dynamics

In chapter 1.1.1, methods for the elucidation of three-dimensional structures of 

small and medium-sized molecules were shortly described. For a full under-

standing of the biological function of molecules and the way interactions with 

binding  partners  are  realized,  dynamical  processes  must  be  taken  into 

account.[8] In  general,  the  connection  between  structure,  dynamics,  and 

function is of great importance. For example, if dynamics has consequences 

for function, insight in molecular flexibility is crucial for both protein and ligand 

design. A small but dynamic molecule, perfectly fitting into an active site of a 

protein when only its lowest energy conformation is considered, consequently 

loses  affinity  when  it  adopts  another,  higher  energy  structure.  The  same 

phenomenon holds even more true in case of protein dynamics. In contrast, 

the overwhelming view on molecules emerging from structural biology is static, 

and  relevant  dynamic  information  is  still  limited.[9] In  order  to  animate  the 

plethora  of  “molecular  snapshots”  present  today,  NMR  based  approaches 

have been developed for the elucidation of the dynamical behavior of atom 

groups, small compounds, and biomacromolecules (see Fig. 1.3).[8]

By help of the techniques which are presented in figure 1.3, it is possible to 

cover almost all time ranges that are of interest in peptide and protein science.
[10-12] One exception is the interval between nano- and microsecond dynamics 

that can only partially investigated via residual dipolar couplings.[13]

Motions in the ultra-fast limit, that is the sub-picosecond range, are usually not 

of special interest as their contribution to the more important overall dynamical 

Figure  1.3: Illustration  of 
the  time  range  between 
femtoseconds and minutes. 
The  time  regime  between 
femto-  and  picoseconds 
comprises  in  particular 
bond vibrations. Molecular 
rotations  take  place  be-
tween  pico-  and  nano-
seconds  while  binding 
events  occur  between 
nanoseconds  and  some-
times  even  seconds.  A  lot 
of  NMR  techniques  has 
been  developed  to  cover 
the full range of molecular 
dynamics:  (1)  Both  R1 or 
R2 relaxation  measure-
ments  and  NOE-type  ex-
periments; (2) CPMG filter 
measurements;  (3)  proton-
deuterium (H-D) exchange 
experiments;  (4)  R1ρ re-
laxation dispersion experi-
ments;  (5)  ZZ exchange 
measurements;  (6)  RDC 
based  experiments.  The 
nano- to microsecond time 
regime  can  only  partially 
covered via RDCs (dashed 
green arrow).

ps smsμsns

1 2 3
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behavior  of  a  molecule is  usually negligible.  Dynamics taking place in  this 

regime are mainly of vibrational character.[14] Since motions of this kind are 

fully averaged, they are not extractable via NMR spectroscopic techniques.

In contrast to the sub-picosecond time regime, insight into the fast dynamics 

between  pico-  and  nanoseconds  is  of  more  important  weight. In  this  time 

range,  backbone  and  side-chain  fluctuations  occur  which  are  essential  for 

receptor-ligand affinity.  Motions in the fast  regime can be studied via NMR 

spectroscopy by measuring three relaxation rates: the longitudinal relaxation 

rate R1, the transversal relaxation rate R2, and the steady-state heteronuclear 

NOE  (hetNOE).[15] NMR  measurements  exploit  the  fact  that  molecular 

reorientations  lead  to  fluctuating  magnetic  fields  which  cause  transitions 

between  nuclear  spin  states,  finally  resulting  in  dephased  coherences.  To 

express  the  amplitude of  molecular  motions,  the  so-called  Lipari-Szabo S2 

order parameter is by far the most  common motional descriptor.[16-19] An S2 

value of 1.0 indicates complete restriction of internal motion whereas a value 

of 0 refers to unrestricted isotropic flexibility. HetNOE experiments as usually 

applied in protein dynamics studies are of  limited use in peptide chemistry 

since the nuclei of interest,  13C and  15N, are in most cases not enriched in 

these molecules which leads to hardly analyzable spectra.

The time regime between nano- and microsecond where - compared to the 

very fast dynamics at the sub-nanosecond time scale - the slower side-chain 

or backbone motions like peptide bond flips around adjacent φ and ψ torsional 

angles  occur,  can  not  be  fully  covered  by  NMR  spectroscopy.[20-22] Those 

motions are averaged, therefore resulting in only one signal representing two 

or more conformational states. Due to the fast exchange, no line broadening 

of NMR resonances can be detected as it is possible when slow exchange is 

present. A recent approach used residual dipolar couplings to model such con-

formational  transitions.[13] In  principle,  RDCs  are  sensitive  reporters  of 

dynamics in the nano- to microsecond range because structural fluctuations 

lead to variations of the RDC size in the order of ca. 10 Hz. Hence, dynamics 

equal or slower than the rotational correlation time τc and faster than about 10 

ms  can  be  elucidated  by  projection  of  residual  dipolar  couplings  onto 

conformational models. The presented approach is very elaborate with respect 

to experiments and modeling procedures;[13] thus, the near future will show if 

the new technique becomes a routine application to cover motions in the ns-μs 

time regime.



10          BOTH  SIDES  OF  THE  MEDAL:  NMR  SPECTROSCOPY  AND  COMPUTATIONAL  CHEMISTRY

The next time range, that is micro- to milliseconds, can be nicely investigated 

via  NMR spectroscopy. Beside the  utilization of  RDCs,  several  other  tech-

niques based on relaxation exchange rates (Rex) have been developed for this 

purpose.[13] The most prominent methods are the measurement of R1ρ (a spin-

locking sequence is used in the pulse programs) and of  R2 relaxation dis-

persion (a so-called CPMG filter is applied).[23-26] As the most common spin 

probe for exchange relaxation measurements is  15N, the mentioned methods 

are only rarely used for studying dynamics of unlabeled peptides. Many bio-

logical processes occur at the medium regime, including protein folding, sub-

strate  or  drug  binding,  allosteric  regulation,  or  catalysis.[10,11,27] Regarding 

peptides, slow conformational exchanges like transitions of peptide bonds be-

tween trans and cis conformations take place in this or at slower time regimes, 

depending on the height of energetic barriers between the two states.

Finally, NMR spectroscopy can also be used to elucidate molecular flexibility in 

the  millisecond  to  second  time  range  and  even  dynamics slower  than 

seconds. Especially slow binding events occur in this time regime, but also 

slow protein folding or chemical exchange are present.[8] Induced fit motions 

can  be  traced  by  methods  based  on  so-called  ZZ  exchange  techniques. 

Chemical exchange events like the substitution of polar hydrogens by solvent 

hydrogens  or  deuterium  (H-D  exchange)  can  easily  be  observed  by  the 

detection  of  exchange  peaks  in  NOE-type  spectra.[8,12] Whereas  the  first 

mentioned technique is almost exclusively applied for protein NMR studies, 

the latter experiments are also very popular in peptide chemistry.

Most of the presented approaches have been developed to determine protein 

dynamics. For the investigation of peptide fluctuations, special procedures are 

routinely used which, on one side, do not depend on heteronuclear labeling, 

and, on the other side, are of practical use and mostly simple.[28]

Linear peptides intrinsically have many degrees of freedom and even small 

species  can  adopt  thousands  of  different  conformations  which  are  in  fast 

exchange. Thus, those structures can not be observed via NMR spectroscopy. 

Only in some cases (e.g. in β-peptides) stable secondary structural elements 

are formed that are in slow exchange.[29,30] Compared to linear peptides, cyclic 

templates (especially when the chemical  bridging is  formed via head-to-tail 

cyclization)  not  only  differ  in  structural  characteristics  but  also  display  a 

strongly modified dynamical  behavior.[28] In order to investigate the residual 
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internal motions of a cyclic peptide,  the simple  1H-1D experiment is mainly 

chosen. If dynamics are slower than about 10 ms, a doubled signal set arises 

in the spectrum.[13] This means that two structural arrangements are separated 

by a high energy barrier, making the exchange slow or even impossible. In 

addition,  2D-NOESY  or  2D-ROESY  experiments  can  be  recorded;  here, 

exchange  peaks  -  cross  peaks  with  different  sign  for  small  molecules  - 

become visible in spectra if conformations slowly interchange with each other.

Detection of only one signal set in a 1H-1D does not exclude the presence of 

fast dynamics. Whereas fluctuations in the micro- to millisecond time regime 

result in a detectable line broadening, motions faster than ca. 50  μs do not 

contribute to the line width of NMR signals and are, therefore, only indirectly 

observable.[13] This  can  be  achieved  e.g.  by  tracing  errors  of  the  pairwise 

distance restraints in the structure determination process. If several restraints 

can  not  be  fulfilled  when  only  one  structure  is  calculated,  several 

conformations which are in fast exchange are often present.[1] The same is 

true  for  deviations  between experimental  and  calculated scalar  or  residual 

dipolar  couplings.  Another  way  for  qualitatively  tracing  medium  to  fast 

dynamics  in  peptides  is  the  measurement  of  temperature  gradients.  By 

incrementally heating an NMR sample from room temperature up to 320-330 

K, both chemical exchange processes are triggered and the chemical shifts of 

polar  protons  are  perturbed.  Resonances  of  protons  which  are  solvent 

accessible are usually strongly affected whereas the chemical shift of solvent 

shielded protons does not change significantly; those atoms are often part of a 

hydrogen bond and thus, reveal restricted dynamics. However, it  should be 

stated that solvent  shielded protons do not  need to be part  of  a hydrogen 

bridge but can also be buried by spatially demanding groups.[28] 

In cyclic structures, not only the backbone flexibility is strongly reduced but 

also the dynamics of amino acid side chains. This is particularly true for the 

common  three  rotamers  around  the  Cα-Cβ bond.  Often,  preferred 

conformations  of  the  χ1 dihedral  angle  are  observed  which  can  be  easily 

identified  and  assigned  by  NMR  spectroscopy  (see  section  1.3.3.1).  For 

example, measurement of J-couplings reveals if side chain rotations are still 

present (an averaged value is yielded) or if one orientation is preferred, thus 

indicating  that  fast  dynamical  processes  have  more  or  less  vanished.  In 

addition, the occurrence of dynamically restricted side chains indicates a high 

probability of a preferred backbone conformation as well.
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1.1.3 Elucidation of Receptor-Ligand Interactions

The biological function of a biomacromolecule (e.g. a protein) usually depends 

on the interaction with ligand molecules or other macromolecules. It is obvious 

that the investigation of intermolecular interactions plays a key role in order to 

understand biological processes which are based on the functions of proteins. 

Hence,  a  lot  of  methods  has  been  developed  to  investigate  the  so-called 

“interactome” of proteins and their ligands. 

In this scope, NMR spectroscopic techniques seem to be the most powerful 

tools  since  unknown  interactions  can  directly  be  observed  at  atomistic 

resolution.[6] In principle,  two general  NMR spectroscopy methodologies are 

available to prove molecular recognition processes:

a)   Ligand Based Techniques

b)   Target Based Methods

Most of the ligand based screening techniques rely on the so-called transfer 

NOE  (trNOE)  effect;  the  most  prominent  methods  are  saturation  transfer 

difference  (STD)  NMR  spectroscopy,  WaterLOGSY,  cross-saturation,  and 

transient  transferred NOE experiments.[6] Furthermore,  there are alternative 

approaches which make use of translational diffusion times, of longitudinal or 

transversal relaxation rates or of paramagnetic agents and spin labels. Some 

of the ligand based techniques have been extended to more robust methods 

like  fluorine,  competition,  fragment  based,  or  receptor-immobilized  ligand 

screening.  In contrast  to ligand based approaches,  almost  all  target  based 

techniques exclusively rely on the detection of  chemical shift  perturbations. 

Whereas 1D NMR experiments are mostly used for ligand based screening, 

target  based methods usually take advantage of  two-  or  three-dimensional 

measurements.[6,31-34]

The basic concept  in NMR aided screening is the  discriminability of  ligand 

molecules and their receptors with respect to NMR detectable properties (see 

Fig. 1.4),  e.g. differing molecular weights of both species. Different masses 

have  dramatic  impact  on  rotational  and  translational  correlation  times, 

resulting in e.g. dissimilar relaxation rates or diffusion times. Since a ligand 

adopts most of the physical properties of the usually much bigger receptor 

molecule when being bound, a discrimination of binders and non-binders is 

possible.[35-40] Another  major  approach  for  distinguishing  ligand  and  target 

 

http://www.dict.cc/englisch-deutsch/discriminability.html
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molecules  depends  on  the  different  chemical  shift  dispersion.  Target 

molecules  have  intrinsically  a  wider  shift  dispersion  and  can,  therefore, 

exclusively be excited.[6,41] The magnetization is further transferred to bound 

ligands and can subsequently be detected when the ligands are released from 

their receptor. Another screening technique is the detection of chemical shift 

perturbations.[42-45] This strategy relies on changes in the chemical environment 

upon a binding event. Both the ligand and the target molecules are affected 

regarding their chemical shifts when they interact with each other. Especially 

when using isotopically labeled receptors, target based NMR screening is the 

most powerful technique since it not only provides informations about binding 

ligands but also about the (protein) binding site.

To  present  the  most  prominent  screening  methods  in  a  more  conceptual 

framework, the single stages of drug exploration and their correlation to NMR 

based approaches are shortly explained below (for a short tabular summary, 

see Fig. 1.5 on page 16).

In the early stage of drug development it is essential to find so-called first hits 

which usually have a low to medium affinity to the receptor  of  interest  (hit 

finding).[46] For this purpose, large libraries of small compounds are screened 

for  target  affinity.  Since  library  screening  is  very  time-consuming,  one-

dimensional NMR techniques are dominating this stage of drug research with 

the STD and transient transferred NOE experiments being the most prominent 

screening approaches.[1,6]

Figure  1.4: Cartoon  ex-
plaining intermolecular re-
cognition,  e.g.  between  a 
protein and a much smaller 
molecule. Only those com-
pounds  that  fit  into  the 
binding  site  of  a  receptor 
are  bound.  Since  small 
ligands  adopt  the  physical 
properties  of  a  huge  re-
ceptor,  binders  can  be 
easily  discriminated  from 
non-binding molecules  via 
NMR spectroscopy.
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In STD experiments, a non-equilibrium magnetization is obtained via selective 

excitation of target resonances (the so called on-resonance experiment). Very 

quickly,  the  magnetization  is  distributed  over  the  whole  receptor  by  spin-

diffusion, including bound ligand molecules. Medium to weak binders which 

are  in  fast  exchange  between  the  bound  and  the  free  state  transfer  the 

achieved magnetization into solution where it can be detected. By subtracting 

a reference spectrum from the on-resonant one which is recorded with an off-

resonant irradiation one gains a difference spectrum that displays only those 

resonances  which  have  been  perturbed  due  to  receptor  binding.  Due  to 

ongoing developments,  the fields of application of STD are very broad; for 

example,  the  mapping  of  receptor  epitopes  or  the  exact  determination  of 

binding constants is possible today by means of this approach.[6,47,48] If a target 

can  not  be  selectively  excited,  the  WaterLOGSY approach  is  the  favored 

experiment.  Here,  bulk  water  is  first  excited;  then,  the  magnetization  is 

transferred to the target-ligand complex. Finally, the detection of ligands with 

receptor  affinity depends on different  cross-relaxation  properties  of  binders 

and non-binding molecules.[49,50]

The concept of transient transferred NOEs also plays an important role for 

finding  “early  hits”.  Whereas  steady-state  techniques  rely  on  transfer  of 

magnetic saturation, transient NOE experiments generate a non-equilibrium 

state which returns to equilibrium by T1 relaxation processes. The relaxation 

period is called mixing time. The most common experiments for detection of 

transient  NOEs  are  NOESY-  and  ROESY-type  measurements.  During  the 

mixing time, both intramolecular and intermolecular NOEs build up. In general, 

NOEs can be used for detecting binding events since their sign depends on 

the size of a molecule. Small ligands usually display positive NOEs whereas 

strongly negative NOEs arise in large molecules. Since a small binder adopts 

the properties of its receptor molecule and takes parts of these properties into 

solution after being released, the sign of the observed NOE within the ligand 

indicates binding. The utilization of intermolecular trNOEs not only allows for 

detecting  ligand  receptor  interactions  but  also  for  the  elucidation  of  the 

orientation of the ligand in a binding pocket. This concept relies on the fact that 

a ligand bound to a receptor not only alters its tumbling and diffusion times but 

also changes its relaxation behavior. Using different setups of diffusion and 

relaxation filters,  binders  can be distinguished from non-binders.  The most 
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prominent representative of transient transferred NOE experiments are the so-

called  NOE pumping  (based  on  intramolecular  trNOEs)  and  reverse  NOE 

pumping (relying on intermolecular trNOEs) approaches.[51-53]

Since  ligand  molecules  change  their  translational  diffusion  and  relaxation 

times,  intermolecular  interactions  can  directly  be  observed  by  NMR 

spectroscopy.  Small  molecules  usually  display  fast  diffusion  and  slow 

relaxation times; in contrast, when bound to the receptor, they adopt both the 

fast relaxation and slow diffusion of the target. Thus, simple one-dimensional 

spectra (gradient based pulse programs are used to cover diffusion effects 

and relaxation filters are applied to elucidate varying relaxation rates) can be 

recorded  in  order  to  trace  the  mentioned  effects.[54,55] An  enhancement  of 

relaxation based screening techniques was the introduction of paramagnetic 

spin labels. Chemical groups with unpaired electrons drastically increase T2 

relaxation rates of those nuclei which are in close proximity to a paramagnetic 

agent. The method is of special interest when ligand molecules are screened 

for binding to a second active site at one receptor.[56] A ligand binding to a first 

active site is spin-labeled; if a molecule binds to a second site which is close 

to the first site, its NMR signals consequently vanish due to the fast relaxation 

induced by the paramagnetic agent.

However,  1H-1D spectra often  suffer  from strong signal  overlap,  especially 

when  huge  compound  libraries  are  screened.  The  concept  of  fluorine 

screening faces this drawback.[57] Here, the libraries to be screened contain 

molecules  with  fluorinated  aromatic  or  trifluoro-methyl  groups.  Thus,  each 

compound is represented by only one signal,  making also one-dimensional 

spectra  easily  analyzable.  Beside  other  advantages  of  detecting  fluorine, 

tracing of  intermolecular  interactions is  easy since binding events result  in 

shifted resonances (perturbation of the chemical environment) or broadened 

line widths (enhanced T2 relaxation rates).

Having  found  a  first  hit,  the  results  of  the  library  screening  must  be  first 

confirmed by more sophisticated methods (hit validation) and finally optimized 

(hit optimization; this topic will not be further described here).[46] At this stage of 

drug  research,  informations  regarding  the  target  binding  site  are  now  of 

special interest. For this purpose, target based screening methods are well 

suited  approaches  if  isotopically  labeled  receptors  are  available.[43-45] In 

principle,  different  labeling  schemes  have  been  developed.  For  small  and 

medium-sized proteins, uniform 15N-labeling is a good choice, thereby allowing 
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for  the  measurement  of  15N-HSQC-type  spectra.  When  screening  larger 

proteins,  expensive  13C-labeling  and  /  or  deuteration  is  often  additionally 

required.  Site-  or  amino acid selective labeling can extend the measurable 

size of  the proteins as the spectral  overlap is drastically reduced.[6] HSQC 

based  screening  -  often  shortly  called  SAR-by-NMR  -  usually  relies  on 

perturbations of the chemical shift pattern of a protein when a ligand binds.[58] 

This effect is  caused by alteration of the magnetic environment of receptor 

atoms upon ligand binding. 

In addition, another ligand-based screening method can be applied; by titrating 

a  known  binder  with  its  receptor,  it  is  even  possible  to  calculate  binding 

constants.[6] A further  technique  for  validating  intermolecular  interactions  is 

competition-based screening;[59] here, the potential of a newly found binder to 

replace a known ligand (with weak receptor affinity) from an active protein site 

is  investigated.  By help of  this  method,  unspecific  interactions or  unknown 

binding sites (“second sites”) can be elucidated.

Method Type

Limits and Requirements Identification of

Target
Mass 
Limit

Affinity
Limit

Isotope
Labels

Target
Binding 

Site

Ligand
Binding 
Epitope

Ligand
Mixture

Diffusion
Filtering Lig Lower Upper &

Lower None No No Yes

Relaxation 
Filtering Lig Lower Upper &

Lower None No No Yes

trNOE
Methods Lig Lower Upper &

Lower None No No Yes

NOE
Pumping Lig Lower Upper &

Lower None No No Yes

Rev. NOE 
Pumping Lig Lower Upper &

Lower None No Yes Yes

Water
LOGSY Lig Lower Upper &

Lower None No Yes Yes

STD
Methods Lig Lower Upper &

Lower None Quality Yes Yes

19F
Screening Lig None None

19F
(Ligand) No No Yes

Reporter 
Screening Lig None None None Quality No No

CS-Per-
turbations Tar Upper None

13C/15N
(Target) Yes No No

Figure 1.5: NMR methods 
designed for  tracing inter-
molecular interactions. The 
main  limitations  and  re-
quirements  as  well  as  the 
potential of each technique 
are shortly summarized.
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1.2 Utilization of Computational Tools in Medicinal 
Chemistry

During the last decades, computational techniques have become more and 

more  popular  for  solving  mathematical,  physical,  chemical,  or  biological 

problems.  In  general,  computer  aided  approaches  are  used  in  order  to 

reproduce  and,  sometimes,  to  predict  experimental  results  or  to  verify 

theoretical considerations. Computational chemistry (CC) is one of the theo-

retical  techniques that  contributes to chemical  questions with assistance of 

computers.[60] Results  obtained via CC methods confirm or  complement in-

formations obtained via physical, (bio)chemical, or biological measurements. 

The methods used range from ab initio (entirely based on theory) to quantum-

mechanical,  empirical,  or  semi-empirical  approaches  (inclusion  of  ex-

perimental results). The power of CC is based on the fact that reliable pre-

dictions or explanations of chemical processes by computer programs could 

spare  expensive  and  time-consuming  experimental  setups.[29] The  ratio  of 

computer performance to price increases every five to six years by a factor of 

about ten.[14] Thus, CC techniques became and will become more and more 

precise and can / will be used in more and more research fields. The most 

common virtual  methods routinely applied in  medicinal  chemistry are listed 

below.

a)   Pharmacophore Models & Virtual Screening

b)   Molecular Docking

c)   Similarity Searching & QSAR

d)   Molecular Mechanics

e)   De novo Design

f)    Property Prediction

A subsection of computational chemistry is molecular modeling which reduces 

the complexity of a considered system by the description of only those parts 

that  contribute  most  to  the  phenomena  of  interest.[60] The  term  molecular 

modeling sums up all theoretical methods and computational techniques that 

mimic  the  behavior  of  molecules.  Compared  to  laboratory  experiments, 

molecular modeling requires less time and is cheaper. For example, usually 

applied docking algorithms do not explicitly treat solvent molecules, and all 

degrees of freedom of a receptor are usually neglected which finally leads to a 

very  fast  computation  of  interactions  but,  of  course,  at  the  expense  of  a 
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reduced accuracy. Nowadays, modeling methods are often used in theoretical 

chemistry and biology.  This  also includes the simulation  of  the kinetic  and 

thermodynamic behavior of  molecules, the design of new drug compounds, 

and the examination of structure-activity relationships. However, experimental 

findings  still  often  contradict  computed  outcomes;  thus,  virtual  modeling 

techniques must be carefully applied and evaluated.[61]

In  the  following  four  sections,  several  computational  chemistry  techniques 

which are of interest for this work (see above, points a-d) and, especially, to 

medicinal chemistry, are presented in more detail. 

1.2.1 Database Screening Based on Pharmacophore Models

Virtual screening belongs to the concept of computational database searching. 

In  principle,  the  expression  means  “automatically  evaluating  very  large 

libraries  of  compounds  using  computer  programs“.[62] A  database  which 

contains molecules and their three-dimensional coordinates (virtual library) is 

filtered  with  respect  to  desired  chemical  and  physical  characteristics 

(pharmacophore model).[63,64] The method is routinely used in computer based 

drug discovery because it achieves a fast reduction of the number of potential 

drug  candidates  without  the  need  of  experimental  measurements.  The 

compounds obtained from a search,  however,  do  not  necessary bind  to  a 

specified target  in vitro or  in vivo since the algorithms present today are far 

away from being perfect. Therefore, experiments, e.g. via NMR spectroscopy, 

which  elucidate  the  binding  potential  of  virtually  selected  ligand  molecules 

have to be performed after the computational procedure.

A possible (and the most common) way to select desired molecules from a 

virtual library is to use a pharmacophore model as shown in figure 1.6. IUPAC 

defines a pharmacophore as an “ensemble of steric and electronic features 

that  is  necessary to  ensure  the  optimal  supramolecular  interactions  with  a 

specific biological target“. Even if  the original definition of a pharmacophore 

relates only to ligand molecules, computational tools nowadays also allow the 

construction of receptor (also called target) based models: a receptor derived 

pharmacophore  is  constructed  by  mapping  the  geometry  and  essential 

chemical groups of the binding site of a target. Thus, it can be considered as a 

combination of groups that represent a three-dimensional image of all features 

of  an  active  site  which  are  important  for  ligand  binding.  Receptor  based 
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pharmacophore  models  are  used when  the active  site  of  e.g.  a  protein  is 

known and one is interested in finding a potential binder. In contrast, ligand 

based pharmacophore models are utilized when an interaction partner of a 

receptor is known but no information about the binding site is available.[60] In 

addition, both types of pharmacophore models can be combined. A molecule 

of a virtual compound library has to possess all operator-defined features or 

constraints  (e.g.  hydrogen  bond  acceptor  /  donor  atoms,  hydrophobic  or 

aromatic groups, containing / excluded volumes) so that it  is not discarded 

during the filtering runs (virtual screening). Both features and constraints can 

be provided with spatial tolerances; the stricter the tolerances are set, the less 

hits  are  found  during  the  library  search.  To  conclude,  a  computational 

pharmacophore  model  represents  a  reduced image of  the  active  site  of  a 

receptor and essential groups of a ligand.

Even  if  the  process  of  virtual  database screening is  highly  automated,  an 

elaborate and detailed preparation of search runs is indispensable. The more 

informations - if available - about natural interaction partners or known artificial 

ligands, about the character of the active site, or about essential amino acid 

residues of the receptor that take part in ligand binding are collected, the more 

precise a pharmacophore model can be constructed. Usually, it is suggested 

that the model is built in such a way that the natural binding mode is emulated; 

thus, those residues of a natural ligand and of an active site which are directly 

involved in binding are used as pharmacophore features or constraints. 

Figure 1.6: Presentation of 
a  pharmacophore  model 
which  was  designed  by 
means of target and ligand 
properties.  The  greenish-
yellow topology serves  as 
a  spatial  constraint  based 
on the surface of a receptor 
binding  site.  The  purple, 
blue  and  red  spheres  re-
present  physical  features 
like hydrophobic groups or 
hydrogen  donors  and  /  or 
acceptors of a ligand. The 
volume of the spheres de-
note  the  spatial  tolerance 
with  which  virtual  data-
bases are screened for new 
receptor binding ligands.
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In general, there are two ways for pharmacophore based searching of virtual 

databases. One can construct a pharmacophore model with all characteristics 

that seem to be essential for binding and start  the screening process. This 

approach is quick and sophisticated but suffers from the fact that sometimes 

no  hits  are  found  due  to  the  demanding  character  of  the  pharmacophore. 

Thus, it is advantageous to provide features and constraints with big enough 

spatial tolerances. An alternative procedure is to preselect potential hits. Here, 

only a part of essential features or constraints is used to screen the libraries. 

By iteratively increasing the numbers and the strictness of the pharmacophore 

model the quantity of hits is stepwise reduced. 

Finally, the operator has to elect virtual databases that are suited for the kind 

of receptor that is studied. Some libraries contain only molecules for special 

receptor types, e.g. only compounds that can pass the blood-brain-barrier or 

which  are  assumed  to  bind  proteases.  Other  databases  comprise  only 

molecules that, for example, match Lipinski's rule of five,[65] contain very similar 

compounds, or are built of complete diverse ligands. It always depends on the 

scientific question which kind of library is optimal for pharmacophore model 

based screening.

1.2.2 Docking for the Prediction of Molecular Interactions

Molecular docking is a computational method for finding an optimal receptor-

ligand  complex  geometry  (see  Fig.  1.7).[63,66] Thus,  the  main  task  of  the 

docking process is to minimize the intermolecular interaction energy (binding 

energy) between the two molecules of interest.[67] Usually, the binding energy 

is  evaluated by a so-called scoring function.  Scoring functions are fast  but 

approximate mathematical descriptors used to calculate the strength of non-

covalent intermolecular interactions after two molecules have been docked. 

Generally,  the  methods  for  exploring  the  conformational  interaction  space 

quite differ. The most prominent approaches - the fragment based method and 

the grid based technique - are treated below.[68,69]

The fragment based docking method uses a base fragment of a ligand (the 

“ligand core”) which is automatically selected and placed into the active site of 

a  receptor.  During  the following steps the complete  ligand is  incrementally 

build up from the remaining fragments. A new fragment is added in all possible 

conformations  to  the  fragments  constituted  in  the  previous  iteration  steps; 
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afterwards, the best placements are taken on to the next construction step. 

The  conformational  flexibility  of  the  ligand  is  accounted  for  by  generating 

multiple  conformations  for  each  fragment  and  including  all  possible 

constitutions in the ligand building steps. Finally, all created placements of the 

ligand are ranked according to the so-called score which is a measure of the 

“quality” of the receptor-ligand complex.[70] Usually, the extent of interactions is 

computed in terms of  the free binding energy G. The free energy function 

contains terms for hydrogen bonding, ionic, aromatic or lipophilic interactions, 

each adjusted by a penalty function that depends on the deviation from the 

ideal complex geometry.[71]

Compared  to  the  fragment  based  technique,  grid  based  methods  take 

advantage of a different concept.[69] First, a branch atom and active torsions 

(rotatable bonds) are defined for a ligand by the operator. During the docking 

run,  the defined bonds around the branch atom of  the  ligand are rotated, 

thereby creating distinct  conformations of  the ligand in  the active site.  The 

active site of the receptor molecule is defined by a three-dimensional lattice of 

regularly  spaced  points  (grid)  where  the  ligand  is  allowed  to  change  its 

conformation  for  an  optimal  interaction  with  the  receptor.  One grid  map is 

calculated for each of the predefined atom types. This means that a ligand 

atom is placed at each grid point. The interaction energy of this atom with the 

receptor is assigned to the grid point. Grid size and spacing between the grid 

points is set by the user. Subsequently,  a docking search algorithm (e.g. a 

A B

Figure  1.7: Illustration  of 
a  small  organic  ligand 
molecule  that  is  virtually 
docked  into  the  binding 
site of a receptor molecule. 
The receptor is shown with 
its Conolly surface. As the 
ligand  was  docked  with 
two  different  algorithms 
(AutoDock(3)  and Unity / 
FlexX), the binding modes 
vary. Thus, virtual docking 
should only be seen as an 
approach for estimating the 
binding affinity of a ligand 
to a given receptor.
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genetic algorithm as the best choice) creates different conformations of the 

ligand embedded in  the grid.[72] For  each resulting  conformation,  a  scoring 

function  evaluates  the  energy  for  the  interaction,  and  outputs  those  con-

formations with lowest  docking or  binding energy,  respectively.  The binding 

energy is  the sum of  all  intermolecular  interactions plus torsional  energies, 

whereas  the  docking  energy  is  the  sum  of  intermolecular  and  internal 

energies. All conformations can also be clustered due to their RMS deviations 

(RMSD). Here, the lowest-energy conformation is placed in the first cluster; if 

a conformation differs more than a predefined RMSD tolerance from the first 

one, it is placed into a new cluster. Otherwise, it is added to the first cluster.[69]

As mentioned above, the docking results are ranked according to their score 

and to a docking energy, respectively.[73-75] However,  the conformations with 

the highest score / docking energy do not necessarily need to be the most 

realistic ones. Many docking tools like FlexX or AutoDock do not, for example, 

include bulk solvent molecules surrounding the receptor and the ligand in their 

calculations.[69,76] Whereas FlexX is only able to place water particles in the 

active site, AutoDock calculates at least solvation energy parameters for the 

receptor. According to this, the score / docking energy is only one of several 

criteria for the evaluation of docking results.[77] In general, the following criteria 

should also be taken into consideration:

Orientation and position of a ligand in the active site: the docked con-

formation has to be placed into the pocket with realistic orientations of its 

functional groups, e.g. hydrophobic parts should usually not be solvent-

exposed.

Essential interactions of ligands with the residues of the receptor: the ex-

tent of hydrogen bonds, ionic, or hydrophobic interactions has to be con-

sidered.

The cluster size: big clusters usually contain the most meaningful and 

reliable complex conformations.

Finally,  it  is always needed to experimentally check the results obtained by 

docking runs, e.g. via NMR spectroscopy or isothermal calorimetry (ITC). As 

all present docking algorithms are not perfect, most of the potential docking 

hits  do either  not  bind to the desired receptor  or  only bind with  moderate 

binding constants in the millimolar range.[63,64]
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1.2.3 QSAR as Virtual Similarity Search Method

Quantitative  structure  activity  relationship  (QSAR)  is  a  technique  where 

structural features of a molecule, represented by descriptors, are quantitatively 

correlated to (bio)chemical, physical, or biological properties.[78] The correlation 

is derived from a selected set of compounds with known structure and activity 

(training set). Mathematically depicted, n descriptor variables x are correlated 

to a dependent variable y (e.g. the biological activity of a certain compound; 

see also Equ. 1.1):

Once  having  established  such  a  correlation,  it  is  theoretically  possible  to 

derive the dependent variable y of a novel compound by using the descriptor 

variables  x  yielded  via  the  training  set.[79] According  to  this,  the  main 

advantage  of  QSAR  becomes  obvious:  no  structural  information  about  a 

biological receptor (e.g. a protein) is needed for the prediction of the biological 

activity of  a set of  ligand molecules.[60] However,  a considerable number of 

QSAR studies incorporate information about  the target in order to obtain a 

more significant correlation.

Since  QSAR  is  a  method  for  deriving  correlations  between  structure  and 

activity, it can be assigned to the field of similarity searching.[60] The objective 

of  a  similarity  search  is  to  retrieve  molecules  that  are  similar  to  a  target 

compound of interest (e.g. one that is known to be biological active) in some 

way. The assumption that justifies such searches is embodied in the “similar 

property principle of reference” which states that structurally similar molecules 

are expected to possess similar properties.[80,81] Thus, a pairwise comparison 

of each compound with a target molecule is performed; the compounds are 

then  ranked  according  to  their  similarity  with  the  target.  The  most  similar 

molecules  may  be  used  for  further  searches  or  structure-activity  and 

pharmacophore studies. In the last decades, several methods for determining 

the similarity between two molecules have emerged,[82] with the most important 

ones are described below:

Equation  1.1: Variable  y, 
e.g. an experimental  value 
like a binding constant, as 
function of a number n of 
descriptor  variables  x;  de-
scriptors  are  physical  pro-
perties or chemical groups 
of a ligand which are pre-
ferred  for  showing  high 
receptor binding affinity.

∑=
n

nxfy
1

)(



24          BOTH  SIDES  OF  THE  MEDAL:  NMR  SPECTROSCOPY  AND  COMPUTATIONAL  CHEMISTRY

Fragment-based approach: this method evaluates the similarity of a pair 

of  molecules  by  identical  fragments.  As  this  requires  only  two-

dimensional analyses, the fragment based method is very fast. However, 

it  lacks  accuracy as  no  three-dimensional  arrangements  -  which  are 

crucial e.g. for the biological activity - are taken into consideration.

Distance-based  approach:  with  increasing  computational  power, 

software packages like CONCORD (Tripos) have the potential to convert 

two-dimensional  structures  into  the  respective  spatial  conformations. 

These conformations can be compared to each other by calculating the 

distance  between  pairs  of  atoms.  By  means  of  this  strategy,  three-

dimensional arrangements are amenable. 

Surface-based approach: going further than the atomic level, molecular 

properties (such as electron density or  a hydrophobic potential) can be 

projected onto the surface of  a sphere.  Thereby,  the similarity of  two 

molecules is estimated by the distance of the sphere surface points.

Field-based approach: the similarity is determined by a comparison of 

fields  (e.g.  steric,  electrostatic,  hydrophobic  fields).  The  property  of 

interest is sampled on each lattice intersection of a grid surrounding the 

molecule.  The  values  of  such  grid  points  are  then  compared  to  the 

values of another molecule. Most of the recent QSAR studies make use 

of  such  field  based  methods,  namely  comparative  molecular  field 

analysis (CoMFA) and comparative molecular similarity indices analyses 

(CoMSIA).[83,84]

In general, establishing a 3D-QSAR model requires several major steps. In the 

beginning, one has to consider the different types of 3D-QSAR methods and 

decide which one is best suited for the scientific question to be answered. The 

most frequently used methods are CoMFA and CoMSIA. After that, the training 

set molecules are chosen from a chemical library. This is the most crucial step 

in QSAR analyses, as the training set composition in particular influences the 

quality of the model, as further described below figure 1.8. In the following, the 

training set compounds have to be oriented uniformly in space (“alignment”) 

which is achieved either by pairwise alignment or determination of compound 

orientations in  the active site  of  a  receptor.  In  the next  step,  the similarity 

between aligned molecules is calculated and - as a result of this - according 

molecular  fields  can  be  created.  Having  confirmed  the  robustness  and 
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predictability of  the derived correlation, the activity of novel compounds  (not 

present in the training set)  can be finally predicted.  A visual examination of 

QSAR fields  usually reveals structural properties that are either favorable or 

unfavorable for biological activity as it is shown in figure 1.8. 

As  mentioned  above,  the  composition  of  the  training  set  has  enormous 

influence on the quality of the QSAR-model. For evaluation purposes, cross-

validation is often used to estimate the external predictability of the created 

models.[85] This statistical method divides the training set into two groups. The 

QSAR model is re-derived from one group and used to predict the dependent 

variable for the compounds in the other group (“unknown” compounds). Then, 

predicted values are compared to experimental values, allowing a quantitative 

measure for the accuracy of prediction. This process is repeated several times 

with  different  group  compositions.  If  one  the  groups  consists  of  only  one 

compound, cross-validation is referred to as leave-one-out (LOO) validation. 

However,  the  external  predictability  of  a  QSAR  model  is  usually  not 

determined  only  in  this  way.  The  term  external  predictability  refers  to  the 

accuracy with  which  the  activity  of  a  novel  compound which  is  not  in  the 

training set is predicted. An obvious and reliable way for assessing external 

predictability is to predict compounds with known biological activity that are not 

in the training set. The entity of these compounds is called the test set. The 

final output of the cross-validation are q2 values between 0 and 1.0, where 1.0 

indicates highest accuracy. Nevertheless, q2 is only a rough indicator for the 

quality of a QSAR model and experimental validation is indispensable. In all 

cases, where activities of compounds which hardly resemble the molecular 

scaffolds  present  in  the  training  set  have  to  be  predicted,  q2 has  no 

explanatory power for the external predictability.[82,86]

Figure  1.8: Illustration  of 
QSAR  derived  CoMFA 
and CoMSIA fields  which 
represent  preferred  or 
unfavored  properties  of  a 
ligand molecule to be able 
to  bind  to  a  receptor  of 
interest.  For  example,  the 
blue,  red,  yellow,  and 
green spheres denote areas 
where  certain  properties 
like steric bulk or a polar / 
apolar group are necessary 
prerequisites of a ligand to 
display  high  or  low  re-
ceptor affinity.
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Besides  the  cross-validated  q2 values,  partial-least-squares  algorithms 

additionally  report  r2 parameters.[85] The  value  r2 is  a  measure  for  the 

proportion  of  activity-change  that  can  be  explained  by (a  variation)  of  the 

descriptor variables (linear dependence). Again, a r2 value of 1.0 represents 

maximum linear dependence of activity from descriptor parameters. If there is 

no  linear  dependence,  r2 values  have  absolutely  no  predictability  power. 

Therefore, r2 can be an additional measure for the external predictability of an 

established QSAR model.

1.2.4 The Concept of Molecular Dynamics Simulations

Among the techniques to predict the behavior of molecules or to complement 

experimental  results,  the  concept  of  molecular  dynamics  (MD)  simulations 

belongs to most popular computational chemistry approaches. During the last 

decades,  MD  calculations  have  become  more  and  more  important  in 

chemistry and biophysics.[29,87,88] Both enhanced computer performance and 

improved  molecular  models  enable  realistic  simulations  of  the  behavior  of 

different kinds of molecules at atomistic resolution.

In  principle,  those  molecular  processes  which  rely  on  weak,  non-binding 

interactions between atoms (e.g. peptide and protein folding or intermolecular 

complex formation) are fundamental for the behavior of biomolecular systems 

as they determine the thermodynamic characteristics of the condensed phase. 

Since the energies that provoke such processes are in the range of 1-10 kBT 

(according to a few ten kJ / mol; kB is the Boltzmann constant), the laws of 

statistical  mechanics,  i.e.  potential  energy  functions  as  part  of  classical 

Hamiltonian  operators,  can  be  applied  to  describe  complete  molecular 

systems.[29] Thus, it is possible to simulate the structure, the dynamics, and the 

motion  of  small,  medium-sized,  and  even  large  molecules  like  peptides, 

proteins, nucleic acids, sugars, or lipids.[29] Compared to quantum-mechanical 

(QM) calculations, MD simulations often provide data that are of almost the 

same quality but  can be gained in  much shorter  time,  especially for  more 

complex biomolecular systems.

Molecular dynamics considers a molecule as a collection of spheres (atoms 

with partial charges and a certain volume) which are connected by springs 

(bonds) with different elasticities (force constants). The forces underlying intra- 

and intermolecular interactions can be described by potential energy functions 
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of structural features like bond lengths, bond angles, non-bonded interactions, 

and several others. The combination of all potential energy functions is called 

“force field”  (FF) which represents the backbone of all  molecular dynamics 

simulations. By means of the force field parameters, Newton's equations of 

motion can be numerically solved, thereby resulting in modeling the dynamical 

behavior of a molecular system.[29]

Each molecular dynamics simulation is accompanied by the initial choice of 

the modeling level. First of all, the atomic or molecular degrees of freedom 

which  should  be  explicitly  treated  in  the  model  must  be  defined  (e.g. 

simulating with or without solvent, with bond lengths vibrations or not). The 

next step is the selection of an appropriate force field for the calculation of the 

energy  of  the  simulated  system  which  depends  on  the  before  appointed 

degrees of freedom. Furthermore, one has to decide how the configurational 

space should be sampled with respect to all defined degrees of freedom. At 

last,  the  boundary conditions  (e.g.  system borders,  temperature,  pressure) 

and possible external  forces like distance or  dihedral  restraints have to be 

adjusted. Based on this setup, biomolecular systems comprising 105 or 106 

atoms or particles can be effectively simulated.[29] Compared to the Avogadro 

number which represents a scale for macroscopic systems this is only a small 

number of particles; however, the results of simulations of only a small part of 

a  macroscopic  system  can  often  be  used  to  explain  its  experimentally 

measurable properties.

As mentioned above, MD simulations provide very useful hints how molecules 

behave  under  certain  boundary  conditions  and  can,  therefore,  explain 

experimental results or guide new measurements. However, one has to keep 

always  in  mind  that  results  from molecular  dynamics  simulations  are  only 

approximations.[29] Therefore, the next five sections (1.2.4.1 – 1.2.4.5) shortly 

deal  with  assumptions,  prerequisites,  and  some  of  the  major  problems 

associated with  MD calculations  and how they can be solved or,  at  least, 

diminished. It  should be noted that the following chapters represent not an 

exhaustive discussion about molecular dynamics simulations but  give a more 

general overview.

Figure 1.9 shows the basic principle of a molecular dynamics simulation run. 

For more technical and practical details, the reader is referred to the tutorial 

given in chapter 1.3.3.
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1.2.4.1 Force Fields as Backbone of MD Simulations

A force field, e.g. for biomolecules, consists of potential energy terms which 

form the basis of both covalent (bonds, angles, proper and improper dihedrals) 

and non-covalent interactions (Coulomb and van der Waals interactions).[14,90] 

For these terms, appropriate and consistent parameters must be defined. This 

Figure  1.9: The  principle 
of  MD  simulations.  The 
potential interaction V as a 
function of atom positions 
r  is  provided  with  velo-
cities v and serves as initial 
condition.  Then,  the  force 
F  on  any  atom  i  (the 
derivative of its potential V 
divided  by  the  derivative 
of  its  position  r)  is  cal-
culated by summing up the 
arising forces  between  all 
non-bonded  atom pairs  ij. 
After that, the forces from 
bonded  interactions  plus 
possible external forces are 
included  into  calculations, 
resulting in computation of 
both  potential  and  kinetic 
energies  and  the  pressure 
tensor.  Subsequently,  the 
position  of  every  atom  is 
recalculated by  integrating 
all  Newton's  equations  of 
motions  (for  explanations 
of  the  formulas  presented 
here,  see  reference  [89]). 
The  output  of  this  com-
putation step serves as  up-
dated  input  for  the  cal-
culation of new forces. The 
atom  positions  and  velo-
cities as well as all kinds of 
energies, the temperature, 
or  the pressure  can  be 
written  out  after  each 
integration step; this option 
is,  among  many  others, 
controlled by the MD setup 
parameters.
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task is of high importance and, at the same time, very difficult since a small as 

possible  set  of  parameters  is  usually  used  to  describe  the  plethora  of 

conceivable interactions. The idea behind this concept is that a simple and 

small set of force field parameters allows the transferability between different 

atoms  or  groups  of  atoms,  thus  making  the  MD  approach  very  efficient. 

Geometric parameters are often found in crystal structures of small molecules, 

and the corresponding vibrational force constants are elucidated via infrared 

spectroscopic  data  on  small  molecules  in  the  gas  phase.  Parameters  for 

proper dihedrals are commonly obtained by fitting torsional energy profiles to 

quantum-mechanical  data.  Coulomb  and  van  der  Waals  parameters  are 

usually obtained by means of heats of vaporization, pure liquid densities as 

well as free solvation energies of small molecules in polar and apolar solvents. 

MD runs are then used for  fine-tuning of  the before determined force field 

values  by  comparison  of  calculated  with  experimental  findings.  Electron 

densities derived by QM methods are often taken as initial guess of partial 

atomic charges; due to the polarizability of electrons which are not taken into 

account  in  molecular  dynamics  simulations,  their  values  must  be  finally 

empirically adjusted.[29,91,92]

Considering its parametrization, a force field can only be an approximation of 

“real” physical interactions. However, when parameters are carefully chosen 

on a thermodynamic basis, i.e. also entropic effects which often govern non-

bonded  interactions  are  considered  for  the  FF  parametrization,  simulation 

results can reach the quality of those gained via experiments. For this to work, 

the accuracy of the individual force field terms in summation must be higher 

than the total non-bonded energy which is a great challenge since the energy 

differences that drive biomolecular processes are of the order of only 1-10 kBT 

and result from thousands of (pairwise) interactions.[29]

1.2.4.2 Searching the Conformational Space

Biomolecular  systems  are  characterized  by  a huge  amount  of  degrees  of 

freedom.  The  motions  along  these  degrees  of  freedom  are  of  harmonic, 

inharmonic, chaotic,  or diffuse character,  respectively,  and there are spatio-

temporal correlations. As a consequence, those regions of the energy hyper 

surface - determined by the potential energy functions of a force field - which 

contribute most to the free energy of the system are hardly traceable. If the 

energy hyper  surface is  expressed in  terms of  molecular  conformations,  it 
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becomes  obvious  that  there  is  no  single  structural  state  of  a  system that 

corresponds to the global free energy minimum. In fact, by help of statistical 

mechanics, an ensemble of conformations has to be determined where the 

probability of occurrence of a single conformation is given by the Boltzmann 

factor (see Equ. 1.2). Due to the exponential weight in equation 1.2, regions of 

high  energy  on  the  hyper  surface  do  not  result  in  conformations  that  are 

relevant  for  the  overall  status  of  a  system  unless  they  arise  very  often 

(enthalpy-entropy compensation). In other words, the equilibrium properties of 

a system depend on those regions of  the energy hyper surface where the 

conformational energies are low.

The challenge of advanced MD simulations is to identify those regions on the 

vast energy hyper surface which are of low energy. In principle, there are two 

approaches  to  face  the  problem  of  insufficient  sampling:  systematic  and 

heuristic techniques.[93-95] Systematic MD algorithms usually search the whole 

conformational space for regions of low energy whereas heuristic ones are 

developed  to  only  screen a  small  (predefined)  region of  the  energy hyper 

surface.  In  order  to  overcome  high  energy  barriers  which  separate  local 

energy  minima,  three  major  techniques  are  often  applied:  deformation  or 

smoothing of the potential energy surface (e.g. “local elevation”),[96,97] scaling of 

system parameters (e.g.  “simulated annealing”),[98] and multicopy searching 

and sampling (e.g. “replica exchange”).[94] Even if advanced sampling methods 

are  applied,  it  is  difficult  to  judge if  a  simulated system is  converged with 

respect to the properties of interest. Whereas present computer power limits 

the lengths of MD simulation runs to some hundreds of nanoseconds, time 

scales of relevant biomolecular dynamics range from picoseconds to seconds 

or even longer. Thus, MD trajectory averages are only representative when the 

relaxation time τrelax (Q) of a property Q is both shorter than the equilibration 

period of a simulation τequil and much shorter than the sampling period τsample 

(see Equ. 1.3). If the conditions illustrated below are not fulfilled, the trajectory 

average  with  respect  to  property  Q  is  not  converged  and  thus  shows  a 

temporal drift.[29]

Equation  1.2: The  pro-
bability P of occurrence of 
a  specific  conformation  x 
in  an  molecular  ensemble 
is  related  to  the  exponent 
of  its  negative  potential 
energy  V  divided  by  the 
product  of  the  Boltzmann 
constant  kB and  the  ab-
solute temperature T.
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To get an indication of the magnitude of τrelax (Q), one can calculate the decay 

time  of  the  autocorrelation  function  or  the  build-up  rate  of  the  trajectory 

average of a property  Q. In addition, if various MD simulations with different 

starting conditions do not result in the same trajectory average of  a property 

Q, it becomes obvious that the equilibration and / or the sampling time is too 

short with respect to the relaxation time of this properties (“no convergence”).

1.2.4.3 The Calculation of Molecular Ensembles

As  mentioned  above,  the  behavior  of  biomolecular  systems  can  only  be 

characterized by the help of statistical mechanics. This means that elucidation 

of one minimum-energy conformation is not sufficient to describe a complete 

system.  Instead,  the  state  of  a  system at  certain  conditions  (temperature, 

pressure, etc.)  comprises a Boltzmann ensemble of structures. To allow for 

this fact, an additional term - the entropy S - is incorporated into the physical 

expression of the free energy. S is defined as the negative derivative of the 

free energy F with respect to the temperature. Thus, the presentation e.g. of a 

single molecular conformation to describe a system is only meaningful if one is 

interested in a structure at absolute zero temperature. Since this is usually not 

the  case,  not  only  energetic  but  also  entropic  effects  must  be  taken  into 

account  when  a  system  should  be  conformationally  characterized.  As  a 

consequence,  structural  analysis  of  a  molecular  system should  always,  or 

better,  must  encompass  the  elucidation  and  discussion  of  molecular 

ensembles.[29] The rationale behind this concept becomes reasonable when 

the folding-unfolding equilibria of peptides and /  or proteins are studied.  At 

physiological  temperatures,  only  parts  of  the  molecules  of  a  macroscopic 

system are usually in the folded state. Additionally, scaling of the temperature 

results in shifting of the folding equilibrium. Hence, it is senseless to describe 

such  a  system by  presenting  only  the  folded  or  the  unfolded  state  of  the 

molecule of interest.

The importance of considering both enthalpic and entropic effects, and thus, 

molecular ensembles, becomes even more obvious when experimental data 

should  be  explained  by  means  of  molecular  dynamics  simulations.  For 

)(Qrelaxequil ττ > )(Qrelaxsample ττ > > Equations 1.3: An average 
property Q of a simulation 
run  is  only  meaningful  if 
the equilibration time τequil 

is longer and the sampling 
time τsample is much longer 
than  the  relaxation  period 
τrelax of this property.
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example, peptides usually adopt several conformations which are in exchange 

in  the solution state.[28] Since almost  all  experimental  techniques like  NMR 

spectroscopy provide only time and ensemble averages of an observable such 

as NOE peak volume intensities or scalar J-couplings, measured values often 

do not correspond to a single, realistic conformation of a molecule. In such a 

case, consistency with experimentally gained parameters is only reachable if a 

structural ensemble instead of a single conformation is calculated.[29]

1.2.4.4 Comparison of Experiments with Simulation Results

For a number of reasons, MD results are usually compared with experimental 

findings. First, the development of force fields or new MD algorithms is only 

possible when test runs are in agreement with experimental data. Secondly, 

experimental outcomes are often not easy to interpret,  and MD simulations 

may help to understand them. Finally, the results of MD simulations have to be 

evaluated  with  respect  to  their  reliability;  thus,  a  careful  comparison  with 

experimental results is indispensable.

However, one of the major problems in this scope is the fact that almost all 

experiments  deliver  only  averages over  time (duration  of  a  measurement), 

space  (the  sample  volume),  and  molecular  ensembles  (a  macroscopic 

system). Due to this, informations about the distribution of a property Q are not 

available. In addition, completely different distribution of Q can result in the 

same average  (see Fig.  1.10A).[29] For  example,  if  a  molecule  adopts  two 

different  shapes  which  are  in  fast  exchange  at  the  NMR  time  scale,  the 

resulting NOE peak volumes represent a conformational average of differing 

distances between two atoms. Additionally,  measured J-couplings are often 

very insensitive to underlying conformational distributions. As a consequence, 

distributions  gained  via  MD  simulations  are  not  directly  comparable  with 

experimental outcomes.[30,99] Furthermore, even if a “simulated“ average is in 

agreement  with  experimental  results,  the  MD  distribution  underlying  the 

average  could  be  erroneous  due  to  error  compensations.[29] Hence,  it  is 

advisable to use as many as possible experimental parameters - yielded by 

different experimental techniques - to evaluate MD results with respect to their 

reliability. Another problem of comparing experimental with simulated results is 

illustrated in figure 1.10B. If e.g. a conformation of a molecule in solution is 

analyzed by the help of MD simulations, the source of experimental results 

must  be  regarded.  Whereas  NMR  spectroscopy  data  are  recorded  under 
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similar conditions, X-ray crystallography provides only insight in parts of the 

conformational space which is available in the solution state.[100-102] Therefore, 

the  outcomes  of  an  MD  run  should  only  be  compared  with  experimental 

findings recorded under similar conditions. Moreover, MD results need not to 

be artificial if they do not match experimental data. If a calculation provides 

“solutions“  which  can  not  be  explained  by  experiments,  not  only  the 

simulations have to be checked for inconsistencies but also experimental data 

should be scrutinized.

At  least,  discrepancies between experimental  outcomes and MD simulation 

results can arise due to a insufficient number or inaccuracies of measured 

data.  Compared to  the  number  of  degrees  of  freedom a flexible  molecule 

intrinsically has, experimental results are often not sufficient to exhaustively 

determine a biomolecular system. In addition, experimental results are often 

afflicted by uncertainties and inaccuracies. Thus, the value of MD simulation 

results  can only  be adequately  evaluated if  enough experimental  data  are 

collected and, in particular, are precisely determined.[29]

Figure 1.10: Illustration of 
two problems which guide 
the  comparison  of  cal-
culated data with measure-
ment results.

A) NMR experiments only 
provide  a  (linear)  average 
of a quantity or property Q. 
The underlying distribution 
of  recorded  averages  can 
not  be  extracted  via  ex-
periments and is, therefore, 
unknown. MD simulations 
which  result  in  the  same 
average  of  a  property  Q 
like  a  measurement need 
not  to  be „realistic“ since 
the distribution that lead to 
the  simulated  average  can 
be “wrong“.

B) The comparison of ex-
perimental  outcomes  with 
MD  simulation  results  is 
only  meaningful  if  the 
boundary  conditions  used 
for  both  approaches  are 
similar.  For  example,  a 
conformation  x  elucidated 
by X-ray spectroscopy can 
not  reflect  the  structure 
which a molecule adopts in 
solution.  Therefore,  MD 
simulations  often  provide 
3D  arrangements  that  are 
not  identified  by  X-ray 
crystallography.

B

A
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1.2.4.5 The Operator Problem

Beside  all  assumptions  and  approaches,  the  main  problem  of  the  MD 

technique is an operator who is not familiar with a virtual technique like this. In 

contrast to experimental methods, molecular dynamics simulations in almost 

all  cases  produce  an  output;  at  a  first  glance,  such  results  often  seem 

reasonable and the calculated parameters are mostly presented as impressive 

and colorful  pictures.  This is  especially true for  the determination of  three-

dimensional  structures  of  peptides  and  their  analogs.  Generally,  it  is  not 

sufficient  to only be able to start  and analyze a simulation run;  rather,  the 

operator must be aware of the meaning of each MD parameter, how tuning of 

them may influence a trajectory, and how a run can be evaluated regarding its 

reliability. In other words, each MD calculation must be accurately planned and 

completely reflected, all  MD parameters must be carefully adjusted, and all 

results  must  be  exhaustively  checked  with  respect  to  consistency  and 

significance and compared with all experimental findings which are available. 

For this reason, it is a must to know the original literature where all aspects 

regarding force fields, adjustable parameters, interaction functions, boundary 

conditions, and potential vulnerabilities are explicitly discussed.[14,89,92,103]

In the following chapter 1.3 which comes in form of a tutorial,  some of the 

most important sources of error in structure calculations are discussed and 

established procedures in MD aided calculation of peptide conformations are 

presented.

1.3 Determination of Dynamic Peptide Conformations: 
A Tutorial

NMR based elucidation of three-dimensional arrangements of peptides clearly 

differs in its strategy compared to protein structure determination. Even though 

the experimental  parameters used in both approaches are, in principle,  the 

same,  their  contribution  to  the  elucidation  process  is  quite  different  with 

respect to their  emphasis,  precision, and importance.[1] Since many peptide 

conformations in literature have been determined via typical protein structure 

elucidation procedures, their reliability seems to be questionable. In addition, 

even if obtained structures are well characterized, important aspects regarding 
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intrinsic flexibility are often neglected. Because of that, chapter 1.3 provides 

an overview how proper structures of peptides and peptide mimetics including 

their dynamical behavior can be calculated. The underlying NMR experiments, 

the most important experimental parameters, and the process how they are 

converted into dynamic three-dimensional arrangements are mainly focused. It 

will become obvious that only the interplay of NMR spectroscopic techniques 

and  computational  tools  like  distance  geometry  and  molecular  dynamics 

simulations result in both static and dynamic molecular models high quality.

1.3.1 NMR Spectroscopy as Backbone of Conformational Studies

In principle, there are several NMR spectroscopic parameters that could be 

used as for the calculation of proper molecular conformations. Compared to 

chapter  1.1.1,  explicit  details  of  the  NMR  experiments  and  the  extracted 

parameters  are  presented  in  the  following  sections.  In  addition,  arising 

problems and adequate solutions are discussed in more detail.

1.3.1.1 Elucidation of Homo- and Heteronuclear J-Couplings

Scalar couplings provide useful insight in the constitution and the conformation 

of peptidic molecules.[1] The most important J-couplings applied in structure 

elucidation of peptides are listed below:

a) direct couplings: 1JCH, 1JNH, 1JCC, 1JNC

b) geminal couplings: 2JHH, 2JNH, 2JCH

c) vicinal (long-range) couplings: 3JHH, 3JNH, 3JCH

d) long-range couplings: nJHH, nJNH, nJCH (with n ≥ 3)

Although easy to measure and generally useful, heteronuclear 1J-coupling are 

barely applied as structural restraints; one exception are  1JCαHα couplings.[104] 

However,  1J-couplings as well as geminal couplings can be used to identify 

atoms  that  are  connected  by  a  chemical  bond  (determination  of  the 

constitution). The vast majority of conformational restraints are dihedral angles 

derived from homonuclear 3J-couplings; heteronuclear 3J-couplings are rarely 

applied  although  they  contain  very  important  configurational  and 

conformational  information.[105-107] Practically  all  vicinal  couplings  obey  the 

empirically derived Karplus relation (see Equ. 1.4).
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For  the measurement of  long-range homonuclear and heteronuclear  scalar 

couplings (including  3J-couplings), a large number of experiments has been 

developed. The extraction of 3JHH couplings from 1D spectra is routinely used 

and  often  just  the  splittings  in  the  multiplets  are  indicated  as  “coupling 

constants”. It should be noted that this is only valid for first order spin systems. 

In  case of  signal  overlap or  the measurement of  very small  couplings,  2D 

methods  exhibit  distinct  advantages.  Even  if  multiplet  components  are  not 

baseline  separated,  exact  values  for  couplings  can  be  fitted  from  COSY 

spectra calculated in absorption and dispersion mode.[110] E.COSY spectra are 

used for spin systems involving more than two spins.[111]

Long-range couplings (over more than three bonds) are only in rare cases 

directly readable from 1D spectra. If only qualitative values are needed, cross-

peak  intensities  in  heteronuclear  long-range  (e.g.  HMBC)  spectra  yield 

sufficient information. The technology originally developed for carbon detected 

methods  is  transferred  into  one  of  the  most  often  used  methods  for 

quantitative extraction of heterocoupling via measuring the build-up of cross 

peaks depending on coupling evolution times.[112-114] In systems with more than 

two coupled spins the heteronuclear analogues of E.COSY- type spectra, e.g. 

HETLOC, provide reliable values of scalar couplings.[115]

Figure  1.11: Example  of 
how  pro-R  and  pro-S  of 
amino  acid  side  chain 
methylene protons in the β-
position  of  peptides  are 
usually assigned.

A)  Schematic  presentation 
of the  main conformations 
a  methylene  group  adopts 
in L- and D-amino acids.

B)  Illustration  of  Karplus 
relations  for  the  corres-
ponding  3JHαHβ,  3JHβC’, and 
3JHβN scalar  couplings. 
(taken from reference [1])

Equation 1.4: The general 
form of the so-called Kar-
plus equation. φ as the di-
hedral  angle  between  the 
three  bonds  constituting 
the  3J-coupling;  A, B,  and 
C are  varying  fitting  con-
stants  which  have  to  be 
adjusted  for specific  con-
stitutional  motifs.  Typical 
fitting constants for  3JHNHC 

couplings can be found in 
[108] and  for  3JCH coup-
lings in [109].

)(cos)(cos 23 ϕϕ ⋅+⋅+= CBAJ
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Beside their application in determining molecular constitutions and backbone 

conformations,  scalar  couplings play an essential  role  in  the  elucidation of 

amino acid side chain rotamers and in the assignment of pro-chiral protons. 

Whereas proteins nowadays are almost  exclusively studied as  13C and  15N 

labeled  isotopomers,  peptides  usually  have  these  isotopes  only  in  natural 

abundance, i.e. the magnetically active heteronuclei are highly diluted. Most 

amino acids contain a methylene group at the β-position for which the χ angle 

can be determined via the conformation of the Cα-Cβ bond (see Fig. 1.11 A). 

Two vicinal  J-couplings can be measured:  Hα to Hβpro-R and Hα to Hβpro-S. 

Usually,  one can assume that the three staggered conformations are in an 

energetic minimum state. Two types of vicinal proton J-couplings have to be 

considered:  the anti-periplanar  (trans)  arrangement  leads to a  large scalar 

coupling of about  12 Hz whereas the syn-clinal  -  gauche(+) or gauche(-) - 

results in 3.5 Hz (see Fig. 1.11 B). Hence, conformation III as shown in figure 

1.11 A yields two small J-couplings and the sum of 3JHαHβR and 3JHαHβS is about 

7 Hz. In conformations I and II of figure 1.11 A the sum is 15.5 Hz. If the three 

rotamers  are  in  a  fast  exchanging  equilibrium,  the  sum  of  both  vicinal 

couplings is an indicator of the relative population of III in the equilibrium. In 

addition, two identical homonuclear couplings indicate that both conformations 

I and II are equally populated, whereas if they differ (in the most extreme case 

they are 12 Hz and 3.5 Hz) one of the conformations (I or II) dominates the 

equilibrium. Which of the two conformations is the higher populated one can 

only  be  decided  from  the  assignment  of  the  diastereotopic  β-protons.  In 

principle,  this can be done via NOE / ROE spectra. However,  it  is strongly 

recommended not to perform the assignment by NOE parameters which are 

Continuation of Fig 1.11 
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later on used for the determination of the 3D structure; for this purpose, the 

measurement  of  heteronuclear  3J-coupling  should  be  preferred.  If  the 

population of conformation III can be neglected, only the  β-pro-R in  L-amino 

acids is in antiperiplanar arrangement to 13C' and exhibits a strong cross-peak 

in the heteronuclear long-range correlation (which can be extracted by HMBC 

spectra). In conclusion, the sum of 3JHαHβR and 3JHαHβS yields the population of 

III,  their  difference  the  preference  of  I  or  II  and  the  heteronuclear  vicinal 

coupling  decides  if  I  or  II  is  preferred.  In  15N-labeled  proteins  the  same 

procedure can be applied to assign β-pro-R and β-pro-S using the large 15NH-

β-pro-S coupling in rotamer I. 

Recently,  it  has  been  shown  that  couplings  between  15N  and  13C  across 

hydrogen  bond,  e.g.  in  systems  containing  (15N-H···O=13C)  units,  can  be 

directly detected and provide evidence for hydrogen bonds in biomolecules.[116] 

This method is used for peptides and larger molecules but is rarely applied for 

small organic compounds.[117]

1.3.1.2 Collecting Pairwise Distance Informations

Nuclear spins can be considered as dipoles that interact with each other via 

dipolar couplings. While this interaction leads to strongly broadened lines in 

solid-state NMR spectroscopy, it is averaged out in isotropic solution due to 

the fast tumbling of the solute molecules. In liquid-state NMR spectroscopy, 

the dipolar interaction can only indirectly be observed by relaxation processes 

where it represents the main source of longitudinal and transverse relaxation. 

For an isolated pair of  1H nuclei with their magnetization oriented along the 

static  magnetic  field  and  considering  only  dipolar  interactions,  the  cross-

relaxation rate for the NOE is given by equation 1.5:

The decisive part of the cross-relaxation rate is the r-6 dependence of σNOE 

with respect to the internuclear distance r. Since only τc is variable for a given 

spectrometer frequency and can be considered constant for a rigid molecule 

under  defined  conditions,  measurement  of  the  internuclear  relaxation  rate 

Equation  1.5: The  cross-
relaxation rate σNOE for the 
NOE.  The parameter  ħ as 
the Planck constant divided 
by  2π; μ0 as  the  permea-
bility of vacuum;  γ as the 
gyromagnetic  ratio,  r the 
distance  between  the  two 
relaxing  nuclei,  ω0 the 
Larmor  frequency  of  the 
nuclei,  and  τc as  the 
rotational  correlation  time 
for  the  tumbling  of  the 
molecule.
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directly  provides  distance  information  within  the  molecule  of  interest.  The 

cross-relaxation rate can be quantified e.g. from cross peak intensities in two-

dimensional NOESY spectra; here, the cross-relaxation induces a build-up of 

cross peak intensities as shown in figure 1.12A for a typical small peptide with 

a  correlation  time  τc ≈ 0.1  ns  for  several  internuclear  distances  at  a 

spectrometer  frequency of  600 MHz (which  corresponds to  the  1H Larmor 

frequency ω0). 

Integration of cross peaks at a certain mixing time τm, as for example at τm = 

300 ms where the build-up curve still increases approximately linear, directly 

provides the r-6-encoded distance information (linear two-spin approximation). 

With the calibration of experimental cross peak intensities by a known inter-

proton distance, e.g. rHH ≈ 1.78 Å within a CH2-group or rHH ≈ 2.49 Å for vicinal 

aromatic  protons,  distance  restraints  for  structure  calculations  are  readily 

available via the relationship (σNOE · r6 = const.). 

For a reliable extraction of distances, it is important that dipolar relaxation is 

strongly dominating other relaxation processes. Hence, it is important to avoid 

paramagnetic  ions,  molecules  such as  transition  metals,  or  (paramagnetic) 

oxygen.  Therefore,  sample  solutions  of  small  molecules  should  be  always 

degased.

The  method  outlined  so  far  is  generally  applicable  for  obtaining  distance 

information,  but  several  technical  limitations  have  to  be  considered  when 

adjusting the experimental setup and interpreting the cross peak integrals. The 

main limitation for medium-sized molecules like peptides is the dependence of 

σNOE on ω0 and τc (see Fig. 1.12 B): For molecules for which ω0 · τc ≈ 1.12, the 

cross relaxation rate σNOE is close to zero and magnetization transfer between 

Figure  1.12: Transfer  of 
magnetization  via NOE  / 
ROE cross-relaxation in an 
isolated spin-pair.

A) Build-up curves for the 
cross  peak  intensity  in  a 
2D-NOESY experiment for 
various  exemplary  inter-
nuclear  distances  r.  The 
dashed  line  indicates  a 
mixing  time  of τm =  300 
ms  usually  applied for 
small  and  medium-sized 
peptides.  For  the  corres-
ponding  two protons at ω0 

= 600 MHz,  a correlation 
time  of  τc =  0.1  ns  was 
assumed.

B)  The  maximum magne-
tization  transfer  efficiency 
for an isolated proton spin 
pair  calculated  using  ex-
clusively dipolar relaxation 
processes.  Note  the  sign-
change for the NOE cross-
relaxation  at  ω0τc ≈ 1.12. 
Also  shown  is  the  cross-
relaxation  of  the  NOE  in 
the  rotating  frame (ROE). 
(taken from reference [1])
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nuclei  can  not  be  observed.  At  a  600  MHz  spectrometer  this  condition  is 

fulfilled for globular molecules with a molecular weight of roughly ~ 500 g / mol 

in DMSO or ~ 2000 g /  mol in CDCl3 as solvent (at  room temperature).  A 

general estimate of τc can be gained via Stokes‘ law for spherical molecules 

(see Equ. 1.6):

 

The value of τc is very roughly 10-12 · MW (molecular weight in Dalton) at room 

temperature in an low-viscosity organic  solvent.[1] For the relatively viscous 

and widely used solvent  DMSO at  room temperature, the majority of  small 

peptides falls in the τc range of weak NOE cross relaxation, and the extraction 

of distance information from NOESY spectra is limited or not possible. In such 

cases, a viable alternative is the measurement of the rotating frame NOE (also 

called  ROE)  which  is  based  on  cross-relaxation  in  the  transverse  plane 

perpendicular  to  the  static  magnetic  field.  The cross-relaxation  rate for  the 

ROE is given by equation 1.7:

The same r-6 dependence as in the NOE case applies and, as shown in figure 

1.12B, the magnetization transfer in ROE-type spectra is always positive. For 

most  small  and  medium-sized  peptides  the  so-called  ROESY  experiment 

therefore is the preferred alternative for obtaining distance information.

In general, pulse sequences that provide conclusive distance restraints are the 

one-dimensional transient-NOE experiment with the selective inversion of a 

specific spin or, preferably, two-dimensional NOESY and ROESY experiments.
[118-120] The central element in all NOE-type pulse sequences is the mixing time 

τm as  shown  in  Figure  1.12A.  Depending  on  the  correlation  time  τc of  a 

molecule, the mixing time should be chosen short enough to prevent errors 

from non-linear terms in the NOE / ROE build-up curves (spin diffusion) and 
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Equation  1.7: The  cross-
relaxation rate  σROE for the 
ROE.  The  parameter  ħ as 
the  Planck's  constant  di-
vided  by  2π; μ0 as  the 
permeability of vacuum;  γ 
as  the  gyromagnetic  ratio 
of  protons,  r the  distance 
between relaxing nuclei, ω0 

the  Larmor  frequency  of 
corresponding protons, and 
τc  the  characteristic 
correlation  time  for  the 
tumbling of the molecule.

Equation 1.6: An estimate 
of the rotational correlation 
time τc.  η as  the viscosity 
of  the  used  solvent,  rm as 
the effective hydrodynamic 
radius  inclusive  of  a  pos-
sible solvent shell, kB as the 
Boltzmann constant, and T 
as the temperature.
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long enough to provide sufficient cross peak intensities. For small to medium-

sized peptides, mixing times with typical standard values of 150-200 ms for 

ROESY and 300 ms for NOESY experiments are suggested. Pairwise atom 

distances  are  most  reliably  determined  if  a  series  of  NOESY  /  ROESY 

experiments with different mixing times are recorded and used for fitting the 

build-up  curves  for  every  cross  peak  individually,  but  measurements  for  a 

single, carefully chosen mixing time also give precious results. Positive cross 

relaxation as shown in figure 1.12B leads to an increase in signal intensity of a 

1D  transient-NOE  experiment.  In  two-dimensional  NOESY  and  ROESY 

spectra, instead, it  results in cross peaks with opposite sign relative to the 

diagonal peaks. Negative cross relaxation, as observed for NOESY spectra for 

large molecules with long correlation times, yields cross and diagonal peaks of 

identical  sign.  Potentially  misleading  cross  peaks  in  NOESY and  ROESY 

spectra as a result of chemical exchange, spin diffusion, or TOCSY transfer 

(vide infra) all  have the same sign as the diagonal peaks. Therefore, such 

cross peaks can be distinguished in two-dimensional experiments with positive 

cross-relaxation. However, sometimes contributions to NOESY / ROESY cross 

peaks  resulting  from such  sources  lead  to  lowered  intensities  resulting  in 

indistinguishable errors in the distance determination.

Particular care has to be taken when implementing ROESY experiments. The 

spin lock,  which holds the spins along a defined axis  perpendicular  to  the 

static magnetic field,  can be realized in many different ways and is still  an 

active field of research.[120,121] In most spin lock sequences the conditions for 

undesired TOCSY transfer  are partially  fulfilled and especially cross peaks 

close to the diagonal or anti-diagonal might not be accurately interpretable. 

Since  in  most  cases  the  efficiency  of  the  spin-lock  also  depends  on  the 

chemical  shift  offset,  an  offset  dependent  correction  has  sometimes to  be 

applied to the measured ROE cross peak intensities.[121]

In  addition  to  potential  experimental  errors,  a  number  of  systematic  errors 

have to be considered when interpreting NOE / ROE data. As can be seen in 

figure 1.12A, the NOE / ROE build-up curve is not perfectly linear even in the 

case of two isolated spins. It is affected by the auto-relaxation rate and higher 

order transfers that relax magnetization forth and back to the original spin (see 

Fig. 1.13A). Especially at long mixing times and strong cross peaks for short 

inter-proton distances, cross relaxation rates are often underestimated. On the 

other hand, magnetization in larger spin systems can travel from one spin to 
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its neighboring spin and further to a third spin. This effect, which is called spin 

diffusion, leads to an overestimation of cross-relaxation rates for distant spins 

when a “shortcut“ exists via intermediate spins (see Fig. 1.13B). Spin diffusion 

is  least  efficient  at  short  mixing times which therefore must  be considered 

more reliable for extracting distance restraints.

The typical time scale of an NMR experiment is in the millisecond range. All 

NMR parameters, including σNOE/ROE, are averaged over this time scale. If a 

molecule undergoes significant conformational changes, the r-6 dependence of 

cross relaxation rates will in turn lead to an overestimation of conformations 

with shorter inter-proton distances. One example is the fast rotation of methyl 

groups, where the measured cross relaxation rate to another proton is mainly 

determined by the closest distance between the protons (see Fig. 1.13 C). In 

such cases,  the  restraint  limits  for  the  upper  distances must  be  increased 

accordingly in structure calculations.[122,123] Localized dynamics can also lead to 

variations  in  correlation  times.  Folded  peptides  with  unfolded  carboxy-  or 

amino-terminal residues, for example, will have varying correlation times for 

the  rigid  and  flexible  parts  of  the  molecule,  resulting  in  different  cross-

relaxation rates. Such effects can usually be distinguished by the linewidths 

and intensities of the corresponding diagonal signals since the auto-relaxation 

rates also depend on the correlation time.[1] It should be noted that the internal 

distance calibration from one or more cross peaks between protons of known 

distances underlies the same experimental and systematic errors. Thus, the 

initial calibration should be used only as a first estimate. After first structure 

calculations,  distances  can  be  back-calculated  and  a  larger  number  of 

distances can be used for recalibrating the restraints.

Considering all potential experimental and systematic errors of NOE / ROE 

cross  peak  intensities,  it  is  remarkable  how  robust  the  derived  distance 

restraints  are.  The reason  for  this  lies  in  the  r-6 dependence  of  the  cross 

Figure  1.13: Schematic 
image  of  different  NOE 
transfer pathways that can 
result in a misleading inter-
pretation of σNOE relaxation 
rates.

A) Spin no. 1 experiences 
auto-relaxation  and  back-
relaxation.  In  detail,  the 
magnetization  is  trans-
ferred  to  spin  no.  2  and 
finally relaxed back to 1. 

B)  A  “shortcut” for  the 
NOE  relaxation  via  spin 
no. 3 close to spins 1 and 2 
can  lead  to  a  significant 
contribution  to  the  cross 
peak intensity for the direct 
NOE between spins  no.  1 
and no. 2.

C) For fast rotating methyl 
groups  the  intensity  of 
NOE transfer from spin no. 
1 is mainly determined by 
the closest distance to  this 
spin.  This effect  is  almost 
always  observable if  con-
formational  averaging  of 
distances is present. (taken 
from reference [1])
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relaxation  rate:  Even if  a  cross peak intensity  is  determined wrongly  by a 

factor  of  two,  the  resulting  distance restraint  is  only  affected by the factor 

12.126 ≈  which lies within the error  range of  distance restraints  (± 10 %) 

usually used in structure calculations. It should be further noted that the quality 

of resulting structures is not so much determined by potential errors of a single 

distance restraint  but  rather  by the total  number  of  distance restraints  per 

atom.

1.3.1.3 Measurement of Residual Dipolar Couplings

Residual dipolar couplings of a solute molecule can only be obtained if it is 

partially aligned with respect to the outer, static magnetic field. This means 

that an intermediate state between solid and liquid has to be reached. With the 

help of suitable alignment media, solute molecules are only oriented for a time 

average  of  about  0.05  %  which,  for  example,  reduces  a  46  kHz  dipolar 

coupling  between  a  carbon  and  its  directly  attached  proton  to  a  residual 

dipolar coupling of only 23 Hz. This coupling adds or subtracts to the direct 
1JCH coupling in the order of 130-160 Hz. Hence, a coupling of this size can 

accurately  be  measured  and  does  not  significantly  decrease  the  spectral 

resolution. Mathematically, the dipolar coupling DIS between two spins I and S 

is described by equation 1.8:

 

Three  different  ways  of  introducing partial  alignment  are  known today:  (1) 

alignment by a liquid crystalline phase, typically a lyotropic mesophase, (2) 

alignment by a stretched gel, and (3) orientation via paramagnetic ions. Liquid 

crystals have been the first alignment media introduced and a large number of 

different systems is known.[124] They orient spontaneously in a magnetic field 

and  the  weak  interaction  with  the  solute  produces  the  desired  partial 

orientation.  Liquid  crystalline  phases,  however,  have  a  first  order  phase 

transition and are therefore a limited to a minimum alignment. Stretched gels 

were  introduced  by  Deloche  and  Samulski.[125] Their  alignment  strength  is 

solely determined by the amount  of  mechanical  stretching so that  arbitrary 

scaling of residual dipolar couplings can generally be achieved. Paramagnetic 

Equation  1.8: Expression 
for the dipolar coupling D 
between two spins I and S. 
The  parameter  ħ as  the 
Planck's  constant  divided 
by  2π; μ0 as  the  permea-
bility of vacuum; the angle 
Θ as the angle between the 
internuclear vector and the 
static  magnetic  field  B0, 
the  gyromagnetic  ratios  γI 

and γS of the two spins and 
their distance rIS.
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alignment requires a specific ionic binding site for the solute molecule which is 

either present naturally or in sometimes can be engineered by a designed tag. 

If  molecules are weakly aligned,  RDCs simply contribute to  the splitting of 

scalar couplings. The difference between couplings measured in an isotropic 

and the corresponding partially aligned sample directly results in the residual 

dipolar  couplings.  In  principle,  most  experiments  for  measuring  scalar 

couplings can be used this way to extract RDCs. In practice, however,  the 

required precision for measuring residual dipolar couplings is higher than for 

scalar  couplings  where  usually  deviations  on the  order  of  1  Hz are  easily 

tolerated and the  sign-information  with  respect  to  the  coupling  is  of  minor 

importance.  Therefore  existing  methods  have  been  strongly  revised  and 

extended during the last decade and further techniques can be expected in 

the future. Since peptides as well as small organic molecules are usually only 

available  at  natural  abundance,  we  exclusively  focus  on this  situation  and 

neglect  experiments  specifically  designed  for  labeled  macromolecules  like 

proteins or protein assemblies. 

The most easily measured RDCs are along one-bond heteronuclear couplings 

like  1JCH or  1JNH.  If  the  alignment  strength  is  correctly  adjusted,  RDCs are 

significantly smaller than the corresponding scalar couplings of known sign, so 

that  a  sign-sensitive  measurement  of  RDCs  is  easily  achieved.  Since  the 

distance between directly bound nuclei is usually well-known and fixed, RDCs 

can also directly be translated into relative angular information. Conventional 

HMQC  /  HSQC  experiments  can  be  recorded  without  heteronuclear 

decoupling  during  acquisition  and  the  observed  splitting  gives  the  sum  of 

scalar and dipolar couplings (see Fig. 1.14).[126]

A BFigure 1.14: Illustration of 
the  residual  dipolar  inter-
action  as  detectable  via 
NMR spectroscopy.

A)  The  equal  distribution 
of  spins  parallel  and anti-
parallel  to  the  magnetic 
field  results  in  a  signal 
splitting  with  the  dipolar 
coupling DIS.

B)  The  (3·cos2 Θ  -1) 
dependence  of  the  dipolar 
coupling on  the  angle  be-
tween the spin vector  and 
the  static  magnetic  field. 
(taken from reference [1])
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A second  class  of  easily  measured  RDCs  with  fixed  geometry  are  along 

homonuclear  2JHH scalar  couplings e.g.  in  methylene and methyl  groups.  A 

number  of  sophisticated  experiments  has  been  developed  for  the  sign-

sensitive measurement of these couplings,[127,128] with probably the P.E.HSQC 

as the most simple experiment especially suited for the investigation of drug-

like  molecules.[129] A problem with  the  extraction  of  homonuclear  two-bond 

couplings  are  frequently  observed  second  order  artifacts  which  prohibit  a 

simple extraction of J-couplings. Homonuclear RDCs can be measured using 

quantitative  J-  and  COSY-type  measurement  techniques  for  protons  and 

INADEQUATE  for  neighboring  carbons  at  natural  abundance.[130-132] In 

principle,  E.COSY-type  experiments  provide  sign-sensitive  information  for 
1H,1H three-spin  systems,  but  the  increased  linewidths  of  aligned  samples 

makes the extraction of couplings very difficult. CT-COSY and quantitative J-

techniques  involve  transfer  steps  to  heteronuclei,  which  makes  them 

insensitive at natural abundance. The insensitivity of INADEQUATE correlating 

two heteronuclei  at  natural  abundance is  well-known but  might  partially  be 

overcome by the use of cryogenic probe-head technology. 

RDCs for a given interatomic vector depend on the relative orientation of this 

vector  with  respect  to  the  static  magnetic  field  averaged over  all  dynamic 

processes, including Brownian motion, interactions with the solvent and the 

alignment  medium,  and  conformational  changes.  If  a  molecule  can  be 

described by a single conformation, the dynamic averaging is identical for all 

interatomic connectivities and the interpretation of RDCs is straightforward. A 

very simple example is the distinction of axial versus equatorial protons in six-

membered rings. Since all axial  1H-13C-vectors point into the same direction 

(or  anti-direction),  all  RDCs being significantly  different  from these protons 

directly  indicate  an  equatorial  position.[133] More  general  configurational 

studies,  as for  example the identification  of  diastereotopic  protons,  can be 

achieved via the concept of the alignment tensor. The basic principle of this 

concept is easily understood: while the magnetic field points along the z axis 

in the laboratory frame and the orientation of the molecule changes over time, 

we can also place ourselves in a frame that is fixed with the orientation of the 

rigid molecule where the magnetic field changes its orientation relative to the 

fixed molecule.  The alignment  tensor then describes the distribution of  the 

magnetic field in this molecular reference frame. From this alignment tensor, 

all  RDCs  of  a  given  structural  model  are  easily  back-calculated  and  the 

comparison  with  experimental  RDCs  can  verify  or  falsify  the  model.  The 
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alignment tensor for conformational and configurational studies is widely used 

in the field of biomolecular NMR and in recent years has been also more and 

more applied to smaller molecules like peptides. Very nice examples include 

the  assignment  of  diastereotopic  protons  in  methylene  groups  or  the 

determination of the relative configuration of remote parts in a molecule which 

are usually very difficult  to obtain with conventional NMR methods.[134-138] In 

such cases, the alignment tensor can be fitted from experimental RDCs from 

at least five interatomic vectors of different orientation, out of which no more 

than three vectors lie in one plane.

The full  potential of residual dipolar couplings, however, can be seen when 

they are incorporated into structural analysis procedures. Several programs 

like XPLOR-NIH, DISCOVER, or GROMACS allow the incorporation of RDCs 

as angular or combined angular and distance dependent restraints.[1] Due to 

the  sensitivity  to  angular  changes  of  the  backbone  relative  to  the  static 

magnetic  field  as  an external  reference,  a  structural  model  of  an  average 

structure  with  previously  unknown precision  can be  calculated.  If  structure 

calculations are combined with MD simulations, it can be expected that even 

dynamic structural models including conformational changes of the molecule 

of interest can be obtained with high precision. 

1.3.2 Distance Geometry as Structure Generating Tool

The  parameters  extracted  from  NMR  measurements  (scalar  couplings, 

nuclear Overhauser effect peak volumes, or residual dipolar couplings, etc.) 

have to be converted into a three-dimensional structure. Having established 

the constitution by J-couplings, informations about the spatial arrangement are 

now introduced. Here, mainly distances from NOE / ROE build-up rates are 

used to define the conformation. In contrast to the determination of protein 

structures, NOE / ROE based restraints should never be divided in distance 

classes  for  structural  analysis  of  peptides;[1] since  NMR measurements  of 

smaller molecules like peptides result in less distance informations per amino 

acid compared to large biomacromolecules, the precision of all used restraints 

has to be as highest as possible.  In general,  the first  step of the structure 

calculation is the application of distance geometry (DG) which does not use an 

energy function but only experimentally derived distances and restraints which 

follow directly from the constitution, the so-called holonomic constraints. Those 

constraints are e.g. the distance between geminal protons which normally are 
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in the range between 1.7 and 1.8 Å or the distance between vicinal protons in 

biogenic amino acids which can not exceed 3.1 Å when the protons are in 

anti-periplanar orientation.[1]

Distance  geometry  was  primarily  developed  as  a  mathematical  tool  for 

obtaining spatial structures when pairwise distance informations are given.[139] 

The DG method does not use any force fields (see also chapter 1.2.4.1). Thus, 

the conformational energy of a molecule is neglected and all  3D structures 

which are compatible with the distance restraints are presented. Nowadays, it 

is often used in the determination of three-dimensional structures of small and 

medium-sized peptidic  molecules.  Compared to force field  based methods, 

distance  geometry  is  a  fast  computational  technique  in  order  to  scan  the 

conformational  space.  To  get  optimized  structures,  distance  geometry 

calculations are usually associated with force field based simulations.

The procedure of distance geometry calculations can be subdivided in three 

separated steps (see below for detailed explanations).[140-142] At first, holonomic 

matrices with pairwise upper and lower distance limits are generated from the 

topology of the molecule of interest. These limits can be restrained by NOE 

derived distance information which are obtained  via NMR experiments. In a 

second step, random distances within the upper and lower limits are selected 

and stored in a metric matrix. This operation is called metrization. Finally, all 

distances are converted into a complex geometry by mathematical operations; 

here,  the  matrix  based  distance  space  is  projected  into  the Cartesian 

coordinate space (embedding).

1.3.2.1 Build-Up of Distance Matrices

The  first  step  in  the  DG  calculations  is  the  generation  of  the  holonomic 

distance matrix for all pairwise atom distances of a molecule.[142] Holonomic 

constraints  are  expressed  in  terms  of  equations  which  restrict  the  atom 

coordinates  of  a  molecule.  For  example,  two  hydrogen  atoms  bound  to 

neighboring carbon atoms have a maximum distance of 3.1 Å. As a result, 

parts of the coordinates become interdependent and the degrees of freedom 

of  the  molecular  system  are  confined.  The  acquisition  of  these  distance 

restraints is based on the topology of a model structure with an arbitrary but 

energetically optimized conformation. By taking the free rotatability of defined 

atom bonds into account, the upper and lower limits of the distances can be 
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determined with a tolerance of ± 1 %. If the lower distance limit is too short, 

the sum of the van der Waals radii of an atom pair is used for the following 

calculations. Normally, those limits are very wide. For a further restriction of 

the  distance  interval  geometric  considerations  like  the  “triangle”  or  the 

“tetrangle”  inequalities  are  applied.  At  this  step,  all  experimentally  derived 

informations like internuclear  distances from NOESY /  ROESY spectra are 

usually incorporated into the calculations. Due to experimental  errors these 

restraints should be used with a tolerance of ± 5-10 %.[1]

1.3.2.2 The Metrization Process

The  structure  generating  step  during  a  distance  geometry  run  is  called 

metrization. Various methods are known to realize this operation but in most 

software  tools  the  Havel  random  metrization  is  implemented.[143] In  this 

process  an  atom pair  in  the  holonomic  matrix  is  arbitrarily  chosen  and  a 

random distance between the upper and the lower limit is assigned. By solving 

the so-called triangle and tetrangle inequalities (see Fig. 1.15) the holonomic 

distance limitations of all other atoms inside the molecule are calculated. This 

procedure is repeated until all atom distances are allocated. In the end of the 

computation one obtains a symmetrical matrix of interatomic distances. Since 

the starting structure and the initial atom pair is casually selected, distance 

matrix generation and random metrization should be performed several times 

in order to get an ensemble of metric matrices. This means that a bundle of 

structures should be computed.[1]

Figure 1.15: Illustration of 
the  upper  (left)  and lower 
(right)  tetrangle  inequality 
distance  limits.  Blue  solid 
lines denote the distance at 
its  lower  bound,  while 
black solid lines denote the 
distance at its upper bound; 
dashed  lines  represent  the 
associated  limit.  Tetrangle 
inequalities are used in DG 
for  calculating  upper  and 
lower distances in DG-type 
structure  calculations of 
small  and  medium-sized 
molecules.
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1.3.2.3 The Embedding of Distance Matrices

The  generation  of  random  structures  together  with  the  associated  metric 

matrices is  followed by the last  DG step,  the so-called embedding.  In  this 

process the structures are projected (“embedded”) from the distance space 

into the Cartesian space. For this purpose, the Eigensystems of the metric 

matrices  are  determined.  The  dimensionality  of  the  Cartesian  coordinate 

space can have any value but it suggests itself that a transformation into the 

three-dimensional  space  should  be  performed.[144] Working  with  higher 

dimensioned spaces has the advantage of bearing down energy barriers in 

order  to  find  the  global  energy  minimum,  e.g.  transforming  enantiomeric 

molecules into four dimensions leads to a disappearance of chiral centers.[145] 

Therefore,  no  prior  knowledge  of  three-dimensional  stereochemical 

arrangements is needed. However, the indispensable final reduction of such 

spaces into the x, y, and z dimensions could produce physically meaningless 

structures.

In general, it is advisable to calculate between 50-100 structures per DG run 

which are finally aligned in the three-dimensional space. On one side, strongly 

distorted conformations are quickly identified if the majority of structures form 

a bundle of similar conformations. On the other side, the more structures are 

calculated the better are statistics which provide important hints with respect 

to the quality of the calculated structures and sometimes with respect to the 

presence of differing conformations. For example, if more than 90 out of 100 

calculated structures exhibit similar conformations, it can be assumed that the 

molecule of interest is conformationally restricted to one distinct shape. The 

calculation  of  two  structure  bundles  which  show  different  conformations 

indicates  that  the  studied  system  can  adopt,  at  least,  two  conformational 

states.  Finally,  if  only  a  small  fraction  of  the  calculated  structures  can  be 

aligned, either the used pairwise distance informations are erroneous or high 

dynamics do not allow the determination of a preferred conformation. In this 

scope, it is also very important to evaluate the violations of distance restraints 

in  the calculated structures.  Deviations smaller  than 0.1 Å indicate a well-

defined  structure  whereas  violations  up  to  ca.  0.4  Å  often  occur  when  a 

molecule shows more than one conformation.[29] If the deviations are greater 

than 0.6 Å, there are in many cases errors in the pairwise distance restraints; 

however,  DG calculations  of  highly  flexible  molecules  also  result  in  strong 

violations.
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Since the distance ranges of holonomic restraints are very wide, embedded 

structures  are  often  slightly  distorted.  To  overcome  this  problem,  further 

optimization is  a must.  This can be achieved by the utilization of  methods 

based on classical force fields.

1.3.3 Molecular Dynamics Simulations as Final Step of Structure 
Determination

In principle, the MD aided structure elucidation can comprise three different 

procedures. First, and this is the most robust way, a coarse 3D conformation is 

provided  before  starting  the  simulations.  The  way  such  a  model  can  be 

created is explained in  sections 1.3.1 and 1.3.2.  If  the starting structure is 

already in good agreement with the final three-dimensional conformation, the 

MD  simulations  can  be  seen  as  a  kind  of  structural  refinement  (“con-

formational smoothing”). A second way to get reliable models is to create an 

arbitrary conformation which is,  during the MD simulation,  enforced by the 

experimental  restraints  to  adapt  its  natural  3D  arrangement.  However, 

problems can arise when very high energy barriers (e.g. a peptide bond in cis 

or trans orientation) separate the input structure from the desired, natural one. 

At last, an arbitrary starting structure could be exposed only to the potential of 

the  force  field;  this  means  that  neither  a  crude  starting  structure  nor 

experimental restraints are used for structure elucidation (“ab initio approach”). 

This  procedure,  however,  suffers  from  the  same  drawback  as  the  one 

described  before;  in  addition,  if  the  utilized  force  field  contains  inaccurate 

parameters,  the native structure could not  be found via MD simulations.  In 

conclusion, it is suggested to create a coarse starting conformation via tools 

like distance geometry. Thus, the main focus in the following sections lies on 

approaches which make use of this approach.

In  general,  experimental  restraints  gained  by  NMR measurements  can  be 

directly or indirectly used in MD computations: data can be utilized in order to 

restrain the degrees of  motional freedom of  defined atoms (restrained run, 

rMD) or to evaluate the quality of a free MD run (fMD). Before both procedures 

are described in  detail,  the  preparation  of  an MD run and the design and 

equilibration  of  a  simulation  box  are  explained.  Furthermore,  important 

aspects of vacuum simulations and the utilization of advanced MD sampling 

techniques  are  treated.  Finally,  the  principles  of  analyzing  MD  runs  are 

discussed.
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1.3.3.1 Preparing an MD Simulation Run

Since several different molecular dynamics software packages are offered one 

primarily has to decide which one should be used. While tools like NAMD and 

AMBER are designed for the simulation of biomolecules (peptides, proteins 

and nucleic acids), packages like CHARMM, GROMOS, and GROMACS have 

a wider range of application.[14,103,146-148] The second step is the selection of an 

adequate force field. For example, the OPLS FF was parametrized in parti-

cular for amino acids and nucleic acids.[149] Other often used force fields are 

AMBER, GROMOS, CHARMM, CFF, TRIPOS, or MM.[90,150-153] In all-atom force 

fields, all atoms are treated explicitly whereas in united-atom force fields non-

polar hydrogens are combined with the carbon atoms they are attached to. 

This implicit way of parametrization saves a lot of computation time, especially 

for molecules with long aliphatic chains.

The next  and probably most  important  step is  the build-up of  a  molecular 

topology  that  includes  all  informations  about  both  covalent  (bond  lengths, 

bond  angles,  proper  and  improper  dihedral  angles)  and  non-covalent 

interactions (Lennard-Jones and Coulomb terms). In addition, each atom type 

is  assigned  by  partial  charges,  an  atomic  mass,  and  the  van  der  Waals 

parameters.  For  common molecules  like  amino  or  nucleic  acids,  so-called 

building blocks are often available where all atom and interaction parameters 

are predefined.[14,89] Thus, to create the topology of a peptide, these building 

blocks only have to be combined with respect to the primary sequence of the 

molecule. When working with extraordinary molecules, the user has to assign 

atom types,  the  bonded-,  and  the  non-bonded  parameters  manually.  Care 

must be taken when the topology is constructed in such a way because an 

inaccurate parametrization may result in misleading molecular conformations 

and / or an incorrect modeling of the dynamical behavior.[154]

Now, a starting conformation of the molecule of interest must  be provided. 

Usually,  a crude molecular model from DG calculations acts as such. If  no 

coarse structure exists, an arbitrary 3D structure has to be created. This can 

be  done  e.g.  by  commercial  software  tools  like  INSIGHT,  SYBYL,  or 

CHEMDRAW3D.  However,  as  already discussed  in  detail  above,  this  pro-

cedure could cause severe problems and is not suggested. As an alternative, 

density  functional  theory  (DFT)  could  be  applied  which  seems  able  to 

calculate  starting  structures  of  good  quality  (K.  Kang,  Chungbuk  National 

University; personal communication).
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After the decision for a program package, a convenient force field, the building 

of the necessary topology, and the design of a starting conformation, the MD 

run has to be prepared. In this scope, three parameter blocks are important:

a)   Run Control

b)   Interaction Functions

c)   Boundary Conditions

In the following section, the above listed blocks are briefly explained and tips 

are given for a correct setup. By far not all parameters that can be adjusted 

are discussed but a short, general overview of the most important MD input 

values is presented.

The run control section could be seen as backbone of each simulation. First, 

the  integrator  of  the  Newton's  equations  of  motions  must  be  chosen.  If  a 

“regular” MD simulation should be performed, a so called leap-frog algorithm 

is the best choice since it is both robust and fast (see Fig. 1.16). If one intends 

to simulate  in vacuo, a stochastic leap-frog integrator can be selected which 

allows the incorporation of friction and noise into the system.[155] At this stage, 

also the algorithms for  energy minimization (EM) can be chosen (see also 

section 1.3.3.2). Of the same importance as the choice of the integrator is the 

correct election of the time step for integrating Newton's equations of motion. 

As  a  principle,  this  adjustment  depends  on  the  fastest  dynamics  that  are 

present in the system to be simulated. To allow for the these motions, that are, 

in  particular,  vibrations  of  covalent  bonds  including  hydrogen  atoms,  the 

integration time step must not exceed 0.5 fs.[89] Generally, the integration of 

Newton's equations of motion implies the usage of classical mechanics. This 

means that the motions of covalent bonds (and bond angles) are represented 

by harmonic oscillators. However, since vibrational modes mostly exceed the 

frequency  limit  of  statistical  mechanics,  they  are  better  described  by  a 

quantum  oscillator.  In  order  to  avoid  the  incorporation  of  real  quantum 

dynamics  in  MD  simulations,  it  is  common  practice  to  constrain  all  bond 

lengths to physical mean values with an arbitrary tolerance. This approach is 

implemented  by  constraining  algorithms  like  “Shake”  or  “Lincs”.[156,157] An 

advantageous side effect of eliminating the fastest motions in the system is 

that  the  time  step  of  integration  can  be  increased  to  2  fs,  making  the 

simulations four times faster compared to unconstrained runs.
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Finally, it must be decided which files should be written as output of the MD 

simulations and how often the calculated parameters are printed into these 

files. In general, the most important file is the produced trajectory. It includes 

the  coordinates  of  the  system  or  parts  thereof  and  usually  the  atomic 

velocities. By help of the trajectory, all parameters based on coordinates like 

dihedral  angles,  backbone  RMSD,  side  chain  fluctuations,  etc.  can  be 

extracted. Thus, writing of coordinates should be done frequently. However, it 

makes no sense to print the coordinates too often since, in such a case, all 

produced data are highly correlated and bear no additional information. For 

structure determination runs, a print frequency of 10-20 (ns)-1 seems to be a 

good compromise.  Another file  of  high interest  is  the energy output.  Here, 

parameters  like  potential,  kinetic,  or  total  system  energies  are  stored.  In 

addition, temperature, density, volume, or pressure of the simulated box can 

be extracted. If  one is interested in correlating coordinates with energetics, 

both output files must be written out with the same frequency.

The next important parameter block includes the adjustment of the interaction 

functions  and  the  neighbor  searching  list.  The  potential  functions  can  be 

subdivided into three parts: 1) Non-bonded interactions: Lennard-Jones and 

Coulomb interactions; 2) Bonded interactions: covalent bond stretching, angle 

bending,  improper  dihedrals,  proper  dihedrals;  3)  Experimental  restraints: 

position, angle, dihedral, distance, orientation restraints (for more details, see 

section 1.2.4).[14,29,89]

Since the bulk of the computation time to simulate a molecular system is used 

to calculate all  non-bonded interactions (see Equ.  1.9),  efficient  tools have 

Figure  1.16: Schematic 
model of the MD leap-frog 
integration  method.  The 
algorithm utilizes positions 
xyz at time t and velocities 
v at time (t − Δt/2); then, it 
continuously  updates  both 
positions and velocities by 
applying  the  forces  F(t) 
determined by positions at 
time  t. The  algorithm  is 
denoted  leap-frog  because 
xyz and  v leap  like  frogs 
over each others back.
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been  developed  that  speed  up  the  simulation  process.  One  of  the  most 

prominent approaches, the twin-range cut-off method, is presented below.[14]

Non-bonded interactions between atoms decrease with the distance between 

them. Thus, at first, only forces between atoms closer to each other than a 

certain  cut-off  radius  rshort are calculated  in  MD  simulations.  To  reduce 

integration  errors  at  the  cut-off  radius,  atoms  are  grouped  into  so-called 

charge-groups which usually have a zero net charge. The program searches, 

starting from one charge group, all neighbored groups that are located within 

the cut-off distance rshort and stores this information in a group pair list which is 

updated  every  n-th  (5-10)  integration  step.  To  drastically  reduce  the 

computation time for non-bonded interactions, the mentioned cut-off radius is 

usually chosen relatively short (0.8-1.0 nm). To evaluate all non-bonded forces 

with sufficient accuracy, however, a second, long-range cut-off rlong must be 

defined (ca. 1.0-1.5 nm, depending on the type of force field; GROMOS FF 

usually  use  1.4  nm).[91,158] The  rationale  behind  this  concept  is  that  all 

interactions between groups within the short-range cut-off  are evaluated at 

each  integration  time  step  whereas  forces  between  charge  groups  at  a 

distance longer than rshort but smaller than rlong are calculated with the same 

frequency with which the charge group pair list is updated. By means of this 

approach,  the long-range interactions can be approximately treated without 

increasing the computational effort significantly.

The  described  scheme  usually  covers  all  Lennard-Jones  interactions;  for 

some force fields (e.g. OPLS) that use a shorter long-range cut-off, however, 

an energy and / or pressure correction term for the van der Waals dispersion 

potential must be included.[159] For electrostatics, the situation is more complex 

since the Coulomb interaction energy is inversely proportional to the distance 

between  two  particles,  making  it  long-ranged.  This  means  that  Coulomb 

interactions can not be adequately covered when all electrostatics are cropped 

at rlong.  Hence, further concepts have to be applied. One of the most often 

used methods is the incorporation of a Poisson-Boltzmann reaction-field (RF) 

force correction into the Coulomb potential energy term.[14] A reaction-field is 

constructed  based  on  the  assumption  that  a  constant  environment 

characterized by a uniform dielectric permittivity and ionic strength is present 

beyond the long-range cut-off rlong. Subsequently, such a dielectric continuum 

produces a reaction field in response to the charge distribution inside the cut-

off sphere with radius Rrf (see Equ. 1.9).
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With the presented approaches,  short-range cut-off,  long-range cut-off,  and 

the introduction of a reaction-field, Coulomb interactions are treated quite well 

(but anyhow not perfectly). There are several other techniques to simulate the 

long-range electrostatics with the lattice-sum methods as the most prominent 

ones.[160-162] The idea here is to convert the slowly converging total electrostatic 

energy of all system particles into two fast converging terms and one constant 

term. One of the fast  converging terms consists of a direct,  the other of a 

reciprocal  sum.  Based on this  mathematical  strategy,  short  cut-offs  for  the 

direct (ca. 1.0 nm) and the reciprocal space sum (ca. 10 “wave vectors”) can 

be defined. Since only one cut-off in the direct space is applied, the method 

clearly differs from the twin-range cut-off methods including a reaction-field. 

Both techniques have advantages and disadvantages regarding precision and 

computational speed; thus, a distinct procedure is not favored.[161]

The  bonded  interactions  are  usually  described  by  simple  harmonic  (bond 

length,  bond angles,  improper  dihedral  angles)  or  trigonometric  (for  proper 

torsional angles;  the mathematical  expression of  dihedrals differ  for  distinct 

force fields) functions (see Equ. 1.10).[158,163] When the force field parameters 

have  been  adequately  adjusted,  the  calculation  of  bonded  potentials  is 

straightforward. Additionally, the calculation of interactions between particles 

based  on  the  parameters  of  the  force  field  can  be  manipulated  by 

experimental  restraints.  This  is  usually  done  via  incorporation  of  penalty 

energy terms which force a system to adopt  an experimentally determined 

property.[164] In detail,  the potential energy is increased when the restrained 

properties, e.g. a distance between two atoms, exhibits values that are not in 

agreement with the predefined (experimentally obtained) ones.
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Equations  1.9: Mathe-
matical  expressions  (as 
implemented in GROMOS 
force fields) illustrating the 
non-bonding potentials that 
have  to  be  calculated  in 
MD  simulations.  VLJ re-
presents the Lennard-Jones 
potential,  VC the Coulomb 
potential,  and  VRF the 
potential  originating  from 
a  reaction-field  to  address 
for  long-range  electro-
statics.  The  terms  i  and  j 
describe  atom  pairs  be-
tween which the potentials 
arise. r as the distance be-
tween  atoms  i  and  j,  C12 

and C6 as constants which 
depend on the type  of in-
volved  atoms;  q  as  the 
atom  charge,  ε0 as  the 
dielectric  constant  under 
vacuum  conditions,  ε1 as 
the  dielectric  constant  of 
the medium where atoms i 
and j  are located; Crf as a 
reaction-field constant and 
Rrf as  the  radius  of  the 
spherical  cavity  within 
Coulomb  interactions  are 
explicitly treated.
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Finally, in order to complete the list of essential MD parameters, the simulation 

boundary conditions are treated. The most important adjustable parameters 

are the temperature, the pressure, and the box wall  properties. In order to 

maintain a certain  temperature inside a simulation  box,  a system must  be 

coupled  to  a  temperature  bath.  In  most  cases,  the  utilization  of  a  weak 

coupling  algorithm (e.g.  the  Berendsen method)  is  sufficient  to  generate a 

stable  average  temperature.[165] It  should  be  noted  that  not  all  atoms  or 

molecules  always  exhibit  the  same  kinetic  energy;  rather,  the  average 

temperature of a complete box (solute and solvent atoms) is preserved.  The 

heat flow into or out of the system is effected by scaling the velocities of each 

particle. The frequency of the coupling can be adjusted, so that the simulated 

system  is  strongly  or  only  hardly  affected.  A further  way  of  temperature 

coupling is the utilization of Langevin dynamics.[155] Here, a friction and a noise 

term is incorporated intro Newton's equations of motion. If the friction constant 

is chosen to be very small, the system is stochastically coupled to a bath. In 

contrast to the Berendsen temperature coupling, the calculated ensemble is 

“known” a priori when using stochastic dynamics.

As next step, the operator has to decide if the box should be coupled to a 

pressure  bath.  Depending  on  the  type  of  simulation  -  e.g.  NVT  or  NpT 

ensemble calculations - a pressure algorithm has to be applied or not. The 

pressure  effect  is  generated  via  scaling  of  the  box  dimensions  and  the 

coordinates of atoms.[165] If the pressure is isotropic, all mentioned parameters 
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Equations  1.10:  Mathe-
matical  expressions  (as 
implemented in GROMOS 
force  fields)  describing 
bond interaction potentials. 
Vbond defines  the  potential 
between two atoms which 
are  directly  bonded,  Vangle 

the potential between three 
atoms  which  form  an 
angle,  Vdihed the  potential 
between  four  atoms  that 
span a dihedral angle, and 
Vimprop the potential  that  is 
utilized  to  maintain  the 
planarity  of  e.g.  aromatic 
groups or to keep a given 
chirality.  r  as  the  distance 
between  involved  atoms, 
Kb,  Kθ,  Kφ,  and Kξ as  the 
force  constant  which  con-
strain  instantaneous  cal-
culation  properties  to  its 
lowest-energy values b0, θ0, 
and ξ0; an exception is the 
equation  for  the  dihedral 
potential  which  is  ex-
pressed in terms of a phase 
shift δ and a multiplicity m 
for distinct energetic mini-
ma with φ as (one of the) 
lowest-energy dihedrals. 
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are equally affected. If one models e.g. a membrane, the pressure bath can 

also be switched on for only one or two dimensions in order to avoid distortion 

of the membrane.

Finally, the treatment of the simulation box walls must be chosen. The most 

common way to minimize edge effects in a finite system is to apply periodic 

boundary conditions (PBC).[166,167] Here, the simulation box is surrounded by 

translated copies of itself (see Fig. 1.17). Thus, the problem of artificial box 

walls  is  relocated  to  infinity.  For  a  crystal  system,  the  choice  of  periodic 

boundary conditions is an excellent approach. Since one is mostly interested 

in the behavior of molecules in the solution-state (non-periodic systems), PBC 

also introduces artifacts which are, however, less severe than errors arising 

from imperious box walls.[29] As a rule of thumb, the errors caused by periodic 

boundary conditions are less dramatic the bigger a box and the longer the 

distance between solute atoms and the box boundaries is.

1.3.3.2 Generation and Equilibration of a Simulation Box

In  the  beginning  of  an  MD  simulation,  the  starting  structure  has  to  be 

positioned  in  the  (mostly  cubic  or  truncated  octahedral,  depending  on  the 

shape of the solute) simulation box. The minimum distance between the solute 

and the box walls must be long enough in order to avoid that the molecule of 

interest  “feels”  itself  due  to  the  periodic  boundary  conditions  (see  section 

1.3.3.1).  For  most  force  fields,  distances  of  1.2-1.5  nm are  useful  values. 

Afterwards,  the  solute  molecule  is  minimized  in  vacuo to  rule  out  high-

energetic  distortions.  For  this  purpose,  different  energy  minimization 

Figure  1.17: The  concept 
of  periodic  boundary con-
ditions  as  shown  here  in 
one  dimension.  An  MD 
box is surrounded by iden-
tical  copies  of  itself  (in 
three  dimensions).  As  a 
result, the particles i' and j' 
can  interact  with  each 
other across the box walls 
although their  distance in-
side the box is large (indi-
cated  by a  dashed  circle). 
(taken  from  reference 
[168])
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algorithms have been developed.[169] The “Steepest Descent” method should 

be applied when the starting structure is highly distorted. If the conformation of 

a  molecule  is  already  close  to  its  energy  minimum,  the  utilization  of  the 

“Conjugate Gradient” algorithm is recommended.

Solvent Boxes

In almost all MD calculations, a simulation box including a solute is filled with a 

desired type of solvent; thus, the molecule of interest is “soaked“ with solvent 

molecules until the box has reached approximately the correct experimental 

density (see Fig. 1.18). After that, the solvent is energy minimized while the 

coordinates of the solute are strongly restrained to their original positions.[170] 

This leads to an optimal  arrangement of  the solvent  molecules around the 

starting structure. In the following, random velocities are assigned to all atoms 

according to  a  Maxwell  distribution,  and the  MD equilibration  runs  can  be 

started.

The whole system is heated by weakly coupling to a temperature bath until the 

temperature used for the experimental measurements is reached. Usually, one 

begins with a temperature of 50 K which is further on incrementally elevated in 

50  K  steps.  During  this  process,  the  solute  position  restraints  are  slowly 

relaxed  at  each  temperature  equilibration  step  in  order  to  “acclimate”  the 

solute to its surroundings. Having reached the temperature at which the MD 

simulation  should  be  carried  out,  the  position  restraints  of  the  solute  are 

switched off. The system to be simulated is now equilibrated with respect to its 

kinetic energy. To obtain a box that is also in equilibrium regarding its density, 

the  system  is  coupled  to  a  weak  pressure  bath.  It  should  be  noted  that 

temperature  and  pressure  equilibration  should  never  be  performed  at  the 

same stage; first, the temperature is adopted, then, the volume.[170] As soon as 

the box has adapted the correct experimental density the production runs (the 

“real” simulations) can be performed. In order to ensure that the whole system 

is well  equilibrated, the first 50-1000 ps of the first production trajectory (in 

particular depending on the size of the system) should not be comprised in the 

calculations of the conformation of the solute.

The length of the production runs again depends on the size of the system 

and the properties one is interested in. Whereas a smoothing of structures can 

be  reached  by trajectories  of  0.5-1  ns  length,  a  converged conformational 

sampling usually requires much longer simulation times (> 100 ns).
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Vacuum MD Simulations

Molecular dynamics simulations in vacuo have the advantage of being much 

faster  than calculations with explicit  solvent  because all  solvent  degrees of 

freedom can be neglected. However, such trajectories often lead to unreliable 

or  incorrect  results.[171] Especially  for  small  molecules  which  possess  a 

relatively large surface, the solvent may have strong effects on their global 

conformation.  Furthermore,  molecules  simulated in  vacuo tend to minimize 

their  overall  surface  which  possibly  results  in  distorted  three-dimensional 

structures.[172] Due to the fact that no dielectric shielding is present in vacuum, 

intramolecular interactions based on dipoles and charges are overestimated. 

At  last,  the  formation  of  intermolecular  interactions  like  hydrogen  bonds 

between the solute and the solvent is completely disregarded. The situation is 

slightly better when experimental restraints are applied that pull the molecule 

closer  to  the  real  structure.  However,  to  circumvent  the  above  mentioned 

disadvantages, it is strongly recommended to perform MD simulations of small 

and medium-sized molecules with explicit  solvent even if  they require more 

computational time. If for some reasons the usage of vacuum simulations is 

inevitable, special vacuum force fields should be applied where partial atomic 

charges  and  polar  interactions  are  downscaled.[14] In  addition,  it  is 

recommended to make use of Langevin (see also section 1.3.3.1) dynamics. 

By introducing an arbitrary friction constant and a noise term into the potential 

Figure 1.18: Illustration of 
an  equilibrated  MD  box 
filled  with  one  peptide  as 
solute  and  several  DMSO 
molecules  as  solvent.  The 
usage  of  an  united-atom 
force  field  results  in  the 
omission  of  apolar  hydro-
gen atoms.



60          BOTH  SIDES  OF  THE  MEDAL:  NMR  SPECTROSCOPY  AND  COMPUTATIONAL  CHEMISTRY

energy functions, collisions of a solute with surrounding solvent molecules is 

simulated; in contrast to pure vacuum simulations, both dynamics and kinetics 

of investigated molecules are reproduced in a much more realistic way.

When working with large molecules like proteins - this involves the usage of 

large box sizes and huge amounts of solvent molecules which again causes 

time-consuming calculations - it is feasible to make use of the “implicit solvent” 

concept (see e.g. reference [173]). Instead of using explicit solvent molecules 

a continuous medium according to the designated solvent is introduced. Thus, 

artificial molecular surface effects as well as unrealistic dipolar and charge-

based interactions can be minimized.

1.3.3.3 Performance of Restrained and Free Molecular Dynamics Runs

In principle,  experimentally (NMR) derived distance,  dihedral,  or  orientation 

restraints can either be used only for validation of MD simulations or directly 

be applied to the calculations when a molecule should be enforced to adopt a 

distinct  (“its  natural”)  conformation.[89] The  latter  mentioned  procedure  is 

advisable when a starting structure, e.g. obtained via DG calculations, strongly 

changes its conformation at the beginning of a free MD simulation run in order 

to stabilize the molecule.  For very “stable“  starting conformations,  free MD 

runs are sometimes sufficient for structure determination.

Restrained Molecular Dynamics

In restrained MD runs, the force field potential  functions are extended with 

energetic  penalty  terms,  thus  preserving  the  given  restrictions. However, 

experimental  restraints  always  display  averaged  over  both  a  tremendous 

number of molecules and certain time intervals. Since molecules are not static 

they  can  change  their  conformations  and  not  all  members  of  a  molecular 

ensemble exhibit the same structure at a certain point in time. To allow for 

these aspects, experimental informations can be implemented as ensemble- 

or  time-averaged  restraints.[174] When  using  ensemble-averaging,  single 

molecular representatives are allowed to violate the experimental restrictions 

as long as the whole ensemble is in agreement with the restraints. For this 

purpose, one has to simulate either a box with several  molecules or many 

identical  systems  (containing  only  one  molecule)  with  different  starting 

conditions.  On  the  other  hand,  the  utilization  of  time-averaged  restraints 

ensures that the distance, dihedral, or orientation information is maintained by 
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averaging these restrictions over a certain time period. This means that the 

instantaneous restraint values need not to fulfill the experimental ones as long 

as the average values over the complete trajectory agree with them.

To give an example, J-couplings may directly be used as constraints in MD 

computations  for  stabilizing  certain  dihedral  angles,  but  they  can  also  be 

utilized to check the reliability of the final results. If J-couplings (which usually 

represent more than one dihedral angle) are directly used as restraints in an 

MD  run,[99] they  must  be  “soft”  enough  (low  force  constant)  to  allow  the 

molecule  to  pass  restraint  based  energy  barriers  during  the  trajectory.  In 

recent  years,  also  orientation  restraints  (obtained  from  residual  dipolar 

couplings and other anisotropic parameters) acquired by NMR experiments in 

anisotropic environment are utilized for the restrained structure elucidation of a 

molecule.[175] Generally, the first step in MD aided structure calculation is the 

performance of a restrained run. Already during equilibration, the experimental 

restrictions  are  allowed  to  influence  the  solute  molecule.  The  goal  of  this 

approach is to force the solute to the experimental parameters. This procedure 

is especially important when using force fields that are not developed on a 

pure thermodynamic basis or if  no (stable) DG derived starting structure is 

available.

Free Molecular Dynamics

The  last  step  during  the  3D  structure  generating  process  includes  the 

simulation  of  a  molecule  in  a  free  dynamics  run  and  the  comparison  of 

calculated with experimentally derived structural parameters. The procedure 

explained  above  is  exactly  repeated  but  without  restraining  information 

effecting the force field. The final system / conformation computed in the rMD 

run usually serves as the starting box / structure in the free dynamics run. 

After representative conformations were established in a free run, one has to 

check if  the structure matches the simulated one under restrictive distance 

conditions.  Whereas  small  deviations  are  expected,  bigger  discrepancies 

between  “restrained”  and  “free”  conformations  usually  indicate  erroneous 

results. In some cases, it is also possible to abandon a restrained run and only 

perform free  dynamics.  As  a  prerequisite  for  this  approach,  a  well-defined 

starting structure must be available and thermodynamically parametrized force 

fields like GROMOS 53a6 must be utilized.[91,158] In addition, an exhaustive and 

strict  comparison of  simulated results with experimental  outcomes must  be 

performed.
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Short & Long Sampling Runs

If  molecular  dynamics  simulations  are  applied  in  order  to  only  “smooth”  a 

conformation  obtained  via  DG  calculations,  short  MD  runs  (0.1-1  ns)  are 

usually sufficient for yielding reliable results.[176] However, almost all important 

dynamics parameters are not  converged within this  time.  Thus,  meaningful 

conformational ensembles can not be produced and extraction of parameters 

like pairwise distance informations (NOEs) or J-couplings for a reliability check 

becomes difficult or even impossible. By the use of long simulation runs (100-

500 ns or even longer), one can not only overcome these obstacles but also 

gains  much  more  important  informations  about  e.g.  intrinsic  dynamics  or 

conformational  energy  barriers.[22] Having  produced  long  enough  MD 

simulations,  calculated  NMR  parameters  are  often  in  agreement  with 

experimental  ones  and  thus,  errors  resulting  from  experiments  or  from  a 

wrong MD setup become obvious. Since the conformational space is better 

sampled  by  long  MD  runs,  representative  molecular  conformations  are  of 

much higher quality (see e.g. section 3.1).

1.3.3.4 Simulations with Advanced Sampling Techniques

As  it  was  described  in  section  1.3.3.1,  an  exhaustive  sampling  of  the 

conformational  space  is  in  most  cases  not  possible  by  standard  MD 

simulations. The main reason for this is the presence of high energy barriers 

separating  different  low-energy  conformations.  Thus,  alternative  metho-

dologies have been developed in order to efficiently sample most parts of the 

free  energy  hyper  surface.  The  most  prominent  approaches,  simulated-

annealing (SA), local-elevation (LE), and replica-exchange (RE) are illustrated 

in  more  detail  in  the  following.  Other  methods  like  coarse-grained  (CG) 

simulations  are  also  useful  for  enhancing  the  sampling  efficiency  of  MD 

simulations  but  they  have  only  barely  used  for  the  calculation  of  peptide 

structures.

Simulated Annealing

Simulated-annealing  is  a  frequently  used  technique in  order  to  screen  the 

global conformational space of a molecule.[98] The method is also often applied 

even when only spare experimental structure informations are available. The 

preparation of such a simulation is identical with a normal MD run. The starting 

structure can be arbitrarily chosen, i.e. no crude model conformation must be 
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available.  By  heating  up  the  simulation  system  to  very  high  temperatures 

(1000-2000  K),  all  molecules  are  allowed  to  almost  “freely”  move  on  the 

energy  hyper  surface.  Thus,  molecules  can  partly  overcome  high  energy 

barriers existent between different conformations. After it spends a certain time 

(100-500  ps)  at  high  temperatures,  the  whole  system  is  slowly  and  in-

crementally cooled down (ca. 100 K per 200 ps). Each cooling step is followed 

by a  longer  period  of  equilibration  (about  200 ps).  If  the  stepwise cooling 

process is slow enough, the molecule is assumed to approach the minimum of 

the energy hyper surface which may represent the thermodynamically most 

stable conformation. To make the procedure independent of an initial structure, 

the  SA  procedure  is  repeated  several  times  with  different  starting 

conformations. Finally, all resulting structures are clustered with respect to the 

calculated potential energies and are compared with experimental  structure 

information.  In  general,  SA can  be  used  as  isolated  method  or  as  one 

preparation step for a regular MD run.

Local Elevation / Conformational Flooding

The  local-elevation  and  conformational  flooding  techniques  have  been 

developed to improve the sampling of the configurational and conformational 

space of a molecule by systematically elevating the (local) potential energy of 

chosen degrees of freedom of a molecule.[90,97] Thus, the total potential energy 

function consists not only of the standard physical equations (the force field) 

but  also  of  an  additional,  time-dependent  local-elevation  term.  When  the 

investigated solute molecule is trapped in a low-energy basin on the potential 

energy hyper surface during a trajectory, the LE algorithm gradually “floods” 

the energy valley by using Gaussian-shaped energy functions. The goal of this 

approach is to enforce the molecule out of the basin into a neighboring energy 

valley.  If  being trapped again,  the procedure is  automatically applied again 

until the whole accessible energy hyper surface is flattened. In this way, the 

energy  surface  is  much  more efficiently  sampled  than  using  standard  MD 

approaches.  If  the  simulation  time  is  long  enough,  and  all  possible  con-

formations  are  visited  during  the  LE trajectory,  the  local-elevation  potential 

energy term represents the negative of the free-energy surface (also called 

potential of mean force) for the LE degrees of freedom of a molecule. Thus, 

LE  enhances  not  only  the  sampling  of  the  conformational  space  but  also 

allows the calculation of free-energy terms. In order to obtain data of sufficient 

accuracy, the LE technique should be combined with an umbrella sampling re-
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weighting procedure. Here, the visited parts of the energy surface are related 

to their according energies. After localization of the conformations of interest 

on the energy hyper surface, corresponding free-energies can be calculated in 

a straight-forward and precise way.

Replica Exchange

Replica-exchange  molecular  dynamics  (also  called  parallel  tempering)  is  a 

technique for the enhancement of sampling the conformational space.[94,177] It 

is especially useful if conformations are separated by relatively high barriers 

as they are often present on the energy hyper surfaces of e.g. peptides and 

(other) drug-like molecules. In general, multiple replicas of the same system 

are simulated at different temperatures; subsequently, the complete state (“the 

whole box”) of two replicas is randomly exchanged at regular intervals with an 

arbitrary probability (see Equ. 1.11).

After each exchange the velocities of the single simulation boxes are scaled 

by  (T1  =  T2)±1/2 and  a  neighbor  search  is  performed  the  next  step.  This 

combines  the  fast  sampling  and  frequent  barrier-crossing  in  higher 

temperature  boxes  with  a  correct  Boltzmann  sampling  at  all  distinct 

temperatures. As a consequence one finally obtains a physically meaningful 

trajectory at the temperature of interest (e.g. the room temperature at which 

the  experimental  parameters  were  elucidated)  as  regular  MD  simulations 

provide  it;  however,  the  sampling  of  the  overall  conformational  space  is 

dramatically  improved.  Thus,  molecular  arrangements  that  would  appear 

either never or only after very long simulation times could be elucidated. The 

exchange  of  temperatures  between  two  replicas  is  the  most  often  found 

procedure of RE in literature. However, many other MD parameters could be 

exchanged, for example single terms of the Hamiltonian which describes the 

energetic  state  of  the  system.[178] Furthermore,  only  predefined  parts  of  a 

simulation system could be addressed to the replica exchange procedure, e.g. 

a distinct dihedral angle that can adopt several values which are separated by 

relatively high energy barriers.[179]

( ) 

















−⋅





−=↔ 21

21

11exp,1min)21( UU
TkTk

P
BB

Equation  1.11: Mathe-
matical principle of the re-
plica-exchange  concept.  P 
as the exchange probability 
between  the  MD boxes  1 
and  2;  T1 and  T2 as the 
reference temperatures,  U1 

and  U2 as  the  potential 
energies  of replicas  1 and 
2,  respectively;  kB is  the 
Boltzmann constant.
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1.3.3.5 Reliability Check and Analysis of MD Simulations

The last step of an MD simulation includes the check of results with respect to 

their reliability and the analysis of the output. Whereas the analysis procedure 

strongly depends on the type of simulation and the desired informations, the 

reliability  check  of  results  usually  comprises  two  evaluation  steps:  the 

computational  validation  and  the  comparison  of  the  simulated  output  with 

experimental results.

Computational Reliability

The validation  of  the  computational  reliability  of  MD simulations  is  of  high 

importance since even “small” errors or inaccurate settings in the initial setup 

of a run can have a tremendous impact on the final results. Depending on the 

thermodynamic type of a simulation, certain parameters are kept constant or 

are allowed to slightly spread around an average value. For example, during 

the calculation of a canonical (NVT) ensemble, the density, the temperature, 

the potential and the total energy must not show a temporal drift (see Fig. 1.19 

for the density of two boxes during a 1 ns MD simulation). 

The presence of  a  drift  means that  the simulation box was not  sufficiently 

equilibrated before a production run was started, or that there are errors in the 

molecular topologies or in the MD setup. Moreover, the average value of a 

Figure  1.19: Distribution 
of  densities  of  two (black 
and  red)  MD  simulation 
boxes  filled  with  DMSO 
over  time.  Both boxes are 
sufficiently equilibrated as 
no  temporal  drift  of  the 
density  is  visible;  more-
over, the average MD den-
sities  of  1.096  g  /  mL at 
room  temperature  corres-
pond  to  the  experimental 
value.
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property like the density of a simulation box filled with a certain solvent must 

be in  agreement  with  experimental  values under  the same conditions,  e.g. 

when using DMSO as solvent, the average density at 300 K should be ca. 

1096  g  /  L.[180] Furthermore,  one  has  to  check  if  all  forces  were  treated 

correctly for the utilized type of force field (e.g. Lennard-Jones or Coulomb 

cut-offs). This can be done by evaluating the range of forces which have been 

calculated between two atoms. Only if computational errors can be excluded it 

is meaningful to also compare calculated with experimental data (for details, 

see next section).

Experimental Validation

The experimental  validation consists of  the comparison of  calculated para-

meters  with  values  yielded  by  experimental  (NMR)  measurements.  This 

evaluation  is  only  meaningful  -  especially  in  structure  calculations  -  if  MD 

simulations are produced with sufficient sampling since the relaxation times of 

e.g.  NOEs,  J-couplings,  or  RDCs  are  quite  long.  In  principle,  one  should 

calculate  average  values  of  the  properties  of  interest  over  a  complete 

trajectory and compare them with the experimental  results.  If  the validation 

comprises a restrained run, the calculated values must be in very good agree-

ment  with  the  measurement  outcomes (see  Fig.  1.20 for  a  comparison of 

experimental and calculated J-couplings for two different simulations). 

Figure  1.20: Comparison 
of  simulated  with  mea-
sured J-couplings. The data 
points colored in black and 
red  are  the  results  from 
different  MD calculations. 
Points  which  are  located 
close  to  the  dashed  dia-
gonal display a very good 
consensus  between  cal-
culated  values  and  ex-
perimental  data.  The  J-
couplings originating from 
the red colored simulation 
“set”  are  in  better  agree-
ment with the experimental 
values  compared  to  the 
“set” colored in black.
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In  cases  where  obtained  deviations  between  measured  and  simulated 

properties  are  very  high,  either  errors  in  the  NMR  parameters  or  in  the 

simulation setup may be present;  a possible explanation could be that  the 

constraining algorithm is not able to force the simulated molecule to adopt an 

given  structural  parameter  like  a  pairwise  distance  restraint  or  a  certain 

dihedral  angle value.  For  a free MD run,  the evaluation is  not  so strict.  A 

consensus of  calculated and experimental  data indicates that  the  modeled 

structure is most  likely of good quality and should correspond to the “real, 

natural”  one.  However,  deviations  between  measured  and  simulated  data 

need not to be a sign of a wrong model. The presence of very high energy 

barriers separating several structures may result in an incomplete sampling of 

the  accessible  conformational  space.  In  this  case,  the  presentation  of  a 

structure  is  still  possible  if  it  is  noted  that  it  represents  only  parts  of  a 

molecular ensemble.

Parameter Extraction

There are several parameters which are of interest in conformational analysis 

of  a  peptide.  First  of  all,  the  three-dimensional  structure  of  the  simulated 

molecule is usually presented.[1] It is important to mention that the elucidation 

of  an  average  conformation  (the  mean  over  all  calculated  structures)  is 

meaningless as it usually does not represent a reliable physical state; rather, 

3D alignment, least-square fitting, and subsequent clustering of all produced 

conformations is suggested where a representative structure belonging to the 

most  populated  cluster  serves  as  the  structural  model  of  the  peptide.[181] 

Furthermore, a plethora of time distributions like root mean square deviations 

(RMSD) and fluctuations (RMSF) of backbone or side chain atoms (see Fig. 

1.21 for backbone RMSD values as arising during a 150 ns MD trajectory), 

radial distribution functions (RDF), or dihedral angle and H-bond distributions 

can  be  determined.[89] In  addition,  also  averages  of  a  property  can  be 

calculated,  e.g.  Ramachandran  plots,  solvent  accessible  hydrophilic  / 

hydrophobic  surfaces,  or  root  mean  square  fluctuations.  By  means  of  the 

listed parameters, one can identify regions of higher flexibility, dihedral angle 

flips, changes in the overall molecular shape, or the stability of H-bonds and 

secondary structural motifs. In this scope, the conformation of a peptide is not 

only  described in  a  static  way but  a  more dynamical  model  is  presented, 

thereby accounting for the basic concept of molecular ensembles which are in 

a thermodynamic equilibrium.[29]
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1.3.3.6 The Way from Experiments to Structure Presentation

A sophisticated determination and refinement of molecular conformations in 

solution  comprehends  three  main  steps:  NMR  experiments,  distance 

geometry,  and molecular dynamics. In principle, it  is possible to exclusively 

make use of NMR and DG or only MD but normally it is strongly suggested to 

combine  these  methods  in  order  to  obtain  robust  and  reliable  structural 

models.  Only  if  the  computational  results  of  different  methods  (at  least 

partially)  match the  experimental  outcomes,  and no gained data  contradict 

each  other,  a  three-dimensional  structure  should  be  presented. There  are 

various ways of combining the described techniques and single procedures 

may differ depending on what kind of molecules are investigated. However, 

with the flow chart in figure 1.22 an instruction how reliable structural models 

(especially of peptides) can be obtained by using the advantages of combining 

NMR  spectroscopic  studies  with  sophisticated  tools  of  computational 

chemistry is given.[1]

The starting point of each structure elucidation is the collection of experimental 

data like NOE or ROE derived distances, torsional restraints from J-couplings 

or CCRs and RDCs as orientation restraints (1).

If NMR spectra contain a single set of signals, the molecule of interest has 

either a single preferred low energy conformation or  several  conformations 

Figure  1.21: Distribution 
of the backbone root mean 
square  deviations  of  a 
cyclic  peptide  over  time. 
The  most  representative 
structure  of  the  MD  run 
served  as  reference  con-
formation.  Whereas  slight 
to medium fluctuations are 
present  throughout  the 
whole  trajectory,  one  bi-
directional flip of a peptide 
bond around its adjacent  φ 
and  ψ  dihedral  angles 
occurs between 110 ns and 
125 ns.
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which are in fast equilibrium (maximal energy barrier height is below 60 kJ / 

mol). If no other information is available, one usually starts with the assump-

tion  that  only  one  preferred  structure  (often  called  “rigid”  conformation)  is 

present.  In  the  next  step,  experimental  informations are converted into re-

straints (2). After a set of NOE and scalar / dipolar coupling based restraints is 

generated, the distance geometry computations are performed as described in 

section 1.3.2 (3). To get a “statistical bundle” of different conformations, this 

procedure  is  repeated  several  times.  The  best  structural  model,  i.e.  the 

structure which shows the best agreement with the experimental  restraints, 

serves now as input for a restrained MD run (4). All produced conformations of 

the rMD run are subsequently clustered with respect to a predefined structural 

RMSD cut-off value; the most representative structure of the biggest cluster 

serves as conformational model of the rMD simulation. The restrained run is 

followed  by  a  free  molecular  dynamics  simulation  by  which  the  final 

conformational model is produced in the same way as described above (5).

At this point it is essential to compare the calculated “fMD”-structure with both 

the experimental data and the results of the rMD run (6). On one hand, the 

interatomic distances of the final model should be in good agreement with the 

NMR restraints; additionally, the “fMD”-averaged structure should correspond 

to the refined conformation obtained by the restrained molecular dynamics. 

Only if  the rMD and the fMD simulations result  in the same conformational 

model  and  no  experimental  restraints  are  severely  violated  the  calculated 

structure can be presented as a three-dimensional image (7).

If the final structure either deviates from the refined model or does not match 

the  NMR  restraints  (8)  one  has  to  revise  the  experimental  data  and  the 

parameters  used  in  the  DG  and  MD  computations  (9).  In  many  cases, 

mistakes  are  made  when  preparing  and  performing  the  computational 

processes  (10)  or  sometimes  experimental  errors  might  be  present  (11). 

Those errors include a wrong NMR peak assignment, an inaccurate calibration 

of the NOE / ROE signals, erroneous extraction of scalar or dipolar couplings, 

an incorrect conversion of the experimental data to constraints, or a nonfactual 

parametrization of the rMD and fMD trajectories. In such cases, either new 

calculations or new experiments must be performed.

If the revision of the experimental and the calculative conditions yields neither 

errors  nor  inaccuracies  one  has  to  change  the  initial  assumption  that  the 

molecule  of  interest  has  only  one  preferred  low  energy  structure. Highly 
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flexible molecules like peptides often contain several conformations which are 

in exchange with each other (12). If the transition from one conformation to 

another is slow enough (at the NMR time scale) there are distinguishable sets 

of signals - one set for each conformation - in the NMR spectra. Thus, the 

structure elucidation is carried out by taking into account several independent 

sets  of  experimental  restraints.  However,  the  conformational  exchange 

dynamics are often very fast. In this instance, only one averaged NMR signal 

set  can be observed.  Since  those resonances  represent  multiple  transient 

molecular conformations it is not possible to assign e.g. NOE / ROE signals to 

definite, unique interatomic distances.[182] In order to abolish this obstacle one 

can  re-record  NMR  spectra  under  varied  physical  conditions  (13).  The 

utilization of different types of solvent, the usage of various pH values, and the 

measurement at lower or higher temperatures influence both conformational 

equilibria and exchange kinetics; in some cases, a molecule can be forced to 

exhibit  one  main  structure  (manipulation  of  equilibrium)  or  several  clearly 

distinguishable conformations (biased exchange kinetics) which again results 

in only one or rather multiple NMR signal sets.

Another  sophisticated  possibility  to  handle  the  problem  of  conformation-

averaged NMR signals is the implementation of time- or ensemble averaged 

restraints in MD calculations (14). The given distance informations are either 

distributed among several molecules or averaged over a certain time interval. 

Hence,  a  molecule  is  not  forced  to  adopt  one  definite,  potentially 

“meaningless” structure according to the conformation-averaged experimental 

data.  Instead, all  conformations  which  on  average  fulfill  the  restraints  can 

possibly be observed in a trajectory (15).

If all described procedures fail, no structure determination is possible with the 

state-of-the-art  methods  demonstrated  in  this  chapter  (16).  In  the  case  of 

being  successful  in  calculating  multiple  conformations  by  using  time-  or 

ensemble-averaged  MD  restraints  the  solved  molecular  structures  are 

presented  as  3D  models  and  can  be  deposited  in  an  electronic  structure 

database (17). Finally, it is recommended to provide an accurate explanation 

of the procedures used for the structure elucidation because the application of 

different  methods  (NMR,  DG,  MD,  SA,  Monte-Carlo  calculations,  X-ray 

crystallography)  may result  in  varying  conformational  models  which  do not 

need to display the real state of a molecule. This aspect should be always kept 

in mind when dealing with structure determination methods.
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2 Taking Focused Photographs
Determination of Molecular Arrangements

NMR spectroscopy is in addition to X-ray diffraction the only available 

method to elucidate three-dimensional structures of either small com-

pounds or even very large biomacromolecules at  atomistic resolution. 

The most prominent advantage of NMR based structural studies is that 

the  molecule  of  interest  is  investigated  in  solution  which  usually  re-

presents  -  in  a  biological  sense  -  its  natural  environment.  Artificial 

packing effects of  molecules with a small  volume to surface ratio as 

they are often observed in X-ray crystallography structures do not arise 

in  solution-state  NMR spectroscopy.  The  determination  of  molecular 

structures can be of different character. In some cases, the elucidation 

of  the  constitution  of  a  molecule  is  sufficient  to  answer  a  specific 

scientific question. For example, short or medium-sized linear peptide 

chains usually adopt no preferred conformations in solution. Hence, the 

calculation of their three-dimensional arrangement is not possible or not 

of  concern.  By  contrast,  molecules  like  cyclic  peptides  which  are 

conformationally  restricted  often  display  more  or  less  preferred 

structures. In such cases, not only informations about the constitution of 

a  molecule is important  but  also its  spatial  assembly.  For molecules 

which  are  of  biological  or  medicinal  interest,  the  knowledge  of  their 

three-dimensional arrangement(s) is even more essential since differing 

conformations  usually  exhibit  different  receptor  affinities.  Beside  the 

constitution and the conformation of a molecule, its configuration is also 

often  subject  of  structure  determination  procedures.  In  many cases, 

obscure stereocenters of  molecules with  known constitution must  be 

elucidated via structure analysis approaches.
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2.1 N-Methylated Amino Acids as Proline Substitutes in 
Conformational Design

The presence of a tertiary amide bond both in N-methylated amino acids and 

proline constituting peptides is tempting to consider that their corresponding 

stereo-impact  on  the  backbone  of  peptides  is  similar.  Although  theoretical 

explanations  on  the  factors  influencing  the  conformation  of  proline  or  N-

methylated amino acid containing peptides are available,[1-14] there is a lack of 

explicit experimental comparisons. It is known that proline markedly influences 

protein  architectures  due  to  its  constrained  five  membered  pyrrolidine  ring 

and,  in  addition,  acts  as  a  reverse turn inducer  in  designed cyclic  protein 

epitope mimetics.[15-19] On the other hand, N-methylated amino acids also have 

the potential to introduce turn structures into cyclic peptides.[[7,18-20]

Furthermore, it  was shown  that both proline and  N-methylated amino acids 

can introduce  cis peptide bonds into peptide sequences.[5,7,21-25] However, in 

contrast to L-proline in which the φ angle is constrained to ca. -60° due to the 

large pyrrolidine ring,  N-methylated  L-amino acids have much more flexibility 

as the φ angle can vary between -100° and +60°.[5] Hence, it is not a priori 

predictable if mutual substitution of both units has an identical influence on the 

overall peptide structure.

2.1.1 The Scientific Question

Although  N-methylation of amide bonds has been used in peptide chemistry 

for  nearly  one  hundred  years,[26] introduction  of  proline  or  ring-derivated 

prolines  in  peptidic  sequences  is  the  most  popular  method  until  today  to 

induce  turns  or  cis  peptide  bonds  in  peptides  since  preparation  of  N-

methylated amino acids on solid support came along with huge difficulties in 

their  synthesis.[27,28] However,  ring-derivated  prolines  often  need  extensive 

synthesis or do not force a molecule into a single preferred conformation.[29] 

Nowadays, the synthetic problems concerning N-methylated amino acids have 

been solved and peptides including them are easily accessible.[30,31]

Therefore, the question arose if it might be possible to replace a 
proline  with  an  N-methylated  amino  acid  without  perturbing  a 
favored molecular conformation.
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If  this  holds  true,  one  regains  the  side  chain  functionality  which  is  lost  in 

proline-type amino acids because of the five membered pyrrolidine ring. This 

side chain could subsequently be used to improve the activity, selectivity or 

can act as a pharmacophore in a peptide. Furthermore, it has been recently 

shown that N-methylation of peptide bonds could even increase the biological 

activity,  receptor  selectivity,  enzymatic  stability,  and  could  turn  orally 

unavailable peptides into bioavailable potential drug candidates.[6,20,32]

2.1.2 Alanine as Template Amino Acids

For  the  comparison  of  N-methylated and  proline  containing  pentapeptides, 

alanine was chosen as amino acid template for  N-methylation since its side 

chain  has  only  minor  influence  on the  overall  backbone  conformation  and 

bears - in contrast to the smallest amino acid glycine - a chiral center.[33-37]

Subsequently, the positions of  N-methylated alanine or proline in asymmetric 

(a D-residue containing) cyclic peptides were spatially screened (see Fig. 2.1). 

Finally, thermodynamic equilibria of representative peptides were investigated 

via NMR spectroscopy.

2.1.3 Peptides Containing One N-Methylation or One Proline

The first comparison where only one N-methylation or one proline was varied 

led to the promising result that, in nearly every case,  N-methylated alanine 

and  proline  show  similar  results  with  respect  to  the  highest  populated 

conformation and,  in  addition,  are in  good agreement  concerning the  cis  / 

trans ratios of amide bonds (see Fig 2.2). Especially when introduced at the i-

position (the position of the D-residue in the cyclic peptide; please note that “i” 

is also often used as starting residue in turn structures)  Me-D-alanine and  D-

proline  both  revealed  only  one  highly  populated  conformation  and  both 

Figure  2.1:  The  template 
peptides  c(MeaAAAA) and 
c(pAAAA) represented  as 
both regular and schematic 
structures. The D-residue is 
marked  as  a  black  dot  in 
the upper left corner. 
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peptides are in the all-trans conformation. Both structures possess a β-turn in 

the upper part which is introduced by the D-residue and a γ-turn in the lower 

part  of  the molecule  whereas the  peptide  bond between Ala2 and Ala3 is 

known to flip around its adjacent φ and ψ dihedral angles (flip of 180º). As both 

structures have been extensively discussed in literature, there is no need to go 

into further detail.[1-5,7]

Also when being introduced in the  i+1-position, the all-trans conformation is 

preferred in both cases with a population of 85 % for the alanine and 92 % for 

the proline peptide. Both peptides show a nearly identical structure; this result 

shows  that  the  replacement  of  one  with  another  without  changing  the 

backbone conformation is possible (see superposition in Fig 2.3).

When the N-alkylated residue is introduced in the i+2 or in the i+3-position, the 

all-trans conformation is disfavored. Especially for proline, a cis peptide bond 

is preferred at the position of the N-alkylation finally resulting in a conformation 

Figure 2.2:  Populations of 
the all-trans conformations 
for  the  peptides  with  one 
Me-alanine  or  proline  at 
different positions given in 
percent.  Remaining  per-
centages  represent  peptide 
populations  containing  a 
cis  peptide  bond  between 
the N-alkylated amino acid 
and the preceding one. The 
D-residue  is  marked  as  a 
black dot in the upper left 
corner  and  is  denoted  as 
position “i”.

Figure 2.3: Stereoview of 
the  superposition  of  the 
peptides  c(aMeAAAA) and 
c(aPAAA).

i           i+1

i+4                 i+2

i+3
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with  a  population  of  about  90  %  for c(aAPAA) (in  general,  a  small letter 

indicates a D-residue) with a cis peptide bond at the position of proline. Being 

introduced  at  the  i+4-position,  the  all-trans conformation  is  again  favored. 

However, for c(aAAAMeA), three conformations with a population of 84 / 13 / 3 

are  present  where  the  two  main  conformations  possess  an  all-trans 

conformation. c(aAAAP) also shows three conformations with a ratio of 75 / 19 

/ 6 where the main conformation also exhibits an all-trans arrangement. 

To summarize,  a MeAla  has the ability to replace a single proline in cyclic 

pentapeptides  without  having  an  undesired  impact  on  the  backbone 

conformation. Furthermore, the  N-methylated amino acid might be preferred 

because one can retain the side chain functionality which is lost when using 

proline. To prove this hypothesis,  Me-D-alanine in  c(MeaAAAA) was replaced 

by an  N-methylated  D-lysine which resulted in obtaining  c(MekAAAA) with a 

population of 100 % (see Fig 2.4).

2.1.4 Peptides Containing Two N-Methylations or Two Prolines

As the  population  differences between the all-trans  conformations  and the 

structures containing one cis peptide bond were the lowest in c(aAAMeAA) (1) 

and c(aAAPA) (2), it was decided to fix the N-alkylated amino acid at the i+3-

position and to rotate another proline or MeAla through the different positions 

of the cyclic pentapeptide. Thus, the goal was to investigate the presence of a 

second  N-alkylated amino acid alters the  cis  /  trans equilibrium; finally,  the 

possible occurrence of new preferred conformations was tested.

Since sequences containing two prolines are not well suited for an application 

in medicinal chemistry as two of the possible side chain functionalities are lost, 

Figure  2.4: A  schematic 
presentation of the peptide 
c(MeaAAAA) that  exhibits 
an  all-trans population  of 
100 %. The molecule was 
utilized  as  a  template  for 
c(MekAAAA) which  also 
revealed  a  population  of 
100 %. It becomes obvious 
that alanine can be used as 
a template for amino acids 
with a longer side-chain.



86          TAKING  FOCUSED  PHOTOGRAPHS:  DETERMINATION  OF  MOLECULAR  ARRANGEMENTS

the incorporation of  two  N-methylated amino acids is  usually preferred be-

cause all side chains can carry pharmacophoric functional groups. As can be 

seen in figure 2.5, there is a big population difference between c(pAAPA) (4) 

and  c(MeaAAMeAA) (3) as the latter shows an all-trans arrangement with a 

population of about 70 % while in c(pAAPA) (4) the conformation with one cis 

and all  other peptide bonds in  trans  configuration is  the highest  populated 

conformation  (~ 65 %). For the two cyclic pentapeptides  c(aMeAAMeAA) (5) 

and c(aPAPA) (6), the peptide with N-methylations prefers a highly populated 

conformation where one amide bond is in cis and the other N-alkylated amide 

bond is in trans conformation. In contrast, the cyclic peptide with two prolines 

shows a main population with two  cis  amide bonds at  the positions of  the 

prolines. In the case of  c(aAMeAMeAA) (7) and  c(aAPPA) (8), the all-trans 

structure is preferred for the peptide with N-methylations whereas for the pro-

line containing peptide the conformation with one cis amide bond is favored.

For  c(aAAMeAMeA) (9)  and  c(aAAPP) (10),  both  compounds  show  a 

preferred conformation which is highly populated bearing one cis-peptide bond 

between i+3 and i+4 (see superposition in Fig. 2.6).

In conclusion, structural features of a cyclic peptide are no longer predictable 

when two  N-methylations or two prolines are present since peptides bearing 

more  than  one  N-methylated  amino  acid  often  differ  in  their  conformation 

Figure 2.5: Comparison of 
cis /  trans populations  of 
different  N-methylated and 
proline  containing  cyclic 
peptides.  Cis amide bonds 
occur between  N-alkylated 
amino  acids  and  previous 
ones.  Two of  ten peptides 
revealed  more  than  two 
conformations at the NMR 
time scale.  In  these cases, 
only the populations of the 
two major  conformers  are 
given,  resulting  in  per-
centage statements that do 
not sum up to 100 %.

1 2
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compared to the proline containing analogues. One benefit of this finding is 

the fact that replacement of proline by an N-methylated amino acid most often 

results  in  a  different  structure  which  could  be  useful  in  the  search  for 

candidates better fitting into a binding pocket.

2.1.5 Peptides Containing One N-Methylation and One Proline

Finally,  the conformation of cyclic peptides when both, a proline and an  N-

methylated amino acid, are incorporated, were investigated. In this study, one 

proline was fixed at the  i+3 position and the position of the  N-alkylation was 

varied (and  vice versa).  The obtained set  of  compounds showed preferred 

conformations whereas the highest populated conformation of each peptide 

was in the range of 65-70 % (see Fig. 2.7). 

Figure 2.6:  Stereoview of 
the  superposition  of  the 
peptides  c(aAAMeAMeA) 
and c(aAAPP).

Figure 2.7: Comparison of 
peptides which contain one 
proline  (or  D-proline)  and 
one  N-methylated  alanine 
(A' for Me-L-Ala and a' for 
Me-D-Ala).  The  peptides 
are  grouped  in  pairs  in 
which  both  units  are 
interchanged.  Populations 
of  dominating  conformers 
are given in percentages.
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Hence, it  was decided not to go into further detail about  cis or  trans  amide 

bond distributions as peptides that show such poor population preferences are 

of limited interest in medicinal chemistry.

2.1.6 Conclusion

Summing up, it was shown that cyclic peptides containing one proline or one 

N-methylated amino acid reveal comparable conformational features. Both the 

ratios of all-trans and cis conformations and the three-dimensional structures 

are quite similar for N-methylated and proline containing peptides. This allows 

substituting a proline residue by an N-methylated amino acid without changing 

the  overall  conformation.  Proline  is  often  used  as  inducer  of  distinct  con-

formations,  e.g.  turns  or  breaking  helices.  However,  the  position  where  a 

proline is located in a cyclic peptide can not be used in an easy way (with 

respect  to synthesis procedures) to display a chemical group important  for 

receptor  binding.  The use of  N-methylated amino acids  allows for  bringing 

additional  side  chain  functionality  into  conformationally  restricted  (cyclic) 

peptides and, therefore, opens new perspectives for drug design.

Furthermore, care should be taken when two prolines are to be replaced by N-

methylated amino acids because the resulting structures usually differ in their 

conformation.  Finally,  incorporation  of  one  proline  and  one  N-methylated 

amino acid into cyclic pentapeptides seems not to be useful since no strong 

preference of one single conformation was observed in the here demonstrated 

cases, making the investigated candidates uninteresting template structures in 

medicinal chemistry.

2.1.7 Reagents, Methods, and Experiments

All informations regarding  used  reagents, peptide synthesis, and purification 

as well as NMR spectra can be found in literature.[5,7]

All spectra were recorded on a Bruker DMX 500 MHz spectrometer equipped 

with a TXI probe head.  The measurements were performed at  300 K, and 

peptides were dissolved in d6-DMSO. The assignment of proton and carbon 

resonances followed a strategy described in literature.[38] Sequential assign-

ment  was  accomplished by through-bond connectivities  from heteronuclear 

multiple bond correlation (HMBC) spectra whereas N-methyl groups served as 
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starting point.[39] Connectivities were proved by interresidual scalar couplings, 

e.g between carbonyl carbons and adjacent amide protons. TOCSY spectra 

were recorded with a mixing time of 60 ms, ROESY spectra with a mixing time 

of  150  ms,  thus  avoiding  unwanted  effects  caused  by  spin  diffusion.[40,41] 

Conformational exchange was proven by detection of inverted signal signs in 

ROESY spectra.[42] Proton distances were calculated according to the isolated 

two-spin approximation from volume integrals of ROESY spectra.[43] No ROE 

offset correction was performed since biasing offset effects at the field strength 

used in this study are rather small. Evidence of  cis peptide bonds in proline 

containing peptides was achieved using proline Cβ and Cγ shifts in DEPT45 

spectra.[44] The ratio of different conformational populations was determined 

via the integrals of amide and Hα-signals in 1H-1D spectra.

The integrated volumes of ROE cross peaks were converted to proton–proton 

distances by the help of calibration to an averaged alanine Hα–Hβ* distance 

as  reference  (2.45  Å;  including  pseudo-atom correction).  Upper  and  lower 

distance  restraints  were  obtained  by  adding  and  subtracting  10  %  to  the 

calculated experimental values, thus accounting for experimental errors and 

simulation uncertainties. Metric matrix DG calculations were carried out with a 

home-written  distance  geometry  program  utilizing  random  metrization.[45] 

Experimental distance restraints which are more restrictive than the geometric 

distance bounds (holonomic restraints) were used to create the final distance 

matrix.  All  structure templates were first  embedded in four dimensions and 

then  partially  minimized  using  conjugate  gradient  minimization  followed  by 

distance-driven dynamics (DDD) where only distance constraints were used.[46] 

The DDD simulation  was  carried  out  at  1000  K  for  50  ps  with  a  gradual 

reduction in temperature over the next  30 ps.  The DDD procedure utilized 

holonomic and experimental distance constraints plus a chiral penalty function 

for  the  generation  of  violation  energies  and  forces.  A distance  matrix  was 

calculated  from  each  structure,  and  the  EMBED  algorithm  was  used  to 

compute  Cartesian  coordinates  in  three  dimensions.  100  structures  were 

calculated for  each peptide,  and > 90 % of  the structure bundles  of  each 

peptide did not show any significant violations (> 0.2 Å). Molecular dynamics 

calculations were carried out using the program DISCOVER and the CVFF 

force field.[56] Structures resulting from DG calculations were placed in a cubic 

box with a vector length of 3.0 nm and soaked with DMSO. Intramolecular 

distances  of  all  peptides  were  constrained  according  to  the  experimental 

values.  After  energy  minimization  using  the  steepest  descent  and  the 
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conjugate gradient algorithms, the system was gradually heated in 50 K steps 

(equilibration time at each temperature was 2 ps) starting from 10 K, each by 

direct scaling of velocities. The system was equilibrated for 50 ps with weak 

temperature coupling at 300 K. Configurations in the subsequent production 

runs (150 ps) were saved every 100 fs. Finally, 150 ps of free MD simulations 

at  300  K  were  carried  out  in  order  to  prove  that  no  significant  structural 

changes occur when no distance restraints are present during the simulation.

2.1.8 Declaration

The  presented  topic  was  conducted  in  collaboration  with  M.Sc.  Burkhardt 

Laufer and Dr. Jayanta Chatterjee (Technical University Munich, Department 

Chemistry).  B.L.  and J.C.  synthesized all  shown molecules  and calculated 

some conformations. The described results have been published as follows:

B. Laufer, J. Chatterjee, A.O. Frank, H. Kessler.  Can  N-Methylated Amino Acids 

Serve as Substitute for Prolines in Conformational Design? J. Pept. Sci. 2009,  15, 

141-146.

2.2 An Alternative Approach of Configurational and 
Conformational Analysis

Residual dipolar couplings as anisotropic NMR parameters play an important 

role  for  the  structure  determination  of  biomolecules  and  small  organic 

molecules in  solution.[47,48] For  the measurement  of  anisotropic  parameters, 

liquid crystalline phases or stretched polymer gels can be used for achieving 

the necessary partial alignment, with gels having the advantage of arbitrary 

scalability  of  the  alignment  strength.[49-53] In  general,  RDCs are  most  often 

applied  to refine spatial  arrangements which  were  elucidated by means of 

NOE  based  pairwise  atom  distance  informations  and  dihedral  restraints 

yielded  via  J-couplings.  Moreover,  RDCs can  also  be  utilized  to  ascertain 

molecular structures in addition to or even without the contribution of other 

NMR parameters.[54] In this respect, not only conformations can be elucidated 

but  also  the  configuration  of  molecules  with  unknown  stereochemistry  is 

determinable.[55] For  this  purpose,  however,  it  is  indispensable  to  extract 

unambiguous RDCs from NMR spectra with sufficient accuracy.
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2.2.1 The Scientific Question

For being of practical use, RDC data must be fitted onto a 3D structural model 

of the molecule under investigation. In this scope, several methods have been 

developed  with  the  concept  of  singular  value  decomposition  (SVD)  as  the 

most prominent approach.[56] Nevertheless,  even the most powerful tools do 

not consider the flexibility of molecules.[56] For relatively rigid structures, this 

drawback does not noticeably affect the quality of yielded results; for particles 

which exhibit multiple degrees of freedom, however, often no adequate fitting 

of RDCs can be obtained.

Thus, the central goal of this project was to prove the applicability 
and accuracy of an RDC driven configurational and conformational 
fitting approach that includes the dynamical behavior of a medium-
sized organic molecule.

For this purpose, it was tested if the known structure of the natural product 

staurosporine could be reproduced by means of  RDC restrained molecular 

dynamics  simulations.  At  first,  deuterated  polystyrene  as  new  alignment 

medium  was  used  to  enable  a  precise  measurement  of  residual  dipolar 

couplings. Then, two computational approaches for the structural analysis of 

staurosporine  were  compared:  the  established  but  "static“  singular  value 

decomposition that comes with the PALES program and orientation restraining 

during molecular dynamics simulations within the software program package 

GROMACS.[56-58]

2.2.2 Structural Aspects of Staurosporine

The  natural  product  staurosporine  (see  Fig.  2.8)  which  is  isolated  from 

Streptomyces staurosporeus consists of  an extensive aromatic ring system 

and a six-membered tetrahydropyran ring attached via two nitrogen atoms.[59] 

The tetrahydropyran ring, in principle, contains four stereogenic centers but 

cyclization  reduces  the  degrees  of  freedom  to  three,  resulting  in  23 =  8 

possible configurations (four diastereomers SRRR, SRSR, SSRR, SSSR, and 

their enantiomers RSSS, RSRS, RRSS, and RRRS).  NMR experiments are 

usually carried out  in  an achiral  environment;  hence,  enantiomers result  in 

identical  spectra  and  only  four  diastereomers  of  staurosporine  have  to  be 
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considered. Nevertheless - in addition to the differing configurations - chair or 

boat  conformations  of  the  six-membered  ring  must  be  taken  into  con-

sideration,  finally  resulting  in  a  total  of  eight  distinguishable  structures  of 

staurosporine.

2.2.3 Measurements of Staurosporine in Deuterated Polystyrene

As  already  addressed  in  the  introductory  section  of  this  chapter,  the 

configuration and the preferred conformation of staurosporine could only be 

verified via residual dipolar couplings if both a sufficient number and precise 

NMR  data  are  available.[54] However,  common  alignment  media  generally 

introduce undesired NMR signals which might severely overlap with signals of 

the molecule of interest, and become especially annoying in polymer gels at 

low  alignment  strengths.  Thus,  a  new,  gel-based  alignment  medium  was 

tested  with  per  se full  scalability  of  alignment  strength  and  practically  no 

additional  interfering  NMR  signals:  deuterated  polystyrene  in  chloroform 

(dPS/CHCl3).

Figure 2.8: Presentation of 
the configuration of stauro-
sporine.  The  natural  pro-
duct  contains  four  stereo-
centers;  due  to  the  cyclic 
nature  of  the  tetrahydro-
pyran  ring,  the  degree  of 
configurational  freedom is 
reduced  to  three  indepen-
dent  stereogenic  centers. 
The naturally found stereo-
chemistry  is  the  “SRRR” 
configuration;  the  lowest 
energy structure of the six-
membered ring is the chair 
conformation. 
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After synthesizing and swelling cylindrically shaped, cross linked dPS sticks in 

CDCl3 as well  as addition of staurosporine, the corresponding  1H,13C-CLIP-

HSQC spectrum shows no overlap of the solute signals with the very small 

residual  polymer  signals.[60] The  comparison  of  spectra  recorded  with  and 

without  alignment  medium allows  the  extraction  of  thirteen  one-bond 

heteronuclear RDCs which are (together with corresponding error-estimations) 

tabulated in figure 2.9.

Number Group 1JCH [Hz] 1(J+D)CH [Hz] 1DCH [Hz]

01 1 158.0 ± 1.5 130.8 ± 2.0 -27.2 ± 2.5

02 2 158.1 ± 3.0 147.0 ± 7.0 -11.1 ± 7.6

03 3 160.6 ± 3.0 162.3 ± 3.0 1.7 ± 4.2

04 4 165.0 ± 0.3 137.9 ± 1.0 -27.1 ± 1.0

05 11 162.5 ± 0.5 137.1 ± 1.0 -25.4 ± 1.1

06 10 159.6 ± 2.0 162.2 ± 3.0 2.6 ± 3.6

07 9 160.9 ± 2.0 148.0 ± 5.0 -12.9 ± 5.4

08 8 158.1 ± 0.3 132.8 ± 1.0 -25.3 ± 1.0

09 6' 159.3 ± 0.5 165.1 ± 1.0 5.8 ± 1.1

10 5'a 131.7 ± 1.0 139.2 ± 3.0 7.5 ± 3.2

11 4' 135.2 ± 0.3 131.5 ± 1.0 -3.7 ± 1.0

12 3' 140.3 ± 0.5 120.5 ± 5.0 -19.8 ± 5.0

13 Me 129.2 ± 0.2 126.0 ± 1.0 -3.2 ± 1.0

2.2.4 Singular Value Decomposition

With  all  of  the  RDCs  in  hand,  a  static  configurational  and  conformational 

analysis of staurosporine was possible: the experimentally obtained thirteen 

residual  dipolar  couplings  were  fitted  against  the  eight  potential  structures 

using the program PALES with the so-called “bestFit” option.[56] The resulting 

squares of the corresponding correlation factors (R2) which are a measure of 

the  quality  of  the  fit  as  well  as  the  alignment  tensor  for  staurosporine  in 

deuterated polystyrene / chloroform are illustrated in figure 2.10 and 2.11. It 

becomes obvious that  the best  correlation  (R2  = 0.996)  is  obtained for  the 

staurosporine SRRR configuration with the tetrahydropyran ring in the chair 

conformation; this result supports the structure reported for the free base of 

the natural product.[61,62]

Figure  2.9: Table  of  the 
thirteen  measured  scalar 
couplings  and  RDCs  for 
staurosporine. The nomen-
clature refers to the assign-
ment  which  is  given  in 
figure  2.8.  The  obtained 
values were extracted from 
1H,13C-CLIP HSQC spectra 
with  and  without   align-
ment in a deuterated poly-
styrene/CDCl3 gel.
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Figure  2.10: Comparison 
of  experimentally  deter-
mined  RDCs  of  stauro-
sporine  and  RDCs  back 
calculated  with  the  pro-
gram PALES for the SRRR 
boat (left) and chair (right) 
arrangements. Based on all 
deviations  between  the 
measured  RDCs  and  cal-
culated  ones,  the  cor-
relation  factor  R  can  be 
computed.  R2,  the  square 
of  the  correlation  factor, 
can have values between 1 
(full consensus) and 0 (no 
correlation).

Figure  2.11: Comparison 
of  experimental  and  back 
calculated  RDCs  of  the 
SRRR boat and chair struc-
tures.

a)  The  square correlation 
factors R2 for all potential 
arrangements  of  stauro-
sporine.

b)  The PALES fit  derived 
R2 factors  clearly  support 
the  SRRR chair  structure. 
The 3D structure of stauro-
sporine  is  illustrated  with 
color-coded  atomic  bonds 
representing negative (red) 
and positive (blue)  1H,13C-
RDCs as well  as the axes 
of the corresponding align-
ment tensor drawn next to 
it. The 1DCH coupling of the 
methyl  group  (number  13 
in figure  2.9) was utilized 
as converted  1DCC RDC in 
the PALES fittings.
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2.2.5 Molecular Dynamics Simulations

By means  of  the  “static”  singular  value  decomposition  approach,  both  the 

configuration  and  the  preferred  conformation  of  staurosporine  could  be 

verified. In order to test if a method that regards intrinsic molecular flexibility 

provides equal or even more convincing results than the PALES-SVD, residual 

dipolar  couplings  driven  MD  simulations  were  applied  for  confirming  the 

configuration  and  the  conformation  of  staurosporine  (thereby  following  the 

method  published  by  Hess  and  Scheek  which  is  implemented  in  the 

GROMACS 3.3.2 simulation package).[57,58] Since the main interest of this work 

was  to  demonstrate  the  potential  of  RDC  based  MD  calculations,  the 

simulations focused only on the SRRR and SSSR configurations; in addition, 

the possible chair and boat conformations were also considered, resulting in 

four staurosporine structures to be tested. For the 5 ns long MD production 

runs, twelve of the 13 measured 1DCH couplings were taken into account (the 

RDC value of the methyl group “Me” was not included as the rotation of the 

three CH vectors would not converge to its average state in short trajectories). 

Furthermore, three different MD setups were tested: in run 1, staurosporine 

was  not  coupled  to  the  experimental  values  but  is  only  described  by  the 

parameters of the OPLS-AA force field. In the setups of simulations 2 and 3, 

the RDC coupling force constants were at each time 0.1 kJ / mol; in run 2, the 

orientation restraints were constantly coupled to the natural product whereas 

in run 3 time-averaging was applied with a coupling constant of 100 (ps)-1.

 

Figure  2.12: A  graphical 
illustration of the results of 
a free and two RDC driven 
MD simulations. The three 
runs  were  performed with 
the  following  conditions: 
a)  no coupling to recorded 
RDCs;  b)  with  a  constant 
restraint  force  of  0.1  kJ  / 
mol;  c)  with  a  restraining 
force of 0.1 kJ / mol which 
is  time  averaged  (1/100 
ps). The  labels correspond 
to the numbering shown in 
figure 2.9. The color code 
is as follows: black: SRRR 
chair,  red:  SRRR  boat, 
blue:  SSSR  chair,  green: 
SSSR boat (the SSSR boat 
and  chair  structures  result 
in  very  similar  deviations 
and  are  therefore  hardly 
distinguishable  in  the  dia-
gram).

a)
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The deviations of the calculated RDCs from the measured ones are illustrated 

in  figure  2.12  (with  reference  to  the  three  tested  simulation  setups).  The 

average  variances  as  calculated  for  the  four  different  configurations  and 

conformations  of  staurosporine  are  tabularly  summarized  in  figure  2.13; 

furthermore, the resulting restraint potential energies were  computed and are 

also given in the table shown below.

 

Continuation of Fig. 2.12: 
The RDC restraints 1-8 are 
located in the flat and rigid 
aromatic  ring  system  of 
staurosporine.  Thus,  the 
MD  deviations  are  small 
for  all  structures  and  all 
setups.  Distinct  deviations 
are visible for the restraints 
9-12  which  represent  the 
vector  orientation  of  the 
more  flexible  tetrahydro-
pyran  ring.  In  total,  the 
smallest  deviations  from 
experimental  RDC  values 
are  present  in  the  SRRR 
chair structure (black line).

b)

c)
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RUN 1 SRRR chair SRRR boat SSSR chair SSSR boat

Potential Restraint 
Energy (kJ / mol) ----- ----- ----- -----

Restraint RMS 
Deviation (Hz) 1.944 4.303 7.193 7.151

RUN 2 SRRR chair SRRR boat SSSR chair SSSR boat

Potential Restraint 
Energy (kJ / mol) 2.887 8.394 15.954 15.792

Restraint RMS 
Deviation (Hz) 1.429 2.960 4.734 4.717

RUN 3 SRRR chair SRRR boat SSSR chair SSSR boat

Potential Restraint 
Energy (kJ / mol) 1.098 4.966 14.612 14.638

Restraint RMS 
Deviation (Hz) 1.345 2.998 5.121 5.125

By comparing the MD results of the four investigated arrangements of stauro-

sporine, it becomes obvious that in all simulations the SRRR boat arrange-

ment of staurosporine results in the best consensus. Compared to the other 

studied structures of the natural product, the restraint potential energies are 

the  lowest  ones;  moreover,  only  the  SRRR  configuration  with  its  six-

membered ring  in chair conformation reveals RDC deviations that are lower 

than 2 Hz in the case of a free (only force field based) simulation and lower 

than 1.5 Hz for  RDC coupled runs. If  the 3'  CH-coupling  which shows the 

strongest  RDC  violations in  all  three trajectories and has a relatively large 

experimental error of ± 5.0 Hz is neglected, the RMS deviation would be below 

1.0  Hz;  this demonstrates  that  MD  simulations  are  as  well  suited  as  the 

PALES fitting procedure for elucidating and verifying 3D structures by help of 

accurate residual dipolar couplings. The comparison of the three MD setups - 

free dynamics and RDC coupled MD runs with and without time averaging - 

further  reveals  that  the  OPLS-AA force  field  in  combination  with  a  careful 

topology  parametrization  excellently  reproduces  the  right  configuration  and 

conformation  of  staurosporine.  The  trajectories  which  are  coupled  to  the 

measured RDCs result  in lower RMS deviations with respect to the SRRR 

boat structure of the natural product compared to the free MD runs. However, 

due to the external forces which compel staurosporine to adopt a structure 

which is in agreement with the measured NMR data, the deviations between 

Figure 2.13: Table of MD 
derived  potential  restraint 
energies  as  well  as  RMS 
deviations between the re-
corded  and  the  calculated 
RDCs. In all MD runs, the 
SRRR configuration in the 
chair  conformation  led  to 
the  lowest  potential  re-
straint  energies  and  the 
smallest  RDC  deviations. 
As run 1 was not coupled 
to the measured values, no 
potential  restraint  energies 
were obtained. In run 2, the 
restraint force was 0.1 kJ / 
mol and no time averaging 
was used. Run 3 was per-
formed  with  a  restraint 
force  constant  of  0.1  kJ  / 
mol  and  included  a  time 
average  coupling  constant 
of 100 (ps)-1.
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recorded and computed RDCs for the three wrong structures are also lowered. 

On one side, a distinction between right and false structures is aggravated if 

only  the  average  RMS  deviations  are  regarded.  On  the  other  side,  if  no 

structure information is available a priori, an arbitrary starting structure can be 

enforced to adopt the desired natural arrangement by applying RDCs together 

with strong coupling forces (given that no high barriers separating local energy 

minima  are  present  on  the  hyper  surface).  Finally,  a  significant  difference 

between constant and time-averaged coupling runs could not be obtained for 

the relatively rigid staurosporine simulated in vacuum.

2.2.6 Conclusion

In summary, it  could be demonstrated that RDC driven MD simulations are 

capable to verify known molecular arrangements, and thus should be able to 

contribute to the elucidation of unknown molecule structures. For this to show, 

the new developed alignment medium deuterated polystyrene that allowed the 

measurement of a sufficient number of precise residual dipolar couplings was 

utilized.[63] In general,  two simulation procedures were tested:  free MD cal-

culations in combination with the application of a high-quality force field could 

produce structures which could be evaluated by means of measured RDCs. 

Alternatively, the MD runs can be directly coupled to the recorded RDCs; in 

the process the simulated molecule is enforced to adopt a structure which cor-

responds to the given RDCs.  RMS deviations between provided and com-

puted RDCs as well as the potential restraint energies of RDC restraints can 

be used as a quality criterion of the calculated structure. For (relatively) rigid 

molecules,  MD  simulations  provide  results  of  comparable  quality  as  the 

PALES-SVD approach.  For  more flexible  molecular  arrangements,  MD cal-

culations might be even superior if the simulation setup is carefully adjusted.

2.2.7 Reagents, Methods, and Experiments

Informations  about the new alignment medium  and the NMR measurement 

parameters can be found in literature.[63]

Molecular dynamics calculations were carried out with the GROMACS 3.3.2 

simulation package.[57] The OPLS-AA force field was used for parametrization 

of  staurosporine.[64] Partial  charges,  molecular  geometries and bonded and 

non-bonded interaction parameters were adopted from molecules with similar 
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chemical  motifs  compared  to  staurosporine.  Starting  coordinates  of 

staurosporine  in  the  different  configurations  and  conformations  were 

generated using the program SYBYL (Tripos). Each structure was placed in 

cubic  periodic  boxes with  vector  lengths of  5  nm.  All  molecules  were  first 

energy minimized using the Steepest Descent algorithm. The production runs 

were performed under vacuum conditions. A stochastic bath was applied with 

a reference temperature of 300 K using an atomic friction coefficient of 70 (ps)-

1. All bond lengths were constrained using the LINCS algorithm with a highest 

order parameter of 4.[65] Newton's equations of motions were integrated using 

a stochastic leap-frog algorithm and a time step of 0.002 ps.[65] Non-bonded 

interactions were calculated using a twin-range cut-off  scheme. Interactions 

within a short-range cutoff of 0.9 nm were computed every time step from a 

pair-list which was updated every five steps. Interactions between 0.9 nm and 

2.0 nm were only calculated at these time points. Since the simulations were 

performed in vacuo, the long-range cutoff was prolonged to 2.0 nm and long-

range correction terms to electrostatic and van der Waals interactions were 

neglected.  Non-bonded  interactions  between  all  atoms in  the  flat  aromatic 

system of staurosporine were excluded. All simulations were performed for 6 

ns; the first nanosecond was used for equilibration of the molecule. Energies, 

forces and coordinates were written out each picosecond. Twelve of the 13 

measured one-bond 1H-13C RDCs were applied to staurosporine as orientation 

restraints. The aromatic ring system of the molecule served as fitting group for 

the  determination  of  the  internal  orientation  of  flexible  groups.  Three 

simulations were performed where the force constants of the restraints was 

chosen to be 0 kJ / mol (no coupling) or 0.1 kJ / mol (weak coupling) whereas 

both constant (t = 0 ps) and time-averaged coupling (t = 100 ps) was utilized.

2.2.8 Declaration

The  presented  topic  was  conducted  in  collaboration  with  M.Sc.  Grit 

Kummerlöwe  and  PD  Dr.  Burkhard  Luy  (Technical  University  Munich, 

Department  Chemistry).  G.K.  contributed  to  the  development  of  dPS  and 

measured  all  residual  dipolar  couplings.  B.L.  performed  the  PALES 

calculations. The described results have been published as follows:

G. Kummerlöwe, S. Knör, A.O. Frank, T. Paululat, H. Kessler, B. Luy. Deuterated 

Polymer Gels for Measuring Anisotropic NMR Parameters with Strongly Reduced 

Artefacts. Chem. Commun. 2008, 44, 5722-5724.
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2.3 Verifying the Constitution of Functionalized Bio-
molecules

In the last  two chapters,  a structural  analysis  of  the conformation and /  or 

configuration of peptide derivatives and a medium-sized natural product  was 

presented. A necessary prerequisite of such studies is the knowledge of the 

constitution  of  the  molecules  under  investigation.  The utilization  of  electro-

spray ionization mass spectrometry (ESI-MS) reveals if a synthesized small 

molecule  has  the  expected  weight  and  therefore  provides  hints  about  the 

molecular  constitution. However,  the concrete connection of atoms or atom 

groups  remains  unknown.  When dealing  with  regular  peptides  or  common 

derivatives thereof  which are in  almost  all  cases synthesized by means of 

commercially available amino acids, a sequential NMR assignment - proving 

the covalent connection of the used building blocks - is  usually  sufficient to 

verify their constitution. In contrast, the composition and the arrangement of 

molecules that include atypical chemical groups (in a biological sense) or that 

are arranged in an unusual (not biogenic) way with respect to the connectivity 

of  atoms, must  exhaustively be elucidated via NMR spectroscopy or  X-ray 

crystallography.  If  only the constitution and no conformational  aspects of  a 

molecule are of interest, NMR spectroscopy has distinct advantages over the 

latter mentioned method. For example, the often time-consuming search for 

adequate crystallization conditions of a molecule is not necessary; additionally, 

in opposition to conformational analysis, the type of solvent which results in 

the easiest interpretable NMR spectra can be freely chosen.[66,67]

2.3.1 The Scientific Question

Constitutional  analysis  is  a  standard  procedure  for  describing  new-found 

natural products. Furthermore, verifying the structure of designed molecules is 

also an essential prerequisite before their development can be published. If a 

molecule comprises a sufficient number of NMR active nuclei (e.g. labeled bio-

molecules or organic compounds available in high concentrations), solution-

state NMR spectroscopy is a well suited method for structural analysis.[54]

In this scope, the goal of the following two projects was the NMR 
based elucidation of the constitutions of three compounds which 
may find applications as biosensors or biologically active agents.
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The focus of both topics was on the determination of the constitution of two 

ferrocene  containing  and  one  ruthenium comprising  amino  acid  derivative. 

Since the three compounds contain metal ions and non-biogenic atom groups, 

constitutional assignments were challenging. Due to the sufficient amounts of 

available substances,  not  only homonuclear but  also heteronuclear spectra 

like HSQC or HMBC could be recorded and finally fully assigned.

2.3.2 Affinity Markers and the Concept of Biosensors

A relatively young method for characterizing the function of enzymes is the 

application  of  so-called  affinity  markers.[68] In  principle,  an  affinity  marker 

usually  consists  of  a  recognition  sequence  which  can  form  a  reversible 

complex  with  the  enzyme of  interest,  and  a  reactive  head group which  is 

positioned in such a way that a irreversible,  covalent bond is built  with the 

enzyme  during  the  catalytic  transformation.  In  addition,  the  recognition 

element  is  mostly  attached  to  a  linker  sequence  which  allows  e.g.  the 

immobilization of the affinity marker (see Fig. 2.14).

Affinity markers are often one basic component of biosensors which are able 

to  transform chemical  informations  (e.g.  substance  concentrations,  sample 

composition)  into  an  analytically  detectable  signal.[68] Whereas  the  affinity 

marker  is  responsible  for  the chemical  recognition and binding,  a physico-

chemical transducer (the second part of a biosensor) converts the effect of an 

enzymatic reaction into e.g. a thermal, an electrochemical, or an optical signal 

that could be finally detected.

Figure  2.14: Presentation 
of a typical affinity marker 
for  papain-like  proteases. 
The molecule consists of a 
recognition  sequence  that 
is  necessary  for  receptor 
binding, of a reactive head 
group that can build a co-
valent bond to the receptor, 
and usually of a long linker 
sequence.
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2.3.3 Verifying the Structures of Ferrocene Containing Affinity 
Markers

In  order  to  create  a  new  electrochemical  biosensor,  a  known  construct 

developed for studying the activity of  cysteine-proteases was used as tem-

plate structure (see Fig. 2.15).[69,70] It was decided to incorporate the inorganic 

ferrocene  as  redox  active  probe  into  the  affinity  marker  scaffold  since  it 

displays several characteristics making it well suited for electrochemistry.[71-79]

After  distinct  modifications  of  the  basic  structure  which  were  necessary to 

enhance  e.g.  the  water  solubility,  two  biosensor  molecules  were  designed 

which further on had to be constitutionally analyzed; the expected structures of 

both compounds are illustrated in figure 2.16.

Figure 2.15: Illustration of 
a  template  affinity  marker 
for  cysteine-proteases  and 
the  two  possibilities  for 
attaching  the  redox  active 
ferrocene to the scaffold.

Figure  2.16: Presentation 
of  the  proposed  structures 
of two molecules  that  can 
be  utilized  as  biosensors. 
a) molecule 1 with the red-
ox  active  ferrocene  group 
covalently  attached  to  the 
linker  sequence;  b)  com-
pound 2 with the ferrocene 
unit  linked  to  the  reactive 
head group.
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For the elucidation of the constitutions, both molecules were dissolved in d6-

DMSO and multiple NMR spectra were recorded: 1H-1D, 13C-1D, 1H,1H-COSY, 
1H,1H-TOCSY,  1H,1H-ROESY,  1H,13C-edHSQC,  1H,15N-edHSQC,  and  1H,13C-

HMBC. The 13C-1D was used to check if all expected carbon resonances were 

present.  Homonuclear  J-couplings and signal intensities could be extracted 

from proton 1D and COSY spectra, respectively. Individual spin systems were 

verified based on their  TOCSY pattern; distinct groups of the spin systems 

(especially the plethora of CH2 groups) were assigned by the help of COSY 

and  edited  HSQC spectra.  The  “sequential”  assignment  (sequence  blocks 

which are separated by an amide bond) was not performed via the popular 

TOCSY /  ROESY approach  but  with  the  aid  of  heteronuclear  long-range 

couplings provided by the HMBC spectrum.[80] ROESY data in  combination 

with the TOCSY spectrum were used to evaluate the  assignment.

First, the molecule shown in figure 2.16a was constitutionally investigated. All 

NMR active nuclei  (1H,  13C,  15N) with exception of  degenerated proton and 

carbon signals were found in the spectra and could be assigned to the primary 

sequence. Homonuclear  scalar  3J  couplings  of  amino  acid  amide  protons 

(doublet splitting due to Hα protons) have values in the range between 7.8 and 

8.5  Hz  and  are  consistent  with  the  “intraresidual“  assignment.  The  proton 

resonances  of  ferrocene  exhibit  the  typical  intensity  pattern  of  2:2:5.  The 

chemical shifts of the cyclopentadiene rings (4.04-4.16 ppm) partially overlay 

with the Hα protons of the used amino acids (amino acid derivatives) which - 

as expected - arise in the spectra between 4.15 and 4.35 ppm. One of the 

amide  protons  (located  in  the  main  chain)  close  to  the  iron  containing 

ferrocene group displays a regular shift of 7.72 ppm whereas the amide proton 

neighboring the Boc group is  upfield  shifted (6.67 ppm).  All  protons of  the 

amino hexane acid are detected between 1.20 and 2.79 ppm; the two protons 

of  the  epoxide  group  arise  at  3.72  and  3.60  ppm.  The  resonances  of  all 

carboxy C-atoms are in the range between 165 and 174 ppm. Carbon atoms 

of the ferrocene were assigned as follows:  84.9 ppm (Cipso),  68.8 and 67.5 

ppm (substituted cycle), and 69.5 ppm (not substituted ring). With exception of 

the Boc nitrogen which arises at 90.7 ppm and the free amide group arising at 

104.8  ppm (negative  signal  due to the  two attached protons in  the  edited 

HSQC spectrum; see overlay in figure 2.16), all  15N are in the typical amide 

nitrogen region between 115.8 and 123.9 ppm. All  further resonances were 

detected as expected. With the complete assignment of all atoms in hand, the 

connection of the individual spin systems could be determined by means of 
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1H-13C  coupled  resonances  (heteronuclear  3J  couplings  between  amide 

protons and carboxy C-atoms) as arising in the HMBC spectrum. Therefore, it 

was possible to verify the constitution of molecule 1 (as shown in Fig. 2.15a).

For molecule 2 (see Fig. 2.16b), all atoms which have the same or a related 

chemical  (and  therefore  magnetic)  environment  as  in  molecule  1  exhibit 

similar  chemical  shifts  (shift  ranges)  and  J-couplings.  A  first  exception 

concerns the amide proton close to the ferrocene group which is - compared 

to its analog in molecule 1 - downfield shifted (8.57 ppm). In addition, no high 

field shifted nitrogen peak is visible in the 1H,15N-HSQC spectrum due to the 

absence  of  the  neighboring  Boc  group.  Finally,  no  15N chemical  shift 

information  of  the  free  amino  group  could  be  gained  due  to  chemical 

exchange of attached protons with residual solvent water (see overlay in figure 

2.17).  Again,  the  connection  of  spin  systems was  proved  via  informations 

extracted from the 1H,13C-HMBC spectrum. The full NMR assignment of both 

described molecules is given in the appendix of this work.

Figure  2.17: Overlay  of 
the  15N-HSQC  spectra  of 
molecules  1  and  2:  Color 
code:  blue:  positive  peaks 
(only one proton is bound 
to a nitrogen) for molecule 
1;  purple:  negative  peaks 
(two  protons  are  attached 
to a nitrogen) for molecule 
1; red: positive resonances 
for  compound  2;  green: 
negative  resonances  for 
compound 2. In F2, the 1H 
NMR dimension  is  given; 
F1 is the  15N dimension. A 
description of the spectrum 
and the resonances is given 
throughout the main text. 
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2.3.4 The Role of Sandwich and Half-Sandwich Complexes

The  well  established  stability  of  d6-sandwich  complexes  towards  oxygen, 

water, or even under physiological conditions lead to a wide spread interest 

into  the  application  of  such  systems  as  biological  probes and  pharmaco-

logically active compounds.[81-103] The transition  to  half-sandwich complexes 

adds  an  further  dimension  to  the  chemistry  of  these  systems  due  to  the 

introduction of potentially labile coordination sites. Specifically, half sandwich 

arene  ruthenium(II)  complexes  conquered  a  plethora  of  applications.  In 

particular, the in vivo and in vitro cytotoxicity of this class of compounds has 

recently triggered intense research activity targeting the design of selective 

organometallic anti cancer agents (see e.g. Fig. 2.18a).[104-112] They also have 

attracted considerable attention due to a wide range of applications including 

building  blocks  for  supramolecular  structures,[113] catalysts  for  transfer 

hydrogenations,[114-120] hydrogenations,[121] or C-C couplings.[122,123] Finally, half 

sandwich  ruthenium  complexes  were  successfully  applied  as  catalytically 

active metal centers in organometallic enzyme hybrids.[124,125]

Ruthenium η6-arene complexes with pendant carboxylate groups, alcohols, or 

even  amino  acids  have  successfully  been  designed  and  found  important 

applications  (see  e.g.  Fig.  2.18b).[93,126-137] Surprisingly,  half  sandwich 

ruthenium complexes of  biogenic  amino acids have yet  not  been reported. 

There  is  only  one example  where  the  synthesis  non-biogenic  amino acids 

comprising  an  η6-arene  ruthenium  metal  center  was  reported,[137] and 

descriptions of η6-ruthenium complexes with biogenic amino acids are rare.[126-

133] In addition, none of the published motifs exhibits an open coordination site 

which is required for a metal centered catalytic activity.

Therefore, it is of great interest to synthesize and characterize complexes that 

combine the chemical properties of  biogenic  amino acids and the versatile 

features of catalytically active metal centers.

NH2
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Cl
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Cl
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Cl

O

EtO
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Figure  2.18: Presentation 
of published half-sandwich 
complexes which comprise 
ruthenium metal centers. a) 
Sadler agent and b)  Beck 
compound. Both of the  η6-
arene  Ru(II) complexes 
have  already  successfully 
been  applied  in  selective 
enzyme inhibition.

a) b)
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2.3.5 Constitutional Analysis of an Amino Acid Based Ruthenium 
Complex

During  the  development  of  a  biologically  active  half-sandwich  compound 

based on a ruthenium complexed phenylalanine, four important intermediate 

products had to be analyzed by NMR spectroscopy as no crystal  structure 

were  present.  At  this  point,  the  structural  analysis  of  only  one  of  the  four 

complexes  is  presented  in  detail  since  all  molecules  exhibit  a  similar 

constitution.  The compound  of  interest  comprises  the  amino acid  which  is 

twofold complexed to the metal ion; a tosylated ethylenediamine group serves 

as a second ruthenium ligand (see Fig. 2.19).

The constitutional NMR study of the Ru-complex shown above came along 

with two challenges. First, as the complexes have different, not interconnected 

spin systems, no complete assignment of both the (S)-Ru and (R)-Ru complex 

is possible; thus, an elucidation of the molecular constitution - in particular, the 

determination of the coordination of the phenylalanine ester and the tosylated 

ethylenediamine to the metal center - could only indirectly be obtained. Further 

on, the bioinorganic complex contains two chiral centers (α-CH carbon and the 

ruthenium center),  resulting in diastereomeric molecules. Hence, two signal 

sets were expected for the system to occur in the NMR spectra. 

For  the  structural  analysis,  the  molecule  was  dissolved  in  d6-DMSO  and 

multiple  NMR  spectra  were  recorded:  1H-1D,  13C-1D,  1H,1H-COSY,  1H,1H-

TOCSY,  1H,13C-edHSQC,  1H,15N-HSQC,  and  1H,13C-HMBC.  The  proton  1D 

spectrum reveals that the diastereomers of the complex were distributed in a 

ratio of 3:2; one of the diastereomers might be disfavored since the bulky ethyl 

ester group disfavors one of the conformations. By means of the 2D spectra, 

all  nuclei  of  the single  spin systems (the ethyl  ester  group,  phenylalanine, 

ethylenediamine, and the tosyl group) could be assigned. The 1H,13C coupled 

spectra reveal that all atoms of the phenylalanine aromatic ring system display 

Figure 2.19: Illustration of 
the proposed structure of a 
new  ruthenium  consisting 
half-sandwich complex (Ts 
stands  for  tosylate).  The 
molecule  is  built  of  the 
amino  acid  phenylalanine 
and  ethylenediamine  that 
are  always  twofold  co-
ordinated to the metal ion.
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differing chemical shifts (e.g. 1H:  5.08, 5.45, 5.73, 5.95, and 6.57 ppm for one 

of the diastereomers) which are - compared to the free amino acid - strongly 

upfield  shifted  (e.g.  13C:  105.4-70.1  ppm for  one of  the  diastereomers).  In 

addition,  the  1H,15N-HSQC  spectrum  also  shows  drastically  upfield  shifted 

nitrogen  and  proton  resonances  of  the  phenylalanine  and  of  one  of  the 

ethylenediamine amino groups (with respect to not-complexed molecules; see 

Fig. 2.20 as an example of the arising “atypical“  chemical shifts of  the two 

amino groups). 

Thus, it becomes obvious that both phenylalanine and ethylenediamine form a 

complex with the ruthenium ion, and that this coordination results in a strong 

structural tense of the complex - otherwise, the aromatic carbon and proton 

nuclei would exhibit the same chemical shifts for each of the two atoms in the 

ortho and para positions.  Further on, four inequivalent nitrogen resonances 

are detectable in the 1H,15N coupled spectrum; two peaks arise from the “Sru / 

Sα-CH“, the other two from the “Rru / Sα-CH“ diastereomers. Each 15N nucleus is 

coupled to two inequivalent protons which are shifted by values of up to  2.8 

ppm in  the  proton  dimension  (see  again  Fig.  2.20);  this  finding  could  be 

attributed to different orientations of the amino group atoms with respect to the 

localization of the ruthenium ion. In total, all atoms with exception of the not-

proton bonded nitrogen atom could unambiguously be assigned. The complete 

list of chemical shifts is given in the appendix of this work. 

Figure 2.20: Section of the 
1H,15N-HSQC spectrum of 
the half-sandwich complex 
to be elucidated. Due to the 
presence of two diastereo-
mers,  four  different  NH2 

groups were detected. The 
Ru(II)  ion  is  responsible 
for  the  dramatic  upfield 
shift  of  the  resonances  in 
the  nitrogen  dimension. 
Depending  on  the  spatial 
orientation  of  the  two 
protons  bound to  nitrogen 
atoms  with  respect  to  the 
metal center, each time one 
of the 1H nuclei is strongly 
upfield  shifted  in  the  1H 
dimension.  Further  details 
about  the  analysis  of  the 
1H,15N-HSQC spectrum are 
given in the main text.
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2.3.6 Conclusion

By the  help  of  NMR spectroscopy,  the  constitution  of  three  functionalized 

bioinorganic compounds which can serve as biosensors and biologically active 

agents,  respectively,  could  be elucidated.  In  all  three cases,  the  proposed 

(expected) structures were unequivocally verified. The constitutional analysis 

of both ferrocene containing molecules could be obtained by an assignment 

strategy  using the  homonuclear  TOCSY and  COSY and  the heteronuclear 

edHSQC and HMBC spectra. Due to the presence of not-interconnected spin 

systems, the constitution of the Ru(II) containing half-sandwich complex could 

only indirectly be verified by excluding other structure solutions. With the aid of 

TOCSY and HMBC spectra (together  with  COSY and HSQC spectra),  the 

nuclei localized in the different spin systems were assigned; the characteristic 

chemical shift data of nuclei that are coordinated to or in the neighborhood of 

the metal ion finally allow the elucidation of the molecular constitution.

2.3.7 Reagents, Methods, and Experiments

All  informations  regarding  the  design  of  the  described  molecules,  their 

synthesis, and the biological analysis can be found in literature.[138,139]

All spectra (1H-1D, 13C-1D, 1H,1H-TOCSY, 1H,1H-ROESY, 1H,1H-COSY, 1H,13C-

edHSQC,  1H,13C-HMBC,  1H,15N-(ed)HSQC) were recorded on a Bruker 900 

MHz or 600 MHz spectrometer,  both equipped with a TXI cryo probe.  The 

temperature was 300 K in all cases. Standard Bruker pulse programs were 

applied.[140-145] d6-DMSO was used as solvent and for the lock signal. Spectral 

widths were 10 ppm in all  1H dimensions, 140 ppm (1H,13C-edHSQC; center 

frequency: 70 ppm) and 200 ppm (1H,13C-HMBC; center frequency: 100 ppm) 

in  13C dimensions, or 60 ppm (1H,15N-(ed)HSQC; center frequency: 110 ppm 

for the ferrocene containing molecules and 0 ppm for the ruthenium complex) 

in the  15N dimension. HSQC spectra were recorded with heteronuclear com-

posite-pulse  decoupling.  The  13C-1D spectrum was recorded with  standard 

proton  decoupling.  In  all  2D  spectra,  1k  (HSQC  spectra)  or  4k  (all  other 

spectra) data points were recorded in the direct dimensions; in the indirect 

dimensions, 512 data points were recorded. Exponential, sine or square sine 

window functions were used for apodization of the spectra. The spectrometer 

frequencies (1H: 900.13 MHz / 600.13 MHz,  13C: 226.34 MHz / 150.90 MHz; 
15N: 91.21 MHz / 60.81 MHz) were used for internal calibration of all spectra.
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3 Imaging the Real World
Simulation of Molecular Dynamics

The determination of three-dimensional structures allows insight into the 

architecture of single molecules and molecular complexes. Informations 

obtained in this way are crucial e.g. for rationally designing or optimizing 

receptor inhibitors, for studying structural consequences of amino acid 

mutations in proteins, or for elucidating the binding modes of interaction 

partners. However, images of 3D structures only represent a snapshot 

and can be regarded as low (potential) energy conformations which are 

frozen at absolute zero temperature. This fact implies that entropic and 

therefore  dynamic  effects  are  completely  neglected.  As  the  entropy 

plays often an essential role in structure formation and intermolecular 

recognition,  respectively,  it  is  indispensable  for  understanding  bio-

chemical  processes  to  embed  static  molecular  arrangements  into  a 

dynamical  framework.  This  is  especially  true  for  small  and medium-

sized peptides since they usually display more degrees of freedom per 

amino acid residue compared to proteins or their complexes. As it is 

often  very  difficult  or  even  not  possible  to  trace  fast  dynamics  via 

experimental methods, computational tools have been developed which 

are utilized to simulate the dynamical behavior of all kinds of molecules. 

In addition, by means of these virtual approaches, informations about 

thermodynamically preferred states or  molecular  motions like free or 

restricted  rotational  tumbling  and  translational  diffusion  can  also  be 

gained. In principle, molecular dynamics simulations can be applied in 

two different ways: on one side, they can serve as tools to predict the 

behavior of molecules under certain conditions; on the other side, they 

can be used to complement or explain experimental outcomes.
  

   

    



118          IMAGING  THE  REAL  WORLD:  SIMULATION  OF  MOLECULAR  DYNAMICS

3.1 Conformational Dynamics of an Integrin Inhibitor in 
Various Environments

The strength of biomolecular interactions depend on the mutual geometry of 

the receptor and ligand atoms which participate in the binding.[1-3] Only when 

groups that attract or repulse each other are optimally oriented in space, a 

stable intermolecular complex arises. In the context of rational drug design, 

this  implies  that  a  ligand  displays  a  high  target  affinity  only  if  its  three-

dimensional structure allows an ideal orientation of the essential pharmaco-

phore groups.[4] In other words,  the formation of  a receptor ligand complex 

requires that a designed molecule (the key) adequately fits into the binding 

pocket (the lock) of e.g. a protein.[5] These considerations are particularly of 

great importance when one deals with the development of peptidic drugs. Due 

to the presence of  multiple  degrees of  freedom (which are also present  in 

conformationally restricted cyclic  species),  peptides can adopt  several  con-

formations that differ not only in their 3D shape but also in their affinity to a 

target molecule of interest.[1] It generally pertains that the receptor affinity of a 

(cyclic) peptide is the more decreased the larger the number of differing (back-

bone) conformations is. Therefore, the aim in rational peptide drug develop-

ment is the design of structurally stable - often called “rigid” - scaffolds which 

enable  an  optimal  spatial  orientation  of  those  atoms that  take  part  in  the 

intermolecular recognition.

3.1.1 The Scientific Question

One outstanding example of the successful design of a peptidic drug is the 

αvβ3  integrin  binding  peptide  cyclo(RGDf(NMe)V-),  usually  called  Cilengitide, 

which is currently in clinical phase III for treating brain tumors and in clinical II 

for curing other cancer types.[6-10] The three-dimensional arrangements of the 

cyclic pentapeptide in  water  and in  complex with its integrin receptor  were 

elucidated a couple of years ago;[11] a comparison of both structures reveals 

slight differences in the backbone conformations. In this scope, it became of 

interest if Cilengitide can adopt varying 3D structures when being located in 

different environments. Obtaining insight into the conformational stability of the 

peptidic drug would provide not only beneficial  informations for  the rational 

design of further peptidic integrin inhibitors but might also allow for drawing 

conclusions  with  respect  to  the  extremely  high  αvβ3 receptor  affinity  of 

Cilengitide.
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Thus, the central goal of this project was to investigate the con-
formational  stability  and  intrinsic  dynamics  of  the  αvβ3 integrin 
binder Cilengitide in different environments.

For this purpose, the structure of the cyclic pentapeptide was studied in both 

protic and aprotic, polar and apolar solvents: water (H2O), dimethyl sulfoxide 

(DMSO), methanol (MeOH), and chloroform (CHCl3). By means of solution-

state NMR spectroscopy and DG /  MD computations,  the 3D structures of 

Cilengitide in various environments were determined and compared both with 

each other  and with  the peptide  conformation when bound to its  receptor. 

Finally, correlations between the dynamical behavior of Cilengitide and its αvβ3 

integrin binding mode are elucidated.

3.1.2 Cilengitide as Peptidic Integrin Inhibitor

Integrins are heterodimeric receptors found on the surface of most cell lines 

that  facilitate  attachment  to  other  cells  and  the  extracellular  matrix.[12] 

Moreover  their  bidirectional  signaling  pathways  can  affect  cell  growth, 

differentiation,  division,  migration,  and  apoptosis.[13,14] Apart  from  these 

functions integrins are responsible for the binding of certain viruses to the cell 

and  take  part  in  blood  coagulation.  These  characteristics  also  make them 

targets for pathological processes like inflammation, cardiovascular disorders, 

thrombosis, restenosis, vascular homeostasis, osteoporosis, cancer invasion, 

metastasis  and  tumor  angiogenesis.[15-19] The  challenge  when  targeting 

integrins is to develop selective drugs that discriminate between the receptor 

subtypes and thereby cause fewer side effects.

The elucidation of the minimal integrin recognition motif, the RGD amino acid 

sequence,[20] served as initial basis for the development of Cilengitide. Further 

on, the central RGD motif was first elongated by a C-terminal valine and an N-

terminal phenylalanine and finally cyclized in a head-to-tail manner. By means 

of the so-called spatial screening technique, the stem sequence  c(RGDfV-) 

was obtained; for this to work, each amino acids was once incorporated into 

the cycle in its  D-configuration.[21-24,24,25] From the resulting five peptides, the 

one which contained a  D-phenylalanine turned out  to  have ca.  1000 times 

higher activity for the αVβ3 receptor and about ten times reduced activity for the 

platelet receptor αIIbβ3 (compared to the linear reference peptide GRGDSPK).
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[23,24] Hence, a super-active and selective integrin inhibitor was yielded.[23,26,27] 

Later,  the  new-found  peptide  was  optimized  by  using  another  technique, 

named  N-methylation  scan.[6] The most  promising  peptide,  c(RGDf(NMe)V-), 

was elected by the Merck KGaA (Darmstadt) as drug candidate (see Fig. 3.1). 

Cilengitide has already entered the clinical phases II and III for the treatment 

of  glioblastoma multiforme,  metastatic  prostate  cancer,  and  lymphoma.[28-30] 

The cyclic  pentapeptide  is  completely  stable  in  vivo (it  is  excreted without 

metabolic degradation and shows a half life time of ca. four hours in man). As 

a drawback, Cilengitide is not orally available and has to be injected. Thus, 

further developments, also based on insights in conformational preferences, 

are necessary to convert promising peptides like this into orally available drug 

compounds.

3.1.3 Structural Studies of Cilengitide in Various Environments

After synthesis and purification of Cilengitide, the peptide was dissolved in the 

various four solvents and subsequently studied via NMR spectroscopy. Intra- 

and interresidual assignments were obtained by  1H,1H-COSY,  1H,1H-TOCSY, 
1H,13C-HSQC, and 1H,13C-HMBC spectra. Distance restraints were yielded by 
1H,1H-ROESY  measurements;  1H-1D  and  1H,1H-E.COSY  spectra  provided 

several homonuclear J-couplings. For the creation of template structures, only 

ROE  based  distance  restraints  were  used  in  DG  computations.  All  MD 

simulations were conducted without constraining forces; the DG derived 3D 

arrangements  of  Cilengitide  served  as  starting  structures.  To  evaluate  the 

results of the 150 ns molecular dynamics calculation runs, the experimentally 

gained distance and dihedral informations were utilized (see Fig. 3.2).
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Figure 3.1: Presentation of 
the  chemical  constitution 
of Cilengitide.  The shown 
structure  does  not  imply 
the  presence  of  secondary 
turn  structures  and  hydro-
gen bonds, respectively.
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Parameters H2O DMSO MeOH CHCl3

NMR ROEs 59 / 23 / 17 55 / 18 /12 60 / 22 / 17 47 / 15 / 9

NMR 3J-Couplings 12 / 5 12 / 5 12 / 5 12 / 5

DG Distance Restraints 51 / 23 / 17 44 / 18 / 12 49 / 22 / 17 37 / 15 / 9

DG Dihedral Restraints 0 0 0 0

MD Distance Restraints 0 0 0 0

MD Dihedral Restraints 0 0 0 0

Evaluation of Distances 56 / 21 / 15 52 / 18 / 10 58 / 20 / 15 47 / 15 / 9

Evaluation of Dihedrals 10 / 5 10 / 5 10 / 5 10 / 5

ROE Violations (1 ns) 6 (0.15 Å) 10 (0.24 Å) 4 (0.12 Å) 2 (0.09 Å)

ROE Violations (150 ns) 5 (0.15 Å) 6 (0.20 Å) 1 (0.01 Å) 1 (0.09 Å)
3J Violations (1 ns) 1.1 Hz 2.5 Hz 1.1 Hz 3.1 Hz

3J Violations (150 ns) 1.2 Hz 1.2 Hz 1.3 Hz 0.9 Hz

An overlay of the most representative four structures reveals that all backbone 

conformations have (almost) the same shape (see Fig. 3.3). In all cases, no 

structural  elements  like  regular  turns  or  H-bonds  can  be  found.  The  only 

deviation arising in the overlay is the orientation of the  MeVal5-Arg1 peptide 

bond of the MeOH model which is flipped by 180° around its adjacent φ and ψ 

dihedrals compared to the bond geometry of the other structures.

Figure  3.2: Table of  ex-
tracted  and  utilized  ex-
perimental  parameters  for 
the  elucidation  of  the  3D 
structures of Cilengitide in 
four  different  types  of 
solvent.

NMR  section:  number  of 
experimental total  /  back-
bone /  (interresidual back-
bone) distance and  di-
hedral  informations;  DG / 
MD  section:  number  of 
total  /  backbone  /  inter-
residual  backbone  distance 
and  dihedral  restraints; 
Evaluation section: number 
of applied  total / backbone 
/  (interresidual  backbone) 
distance  and  dihedral  re-
straints;  Violation  section: 
number and RMSD values 
of  distance  and  dihedral 
restraint violations of short 
and long MD calculations.

Figure  3.3: Illustration  of 
an overlay of the computed 
structures  of  Cilengitide 
measured in H2O, DMSO, 
MeOH, and CHCl3.  In  all 
cases, an all-trans arrange-
ment is present. The cyclic 
peptide  backbone  confor-
mations  almost  perfectly 
fit  on  each  other.  One 
deviation is  present  in the 
MeOH  derived  model 
where  the  peptide  bond 
between  MeVal5  and  Arg1 
is  flipped  by 180° around 
its  adjacent  φ  and  ψ 
backbone dihedral angles.
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These findings imply that both the three-dimensional arrangement of Cilen-

gitide is determined by steric characteristics (no stabilizing H-bonds) and that 

the conformation is - even in different, both polar and apolar, environments - 

extremely robust.  If  the most  representative  structure  of  the  cyclic  peptide 

matches the active conformation (the 3D arrangement in the receptor bonded 

state) its structural stability would be one of the reasons of the very high αvβ3 

integrin affinity.  To prove this hypothesis,  the elucidated models were com-

pared with the (crystal) conformation of Cilengitide complexed to its target.[11]

The overlay of the water derived structure of Cilengitide and its structure in the 

complex reveals that the backbone atoms of the most important pharmaco-

phore groups (the RGD sequence) fit very well on each other; for example, the 

positions of the three RGD Cα atoms and the orientations of their Cα-Cβ bond 

vectors of both structures are nearly identical (see Fig. 3.4). Deviations be-

tween the conformations are present for the phenylalanine and valine back-

bone atoms. The strongest variance is visible for orientation of the peptide 

bond between Asp3 and  D-Phe4 (“phe4”). Phenylalanine plays an important 

role  in  the  interaction  of  Cilengitide  and  the  integrin.  As  the  type  of  the 

interaction  is  of  hydrophobic  nature,  however,  a  “perfect“  orientation  (with 

Figure 3.4: Presentation of 
an  overlay  of  two  Cilen-
gitide  conformations:  the 
black  structure  represents 
the  free  conformation  in 
water;  the  green  colored 
structural  model  was  ex-
tracted  from  the  crystal 
structure  of  Cilengitide 
bound to  its  receptor.  The 
backbone  atoms  of  the 
most  important  pharmaco-
phore  groups  display  a 
good fitting. Structural de-
viations  are  visible  for 
phenylalanine and valine.
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respect to an optimal binding mode) of the aromatic Phe side chain is not that 

crucial for yielding high affinity as it would be e.g. for a group exhibiting an H- 

bond (its strength strongly depend on the distance and angle of  the parti-

cipating groups). As the crystal complex structure that served as source for the 

bound peptide conformation has a resolution of solely 3.2 Å, a closer analysis 

would only provide speculative results.[7,11] The good consensus of the over-

layed RGD backbone atoms, however, shows that the structure of Cilengitide 

in its “free“ state adequately matches the biologically active conformation.

To give an estimation of the similarity of the four solvent based structures and 

the  conformation  of  Cilengitide  in  the  receptor  bound  state,  the  distances 

between the important Cα and Cβ atoms of the pharmacophore carrying Arg1 

and Asp3 residues as well as the angular orientation of two planes spanned by 

the Arg1/Asp3 Cα-Cβ bond vectors are shown in figure 3.5.

Environ-
ment

Arg1Cα - Asp3Cα
Distance [Å]

Arg1Cβ - Asp3Cβ
Distance [Å]

Arg1Cα/β - Asp3Cα/β
Plane Angle [°]

H2O 6.2 8.4 173.2

DMSO 5.9 8.4 159.0

MeOH 6.3 8.7 153.1

CHCl3 6.0 8.3 176.6

Bound * 6.4 8.9 178.6

3.1.4 The Dynamical Behavior of Cilengitide

After the 3D structures of Cilengitide in different solvent types were elucidated 

and compared with each other and with its biologically active conformation, 

the  dynamical  behavior  of  the  peptide  freely  tumbling  in  solution  was 

analyzed.  As  can be  seen  in  figure  3.2,  the  best  agreement  between  ex-

perimental  and  calculated  results  is  obtained  for  methanol  and  chloroform 

studies. Thus, dynamical characteristics of Cilengitide were investigated by the 

help of the MeOH (more similar to water than CHCl3) based MD calculations. A 

good indicator for molecular flexibilities is the analysis of the RMS deviations 

of backbone atoms (see Fig. 3.5).[31] It becomes clear that not only positional 

fluctuations are present; rather, RMSD “jumps“ were detected which represent 

180° flips of φ and ψ dihedral angles. Three of the five peptide bonds display 

such motions: MeVal5-Arg1, Arg1-Gly2, and Gly2-Asp3 (see e.g. Fig. 3.6).

Figure  3.5: Table  of  the 
distances  between  Arg1 
and Asp3 Cα and Cβ atoms 
and  of  the  angle  of  the 
planes spanned by the four 
atoms.  As Arg1  and Asp3 
carry  the  pharmacophore 
groups,  the  orientations 
and  distances  of  their  Cα 
and  Cβ  groups  provide 
hints about the similarities 
of the different Cilengitide 
conformations and thus of 
differing  receptor  binding 
modes. It becomes obvious 
that all four structures have 
highly  similar  distances 
and plane angles of Cα and 
Cβ  atoms  which  further-
more reveal only small dif-
ferences compared with the 
3D geometry in the bound 
state.

* the  atomic resolution of 
the Cilengitide structure in 
the bound state is only 3.2 
Å; thus, it is not possible to 
give accurate values.
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Since the observed 180° peptide bond flips only lead to different orientations 

of  the afflicted C-O and N-H bond vectors,  the backbone structures of  the 

cyclic peptide remains - except small deviations - the same during the MD 

simulations. A detailed study of the different peptide bond orientations (not cis-

trans populations!) showed that all distributions are very similar, except for the 
MeVal5-Arg1 bonds; whereas the preferred orientations of this peptide bond in 

water, DMSO, and chloroform are in the same range - 90-100 % with respect 

to the “basic structure” shown for the H2O, DMSO and CHCl3 studies in figure 

3.3 -, the distribution in the “MeOH” case (which is the only run that displays 

almost “converged” distance restraints; see Fig. 3.2) is ca. 1:4 (see Fig. 3.7).

Peptide Bond H2O [%] DMSO [%] MeOH [%] CHCl3 [%]
MeVal5-Arg1 100 / 0 91 / 9 21 / 79 100 / 0

Arg1-Gly2 94 / 6 99 / 1 93 / 7 100 / 0

Gly2-Asp3 100 / 0 100 / 0  99 / 1 100 / 0

Asp3-phe4 100 / 0 100 / 0 100 / 0 100 / 0

phe4-MeVal5 100 / 0 100 / 0 100 / 0 100 / 0

However, it must be stated that the remaining distance violations in the H2O, 

DMSO, and CHCl3 studies (as given in figure 3.2) in particular involve Arg1-NH 

protons; this implies that the conformational space of the mentioned atom was 

Figure  3.6: Illustration  of 
the MD simulation derived 
backbone RMSD of Cilen-
gitide  in  methanol.  The 
distribution  of  points  re-
flect  intrinsic dynamics of 
atoms. At some time steps, 
RMSD  jumps  are  visible 
that represent 180° flips of 
peptide  bonds  around  ad-
jacent  φ  and  ψ  backbone 
dihedral angles, e.g. the bi-
directional  jump at  ca.  52 
ns  results  from  a  peptide 
bond  flip  between  Gly2 
and Asp3.

Figure  3.7: Table  of  MD 
preferred  orientations  of 
Cilengitide  peptide  bonds 
in  four  different  solvents. 
The H2O derived structure 
as illustrated in figures 3.3 
and 3.4 served as reference 
conformation.  The  MD 
simulations from which the 
shown  results  were  ex-
tracted  display  a  not-con-
verged  sampling  of  con-
formational space for H2O, 
DMSO, and CHCl3 runs.
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not  exhaustively  sampled  during  the  150  ns  MD  simulations  due  to  the 

presence of high energy barriers.[31] Thus, it  is likely that converged “water, 

DMSO,  and  chloroform”  run would  result  in  MeVal5-Arg1  peptide  bond dis-

tribution  values  that  are  more shifted  to  the  preferred  “MeOH”  orientation. 

Summarizing the data given in figure 3.7, it  becomes clear that the peptide 

bonds  MeVal5-Arg1 and Arg1-Gly2 are the most flexible ones with respect to 

180° reorientations. In contrast, the C-O and N-H vector orientations of Asp3-

phe4 and phe4-MeVal5 are very stable. The peptide bond between Gly2 and 

Asp3 reveals an extremely small tendency to flip around its adjacent φ and ψ 

dihedral angles.

3.1.5 The Binding Mode of Cilengitide and its Receptor Integrin

By means of the crystal complex structure of Cilengitide and the αvβ3 integrin, 

the binding mode of the ligand to its receptor could be elucidated at atomistic 

resolution. As it is expected, the charged / polar side chains of Arg1 and Asp3 

- the pharmacophore part of the RGD motif - are involved in essential contacts 

to the protein (H-bonds and a manganese ion complex).  Moreover,  D-Phe4 

further stabilizes the complex via hydrophobic interactions of its aromatic side 

chain.  Finally,  the  amide  proton  of  Asp3  exhibits  a  hydrogen  bond  to  the 

integrin (see Fig. 3.8 and 3.9).[11]

 

Figure  3.8: Illustration  of 
the crystal structure of the 
extracellular  segment  of 
the  αvβ3 integrin  in  com-
plex with  Cilengitide. The 
image section displays the 
most  essential  features  of 
the  binding  mode.  The 
carboxy  group  of  Asp3 
binds to a manganese ion; 
the  guanidinium  group  of 
Arg1 is involved in hydro-
gen bonds with the protein. 
As  visualized  by  the 
dashed  yellow  line,  the 
amide proton of Asp3 also 
exhibits  an  intermolecular 
H-bond.
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With  the  data  about  the  conformational  flexibility  of  Cilengitide  in  hand,  it 

becomes interesting to compare the obtained results with the binding mode of 

the integrin ligand. Since the overall backbone structure is very stable in both 

polar and apolar solvents, the already optimally oriented Cα-Cβ bond vectors 

of Arg1 and Asp3 in the unbound state of Cilengitide (see Fig. 3.4) are not 

subjected  to  any,  with  the  binding  mode  interfering,  dynamical  rearrange-

ments.

Moreover, a steady orientation of the Asp3 amide hydrogen is important for the 

stability of the receptor ligand complex as the strength of a hydrogen bond 

strongly  depends  on  the  distance  and,  especially,  the  angle  between  the 

participating  groups.  In  this  scope,  it  could  be  demonstrated  for  the  free 

Cilengitide that the Gly2-Asp3 peptide bond is adequately oriented at ca. 99-

100 % of time and that disturbing 180° flips occur - if anyway - very rarely. The 

reduced  flexibility  of  the  mentioned  peptide  bond  in  the  unbound  state 

contributes to the free binding energy of the complex as the loss of entropy 

due to H-bond forming is “a priori” diminished. In contrast, the peptide bonds 
MeVal5-Arg1 and Arg1-Gly2 which are not involved in the intermolecular inter-

action show a much higher tendency to flip around their  adjacent φ and ψ 

dihedral angles (see Fig. 3.9).[7]

Figure  3.9: Overview  of 
all relevant pharmacophore 
groups (slight red spheres) 
and the regions displaying 
the  highest  MD backbone 
flexibilities  of  Cilengitide 
(green spheres). While the 
MeVal5-Arg1  peptide  bond 
shows  several  and  the 
Arg1-Gly2  peptide  bond 
some  180°  flips  around 
adjacent φ and ψ dihedral 
angles, the Gly2-Asp3 C-O 
and N-H vectors are at 99-
100  %  of  time  in  the 
orientation  illustrated  here 
(red-green sphere).
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3.1.6 Conclusion

By the help of NMR spectroscopy, DG calculations, and MD simulations, the 

three-dimensional  structures of  the  αvβ3 integrin  inhibitor  Cilengitide  in  four 

different solvents were determined. A comparison of the most representative 

conformations  revealed  that  the  overall  backbone  arrangements  were 

practically the same and, in addition, extremely stable. Small variances are 

present  for  the  average  peptide  bond  orientations.  However,  the  MD 

simulations for deriving 3D structures in water, DMSO, and chloroform are not 

completely converged regarding the sampling  of  the conformational  space; 

thus,  precise data about  the distribution of  correlated C-O and N-H vector 

orientations could only be given for  the calculations in MeOH. In total,  the 

backbone structure (inclusive the important Cα-Cβ bond vectors) of Cilengitide 

in the free state excellently matches the biologically active conformation. An 

analysis of conformational dynamics with respect to the protein ligand binding 

mode  reveals  that  the  backbone  atoms  responsible  for  orienting  the 

pharmacophore groups exhibit restricted flexibilities. All these findings provide 

very  interesting  insights  into  the  origin  of  the  high  αvβ3 integrin  affinity  of 

Cilengitide.

3.1.7 Reagents, Methods, and Experiments

All  informations regarding  used  reagents,  peptide  synthesis,  and  HPLC 

purification can be found in literature.[32]

All NMR spectra were recorded on a Bruker 600 MHz spectrometer equipped 

with a QXI probe head. For the lock signal, the following solvents were used: 

d3-acetic acid in H2O + 5 % D2O (pH 4.5; less chemical exchange)), d6-DMSO, 

d3-MeOH,  and  d1-CDCl3.  Due  to  the  poor  solubility  of  Cilengitide  in  pure 

chloroform, 10 % methanol was added to the solution. The measurements for 

water and ethanol were recorded at 280 K (less chemical exchange), the other 

two at 300 K. The following NMR experiments were performed: 1H-1D, 1H,1H-

E.COSY, -TOCSY, -ROESY,  1H,13C-HSQC, and -HMBC.[33-38] Mixing times for 

TOCSY spectra were 80 ms, for ROESY spectra 150 ms. HSQC spectra were 

recorded with a direct proton carbon coupling constant of 140 Hz, and HMBC 

spectra with a long-range  1H-13C coupling constant  of  7 Hz.  For all  HSQC 

spectra, a 13C composite pulse decoupling was utilized. For the measurements 

in  H2O, a  Watergate  solvent  suppression scheme was applied.  8k  (except 
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HSQC: 1k) data points were recorded in the direct dimension, 256 (homo-

nuclear spectra except of E.COSYs: 2k) and 512 (heteronuclear spectra) in 

the indirect dimension. For all spectra, a recovery delay of 1.5 s was used. 

Exponential / square sine window functions were used for spectra apodization.

The integrated volumes of ROE cross peaks were converted to proton–proton 

distances by the help of calibration to three different distances as references. 

Upper and lower distance restraints were obtained by adding and subtracting 

10 % to the calculated experimental values, thus accounting for experimental 

errors and simulation uncertainties. Metric matrix DG calculations were carried 

out  with  a  home-written  distance  geometry  program  utilizing  random 

metrization.[39,40] Experimental  distance restraints  which  are  more  restrictive 

than  the  geometric  distance  bounds  (holonomic  restraints)  were  used  to 

create the final distance matrix. All other details of the DG computations can 

be found elsewhere.[41] 100 structures were calculated for each system.

All MD simulation were carried out with the GROMACS 3.3.3 and GROMOS96 

software packages.[42-44] The DG structures served as starting conformations 

for  the following 16 MD runs:  Cilengitide  as uncharged and as  zwitter  ion 

molecule at 280 K and 300 K (for all four solvent types). The GROMOS 53a6 

force field was utilized for parametrization of the cyclic pentapeptide and all 

solvent molecules.[45,46] Cilengitide was first energy minimized  in vacuo, then 

placed  in  truncated  octahedral  boxes  with  a  minimum distance  of  1.5  nm 

between  solute  atoms and  the  box  walls.  After  the  boxes  were  filled  with 

solvent molecules, the systems were equilibrated as published elsewhere.[47] A 

triple-range cutoff for Coulomb interactions including a reaction-field was used 

(0.8 and 1.4 nm). Van der Waals interactions were calculated with a short-

range cutoff of 0.8 nm and a long-range cutoff of 1.4 nm. A atom pair-list was 

used with a cutoff of 0.8 nm and was updated each five integration steps. All 

bonds were constrained with the Shake algorithm. The integration time step 

was 2 fs. Production runs had a length of 150 ns.

3.1.8 Declaration

The  presented  topic  was  conducted  in  collaboration  with  Dr.  Florian 

Manzenrieder (Technical  University  Munich,  Department  Chemistry).  F.M. 

synthesized  the Cilengitide peptide. The described results  are in preparation 

for publication.
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3.2 Orientational Preferences of Small Molecules in 
Alignment Media

Residual dipolar couplings play an important role in NMR based elucidation of 

molecular  conformations,  dynamics,  and  interactions.[48-51] Whereas  the 

structure refinement  of  proteins via  RDCs has already become a standard 

technique,  the  anisotropic  parameters  are  less  frequently  applied  in 

conformational analysis of small organic molecules or peptides.[52] In order to 

be  able  to  measure  residual  dipolar  couplings  by  NMR  spectroscopy,  the 

solute of interest must be partially aligned in solution so that dipolar couplings 

are  not  completely  averaged  to  zero.  Ongoing  developments  of  suitable 

alignment media make the utilization of RDCs more and more applicable to a 

wide range of interesting molecules and solvent types.[53] Compared to other 

alignment media (e.g. liquid crystalline phases), stretched polymer gels have 

the advantage of an arbitrary scalability of the alignment strength.[54,55] Since 

anisotropic  parameters  like  RDCs  are  proportional  to  the  time  averaged 

orientation of a molecule relative to a static magnetic field (as it is present in 

an  NMR  spectrometer),  both  short-  and  long-range  correlations  within  a 

molecule can be obtained which  allow the refinement  of  three-dimensional 

structures,  the  elucidation  of  conformational  flexibilities,  and  the  proof  of 

intermolecular binding events.[52,53]

3.2.1 The Scientific Question

Beside their  application in the above mentioned research fields,  RDCs are 

also subject of multiple, more  theoretical studies. To name but a few, methods 

have  been  developed  in  order  to  evaluate  the  reliability  and  accuracy  of 

recorded anisotropic parameters (e.g. the PALES-SVD algorithm) or to extract 

informations  of  correlated  dynamics  in  secondary  structural  elements  via 

RDCs.[51,56-61] Concerning theoretical / computational investigations, prediction 

of residual dipolar couplings seems to be the most ambitious scheme.[57,62,63] 

There are several reasons why an accurate estimation of RDCs is of distinct 

interest; for example, prediction of RDCs via simplified models might provide 

insight in the interactions of alignment media and solutes which lead to the 

occurrence of residual dipolar couplings. In addition, differing RDC signal sets 

measured for mixtures of enantiomers in chiral alignment media (e.g. gelatine 

or  PBLG)  could  be stereospecifically  assigned to  distinct  chiral  molecules, 

thereby allowing an NMR based discrimination of enantiomers.[64,65]
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Therefore,  the  aim  of  the  study  was to  investigate  if  molecular 
dynamics simulations of highly simplified alignment models allow 
an estimation of residual dipolar couplings.

For  this  purpose,  a  molecular  dynamics  calculations  test  set  consisting  of 

polystyrene as alignment medium and strychnine as solute was established. 

Various  MD  simulation  setups  were  examined  with  respect  of  their  prac-

ticability,  performance,  reliability,  and  precision.  Furthermore,  the  obtained 

results of  the MD study were compared with the established steric PALES 

RDC prediction technique.[63] Finally, the power and the drawbacks as well as 

ways to improve the designed approach were evaluated and discussed.

3.2.2 Choice of a Robust Test System

The first task was to select a proper simulation test system. Referring to this, 

the most important prerequisites were the availability of precise experimental 

RDC values,  an  accurately  force  field  parameterizable solute molecule ex-

hibiting minimal intrinsic dynamics (to exclude errors or uncertainties due to an 

improper  modeling of  internal  flexibilities),  and an experimentally and com-

putationally  well  investigated  polymer.  After  exhaustive  considerations  and 

practical MD test runs of norcamphor, strychnine, and menthol as solutes and 

polystyrene (PS) and polydimethylsiloxane (PDMS) as stretched polymers, it 

was decided to concentrate on a “polystyrene-strychnine“ system.[59,66]

Figure 3.10: Illustration of 
the 3D structure of strych-
nine that was used as test 
molecule for the MD based 
prediction  of  residual  di-
polar couplings. All atoms 
are  labeled with names as 
used in the simulations.
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The usage of polystyrene was preferred as its conformational and dynamical 

characteristics are experimentally investigated in more detail than PDMS; in 

addition, there is a plethora of computational studies of polystyrene described 

in literature which could be used as precious information source for MD based 

modeling of the polymer.[67-84] The reasons for choosing strychnine (see Fig. 

3.10) as solute molecule are explained throughout the following chapters.

NMR measurements of strychnine with stretched polystyrene in chloroform as 

alignment medium yielded 19 accurate RDCs which are listed in figure 3.11.[85] 

The nomenclature of strychnine atoms is illustrated in figure 3.10.

Vector 1DCH [Hz] Vector 1DCH [Hz] Vector 1DCH [Hz]

C1-H1 -9.3 C13-H13 11.4 C19-H191 0.2

C2-H2 0.8 C14-H14 -3.6 C19-H192 -4.8

C3-H3 ---. C15-H15 12.0 C21-H211 6.9

C4-H4 -10.5 C16-H161 -9.6 C21-H212 -5.4

C8-H8 3.6 C16-H162 -2.1 C23-H23 -6.6

C12-H121 -4.5 C17-H17 1.8 C24-H241 13.5

C12-H122 7.5 C18-H181 / 2 --- C24-H242 2.2

3.2.3 Search for an Adequate MD Simulation Setup

The greatest challenge of this project was to find optimal MD conditions for 

realistically simulating the interactions of polystyrene and strychnine. In order 

to be able to evaluate the calculation outcomes, three prerequisites must be 

fulfilled: 1) the results of the MD calculations have to converge (temporal drifts 

of RDC values must vanish after a certain period of simulation time); 2) the 

preferred orientations of strychnine (and therefore the simulated RDCs) arise 

only due to the interaction of the solute with the stretched polymer; 3) the MD 

derived RDCs must be in good agreement with the measured values (to be 

more precise, the calculated values must be proportional to the experimental 

RDCs  as  the  strength  of  alignment  is  not  simulated;  conveniently,  the 

calculated values are called “simulated / virtual“ RDCs).

Regarding point 1, it was tested if simulations of strychnine freely tumbling in a 

chloroform solution result in virtual RDCs which are averaged out to zero after 

an acceptable calculation time. It became obvious that 500 ns trajectories with 

 

Figure  3.11: Table  of  the 
19  measured  1DCH RDCs 
for  strychnine.  The  given 
vector  names  correspond 
to the labeling as shown in 
figure 3.10.
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an explicit  treatment  of  solvent  are not  sufficiently  long enough to provide 

RDCs  which  converge  to  zero;  thus,  it  was  decided  not  to  use  solvent 

molecules. Instead, stochastic dynamics (SD; also called Langevin dynamics: 

LD) were utilized where a friction and a noise term is included in Newton's 

equation of motions for mimicking collisions of strychnine with the solvent.[86-88] 

By means of this change in the MD setup, the simulation of strychnine under 

vacuum SD conditions results in virtual RDCs (19  1DCH couplings) which are 

averaged to zero after about 200-300 ns of simulation time (see Fig. 3.12).

The next and probably biggest problem was to imitate the characteristics of 

the stretched polymer/solvent gel. First attempts relied on long PS strands - up 

to  100  units  in  order  to  attribute  for  differing  localized  polymer  subunit 

arrangements  -  which  were  cross-linked  via  divinylbenzene  and  finally 

oriented along the z-axis of  the simulation box (in average over the whole 

strands).  However,  it  appeared  that  the  calculation  time  was  drastically 

prolonged  due  to  the  long  polymer  chains  until  convergence  of  RDCs  is 

reached; in addition, no setup for adequately treating attractive forces under 

the used vacuum conditions could be found, resulting in “sticky” PS strands. 

Based  on  these  observations,  only  one  very  short  (6-10  units)  linear  and 

strictly z-oriented PS chain was designed and further applied.  To keep the 

orientation of the polymer strand along the z-axis, different setups were tested: 

 

Figure  3.12: Presentation 
of  the  MD  derived  pre-
ferred  orientations  of  the 
19 used C-H bond vectors 
of strychnine, expressed as 
(3·cos2  θ  -  1)  dependent 
values where θ is the angle 
between  the  bond  vectors 
and  the z-axis  of  the  MD 
simulation  box  (see  also 
chapter 1.3.1.3). In the ab-
sence of the oriented poly-
styrene  strand,  no favored 
orientations  of  strychnine 
C-H  vectors  are  present. 
After  about  200-300  ns, 
the calculated RDC values 
converge  to  zero.  If  the 
PS  polymer  strand  is  not 
oriented  along  the  z-axis, 
the same result is observed 
(see also chapter 3.2.4).
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1) the PS chain ends where connected across the box walls with concurrent 

application of periodic boundary conditions (PBC), leading to simulations of an 

infinite  polymer  that  can  transversally  move  in  the  x,y-dimension;  2)  the 

complete polystyrene backbone (or at least all PS Cα atoms) were positionally 

restrained;  3)  only  the  end  points  (the  first  and  the  last  atom)  of  the  PS 

backbone were  fixed,  thereby allowing oscillating  dynamics  of  the polymer 

strand.  Exhaustive  testing  of  the  three  setups  showed  that  only  the  last 

mentioned approach was successful. Whereas the simulations of an infinite 

strand produced a lot of calculation errors due to Shake/Lincs algorithm bond 

length constraining (resulting in return in additional artificial noise), the fully 

restrained PS backbone lacks of a realistic dynamical behavior of the polymer; 

as  a  result,  strychnine  -  once  interacting  with  the  chain  -  is  stuck  to  the 

polystyrene strand and stays there for the rest of the simulation. To circumvent 

this artifact,  very high temperatures have to be applied for  which the used 

force field entries were not parametrized. Finally, it had to be decided which 

type  of  PS  optimally  reflects  the  experimentally  used  polymer:  isotactic, 

syndiotactic, or atactic PS. As no special synthetic procedures were applied 

for synthesizing the polystyrene/chloroform gel, an atactic arrangement of the 

aromatic side chains was favored.

The  next  test  simulations  exercises  the  optimal  number  of  strychnine 

molecules in the simulation box. It was assumed that the utilization of several 

solutes should  increase the accuracy of  both  ensemble  characteristics  (as 

always measured in  an NMR experiment)  and the MD based orientational 

sampling (the scanning of the available orientation space in the presence of a 

z-oriented  polymer  strand).  However,  it  was  found  that  many  strychnine 

molecules  obviously  affect  the  behavior  of  the  short  and  almost  freely 

oscillating  polymer  chain  under  vacuum  conditions.  Thus,  the  best  results 

originate from calculations where only one solute molecule is present in the 

simulation box. Nevertheless, this setup leads to prolonged trajectories (until 

convergence  is  reached)  compared  to  systems  that  rely  on  simulating 

ensemble characteristics.

At  last,  reasonable  simulation  boundary  conditions  had  to  be  elected.  In 

principle, two type of systems were tested: 1) the box was provided with long 

xyz edges and no periodic boundary conditions were applied; 2) the x and y 

box vector  lengths were chosen to be very short  (the z-vector  length was 

adjusted  to  the  length  of  the  z-oriented  polymer  strand)  and  PBCs  were 
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utilized. Several short MD simulations showed that setup 1 was not suitable 

for MD system as constructed by the so far yielded test results. Due to the 

utilization of only one polymer strand and the exclusion of solvent molecules, 

strychnine - once moved out of the radius where interactions with the polymer 

are regarded – is not affected any more by the polystyrene strand; this results 

in  an  undesired  isotropic  tumbling  of  the  solute.  In  addition,  contacts  of 

strychnine  with  the  impervious  box  walls  artificially  contributes  to  the  final 

alignment of the molecule. In contrast, the use of short box edges (together 

with PBCs) enforces the solute to constantly interact with the PS chain, there-

by enhancing the sampling of the accessible orientational space (resulting in 

shorter simulation times).

Problems Success

Consideration of solvent molecules Vacuum stochastic dynamics

Long polystyrene chains Short polymer strands

Branched polymer strands Linear, z-oriented polystyrene

Infinite or backbone restrained PS Only end points fixed PS

Isotactic / syndiotactic polystyrene Atactic polystyrene

Multiple strychnine molecules Only one strychnine solute

Long x/y box edge lengths Short x/y box vectors

Figure  3.13: Table  of  all 
failed  and  successful  MD 
simulation  setups  for  an 
adequate  and  converged 
modeling  of  interactions 
between  z-oriented  poly-
styrene and strychnine that 
lead  to  the  occurrence  of 
residual dipolar couplings.

Figure 3.14: Illustration of 
the  final  MD  simulation 
test  system  for  the  com-
putational  prediction  of 
residual  dipolar  couplings. 
A short  and linear,  atactic 
polystyrene polymer strand 
with  fixed  backbone  end 
atoms is oriented along the 
z-axis  of  the  simulation 
box.  Only  one  strychnine 
molecule is placed into the 
small box which is treated 
with  periodic  boundary 
conditions.  Stochastic MD 
runs  were  used  instead of 
calculations  with  explicit 
solvent molecules.



IMAGING  THE  REAL  WORLD:  SIMULATION  OF  MOLECULAR  DYNAMICS          135

3.2.4 Computational Prediction of Residual Dipolar Couplings

After having found robust conditions for an MD test system (see Fig. 3.13 and 

Fig. 3.14), the calculation of “virtual“ RDCs was more or less straightforward. 

Because of the above described requirements being essential for an adequate 

modeling  of  the interactions between the stretched polystyrene strand and 

strychnine,  the simulation parameters (especially the treatment of  Coulomb 

and  van  der  Waals  forces)  had  to  be  adjusted  in  a  way  atypical  for  e.g. 

calculations  of  three-dimensional  conformations  in  solvent  containing  MD 

boxes (see section 3.2.8 for more details).[89,90]

Several  long  Langevin  dynamics  runs  (≥  500  ns)  were  conducted  and 

analyzed with respect to the reliability criteria presented at the beginning of 

section 3.2.3: 1) convergence of simulation results, 2) a solute alignment that 

originates only from the interaction with the stretched, along the z-axis of the 

simulation  box oriented polymer  chain,  and 3)  an  accurate  consensus be-

tween experimental and virtual outcomes. As already observed for strychnine 

freely tumbling in the stochastic MD bath, the virtual RDCs converge after ca. 

200-300 ns;  however,  in  contrast  to  the calculations without  the z-oriented 

polystyrene  chain,  the  19  simulated  C-H  vectors  of  strychnine  are  not 

averaged to zero but exhibit preferred orientations (see Fig. 3.15; compare the 

convergence and alignment of virtual RDCs with those shown in figure 3.12). 

Figure  3.15: Presentation 
of  the  MD  derived  pre-
ferred  orientations  of  the 
19 used C-H bond vectors 
of strychnine, expressed as 
(3·cos2  θ  -  1)  dependent 
values where θ is the angle 
between  the  bond  vectors 
and the  z-axis  of  the  MD 
simulation  box  (see  also 
chapter  1.3.1.3).  Due  to 
presence  of  the  z-oriented 
polymer  chain,  the  virtual 
RDCs are not averaged to 
zero  but  converge  to  dif-
fering values.
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To evaluate  if  the  origin  of  the  observed alignment  exclusively  arose from 

interactions between the z-oriented polymer and the solute, polystyrene was 

positionally fixed at one backbone atom in the middle of the short strand;  con-

sequently, the PS chain could not translationally move but freely rotate in all 

three  dimensions  (“no  z-orientation”).  As  expected,  all  virtual  RDCs  are 

averaged out to zero after ca. 300 ns. This outcome confirms one of the pre-

requisites: virtual RDCs only occur when the polymer is oriented along the z-

axis of the box, and there is no other source that contributes to the preferred 

orientation of strychnine.

Finally,  the  calculated  RDCs  are  compared  with  the  experimental  results 

(RDCs for strychnine in a polystyrene/chloroform gel);[91] in addition, the 19 
1DCH RDCs of strychnine were estimated with the aid of the so- called rod 

model  as  implemented  in  the  steric  prediction  algorithm of  PALES.[63] The 

outcomes  of  both  approaches,  the  MD  based  and  the  PALES  rod  based 

predictions, are shown in figure 3.16. 

Figure 3.16: Illustration of 
a  graphical  comparison  of 
PALES  (black)  and  MD 
derived (red) virtual RDCs 
for  strychnine  in  a  poly-
styrene  based  alignment 
medium with experimental 
values. Whereas the violet 
diagonal  represents  a  per-
fect consensus, the dashed 
green  lines  attribute  to  a 
deviation  of  3  Hz.  It  is 
obvious that the MD tech-
nique  is  superior  to  the 
steric PALES approach.

MD  based  RDC  values 
were  obtained  by  con-
verting  the  preferred  C-H 
bond  vector  orientations 
via  equation  1.8  (see  sec-
tion  1.3.1.3)  plus  a  con-
stant  factor  to  correct 
effects  of  different  align-
ment strengths.

Detailed  values  of  virtual 
RDCs from the PALES and 
the  MD approach  are  de-
posited in the appendix.



IMAGING  THE  REAL  WORLD:  SIMULATION  OF  MOLECULAR  DYNAMICS          137

In order to give an estimation of the quality of both approaches, the correlation 

factors R2 (while 0 means absence of a systematic relationship, 1 corresponds 

to a perfect systematic relationship of data; thus, R2 is is a measure of how 

well the linear regression lines represent the data) were compared; whereas 

the PALES algorithm results in an R2 value of 0.51, the MD driven method has 

a correlation factor of 0.98. Thus, both the plot shown in figure 3.16 and the 

statistical analysis reveal that molecular dynamics simulations are capable to 

predict residual dipolar couplings via the utilization of a very simple alignment 

model.  By  assigning  the  strongest  deviations  between  measured  and 

predicted RDCs to strychnine bond vectors, it becomes obvious that the three 

virtual  RDCs which display a variance higher than 3 Hz all  belong to CH2-

groups  (C12-H121,  C19-H192,  C21-H212).  If  this  observation  arises  by 

chance or could be attributed to inaccuracies in methylene force field para-

meters or to experimental errors (strong scalar couplings which often occur 

between CH2 group protons may disturb the splitting of signals) is not clear.[53] 

However, it seems that a systematical problem is present as the utilization of 

other solute molecules (norcamphor and menthol) which contain a lot of CH2 

groups suffer  from similar  drawbacks.  The problems regarding an accurate 

modeling  of  methylene  groups  was  therefore  the  main  reason  why 

norcamphor and menthol were discarded during the search of an robust MD 

test system (see section 3.2.2).

3.2.5 Determination of the Origin of the Alignment

As it was mentioned in the introductory section of this chapter, a precise MD 

based prediction of RDCs also provides insight in the interactions between the 

alignment medium (here: the stretched polymer strand) and the solute (here: 

strychnine) that result in the occurrence of preferred compound orientations. 

As  thousands  of  different  orientations  of  strychnine  contribute  to  the  final 

alignment, all individual time frames (≥ 2,500,000)  written out during the MD 

trajectory had to be examined which seemed not to be meaningful. However, it 

is easy to elucidate those regions in the simulation box where the probability 

of finding the strychnine molecule during the trajectory is high. With the aid of 

this  approach,  two-  or  three-dimensional  density  maps  can  be  calculated 

which  show the  preferred  areas  for  strychnine  to  stay.  By  correlating  the 

structure  of  the  polystyrene  chain  with  the  probability  of  presence  of  the 

solute, the origin of the alignment could be determined (see Fig. 3.17).
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An analysis of  figure 3.17 reveals that  strychnine particularly interacts with 

polystyrene at two sites of the polymer: the most frequently “visited“ area is 

present at the top and lower ends of the PS backbone (the atactic part of the 

polymer), thereby being localized between two PS aromatic groups that are 

separated by three side chains being oriented to the opposite side (plus the 

small space between the PS chain ends); in addition, strychnine often stays 

close to the polystyrene side chains in the isotactic middle part of the polymer, 

with  its  benzene  ring  being  perpendicularly  oriented  to  the  aromatic  side 

chains. The latter described interaction can be assumed to be “realistic“ as it is 

known  that  aromatic  systems  sometimes  exhibit  so-called  T-stackings.  In 

contrast,  the  most  often  observed  intermolecular  interaction  seems  to  be 

questionable since the MD setup of the polymer does not (necessarily) reflect 

macroscopic characteristics of the PS/CHCl3 alignment medium as present in 

an NMR tube: first, polymer chain ends are expected to only rarely exist in a 

PS gel; moreover, the positional fixing of the polymer end atoms is artificial. To 

evaluate the reliability of  the observed favored interaction, a robust system 

had to be designed with connected polystyrene chain ends - construction of an 

fully reliable infinite polymer - which was not possible with the available soft-

ware. However,  the density map provides first  hints that the PS side chain 

orientation pattern and therefore the solute accessibility of the polymer back-

bone might play an important role in the evolution of the molecular alignment.

Figure 3.17: Illustration of 
an  overlay  of  the  two-
dimensional  density  map 
of strychnine and the poly-
styrene  strand.  The  image 
displays the yz plane as it 
is  visible  from  the  x 
direction;  the  black-white 
gradient indicates the pro-
bability  of  presence  of 
strychnine in the molecular 
dynamics  simulation  box 
(during  the  500  ns  long 
trajectory).

White  regions  correspond 
to zero and black areas to a 
high density (probability). 
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3.2.6 Weaknesses of the MD Simulation Approach

Many different  MD setups  were  tested in  order  to  optimize  the  simulation 

conditions  for  adequately  treating  intermolecular  interactions  between poly-

styrene and strychnine.  By  the  help  of  the  final  test  system,  the  obtained 

RDCs are in very good agreement with the experimental ones. However, the 

setup  reveals  several  weaknesses.  Slight  variations  of  the  boundary  con-

ditions, e.g. enlarging of box edges or utilization of plain interaction cutoffs 

result in virtual RDC values which display no or only a poor correlation with the 

measured  couplings.  Moreover,  calculated  RDCs  for  other  solutes  (nor-

camphor and menthol) than strychnine show a by far not as good consensus 

with experimental data. One of the reasons of this observation - the presence 

of  multiple  methylene  groups  which  revealed  in  all  simulations  higher 

deviations - was already mentioned. Further explanation attempts rely on an 

inaccurate force field parametrization of  the solutes or,  which seems to be 

much more problematic, that the MD setup (the construction) of the polymer 

strand is not robust (representative) enough to cover also interactions being 

highly relevant for the alignment of norcamphor or menthol (and thus in return 

being not important for the polystyrene-strychnine system). Regarding this, the 

current investigations in particular deal with the construction of more robust 

PS  models  (e.g.  infinite  strands,  alternative  side  chain  orientations).  In 

addition, possible effects of solvent molecules on favored solute orientations 

were neglected in the presented model.

3.2.7 Conclusion

To summarize, the design of a very simple MD model of the alignment medium 

polystyrene/chloroform allowed for an accurate prediction of 1DCH RDCs for the 

natural  product  strychnine.  In detail,  one short  atactic,  z-oriented PS chain 

with fixed backbone end atoms served as mimic of a stretched polymer gel. By 

the use of  Langevin dynamics,  MD simulations of  sufficiently long duration 

could be performed; this  enabled the calculation of  converged virtual  RDC 

values which display a better consensus with experimentally derived RDCs 

compared  to  the  commonly  used  steric  PALES  prediction  approach.  The 

simulated interactions showed that the alignment of strychnine arises due to 

different  orientations  of  PS  side  chains.  As  the  created  test  system lacks 

adequate  robustness,  further  optimizations  are  necessary  until  the  new 

technique could be applied as a reliable standard tool for predicting RDCs.
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3.2.8 Reagents, Methods, and Experiments

Detailed informations about the preparation of polystyrene gels, the soaking of 

strychnine, and the measurement of RDCs can be found in literature.[91]

The  MD  calculations  were  carried  out  with  the  Gromacs  3.3.2  and  3.3.3 

simulation packages.[42] In all simulations, the OPLS all-atom force field was 

used.[89,90] The  lengths  of  all  strychnine  and  polystyrene  bonds  were  con-

strained with a tolerance of 0.001 Å by the Shake algorithm. The temperature 

was kept constant at 300 K by means of a weak coupling scheme or with the 

aid  of  a  stochastic  bath.  No  center-of-mass  motion  removal  was  applied. 

Newton's equation of motion were integrated every 2 fs. A pair-list was con-

structed and updated every 10 integration steps. For dispersive van der Waals 

interactions, an energy correction term was utilized. Different MD setups were 

tested with respect to convergence and reliability of virtually obtained RDCs. 

For the simulations of boxes filled with chloroform solvent molecules, a short-

range cutoff of 0.9 nm and a long-range cut-off of 1.1 nm together with the 

PME scheme for treating long-range electrostatics was used.[92] In all vacuum 

calculations,  a  stochastic  leap-frog  integrator  inclusive  of varying  friction 

coefficients was applied.[86-88] The cut-offs were adjusted to the lengths of the 

box vectors;  the best  MD run was performed with the following setup:  the 

cutoff for the pair-list was 0.8 nm; Coulomb and Lennard-Jones interactions 

were regularly treated until 0.6 nm and slowly switched off between 0.6 and 

0.7  nm  via  an  interaction  shift  function;  electrostatic  contributions  to  the 

intermolecular forces behind the cutoffs were neglected; all three box vectors 

were  1.65 nm long.  Periodic  boundary conditions  were  switched on for  all 

dimensions. For the six styrene units containing polymer chains, force field 

parameters were used as described already cited above. Strychnine (and the 

other  tested  solutes)  was  parametrized  by  adaption  of  force  field  data  of 

similar chemical and structural motifs as found in amino acid based molecules.

3.2.9 Declaration

The presented topic was conducted in collaboration with PD. Dr. Burkhard Luy 

(Technical  University  Munich,  Department  Chemistry).  B.L.  measured  all 

residual  dipolar  couplings  and  programmed  the  molecular  dynamics  RDC 

analysis  algorithm.  The  described  results  have  not  yet  been  published  as 

optimization of the test system is ongoing.
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3.3 Relating Molecular Characteristics to the Cellular 
Uptake of Cyclic Peptides

The use of peptides in medicinal research provides a lot of advantages com-

pared to organic molecules of artificial origin (see the Frost & Sullivan study in 

Chem. Eng. News, 2006, 83, 17-24). Considering pharmacotoxicity, enzymatic 

degradation of peptidic drugs results in biogenic molecules which are either 

excreted or further used in metabolism. From a chemical point of view, it is 

relatively simple to create large libraries of peptides by automated synthesis. 

Modifications of active ligands can easily be introduced, e.g. when selectivity 

is  lacking,  because  peptide  chemistry  is  well  advanced  (there  are  several 

journals which exclusively deal with peptides). If cellular protein-protein inter-

actions are known in atomistic detail,  analogies to peptides rapidly provide 

conceptions to create first hits that can further be developed. Since peptides 

consist  of  20  natural  building  blocks  that  could  be  (almost)  stochastically 

combined,  even  small  compounds  (connected  via  regular  peptide  bonds) 

exhibit a great conformational variety that seems to be inexhaustible. Despite 

this high potential, peptides are often considered as poor drugs because they 

are usually cleaved by enzymes  in vivo within a short time. Additionally, the 

active  or  passive  transport  from gut  into blood is  normally  very restrictive. 

Hence, in contrast to the rapidly increasing number of peptides with interesting 

biological  properties,  their  application  as  promising  drug  candidates  in 

pharmacological research is still limited.[93-96]

3.3.1 The Scientific Question

Very recently, it was shown that an N-methylated derivate of the cyclic Veber-

Hirschmann hexapeptide - a highly active but orally not available somatostatin 

agonist - exhibits not only a comparable biological affinity to its target (receptor 

subtype 2) but also a paracellular uptake of ca. 10 % (and extremely high 

metabolic stability in rat).[97] As Veber et al. have pointed out that increased 

numbers of rotatable bonds inside a molecule have an adverse effect on its 

oral  bioavailability,[98] the  conformational  stability  of  the  compound  was  in-

vestigated via NMR spectroscopy and MD simulations.  The studies proved 

that the described ligand is rather rigid (one distinct conformation is strongly 

preferred) whereas all amide groups exposing their protons to the solvent sur-

roundings in the parent compound are N-methylated.[97] Due to this outcome, 

the question arose if membrane permeability (through tight-junctions) can be 
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quantitatively correlated to the extent of molecular dynamics and / or structural 

features like the solvent accessibility of H-bond donors and acceptors.

Thus, it was investigated if structural and dynamical characteristics 
of N-methylated cyclic peptides can be correlated to the propensity 
for passing cellular membranes through tight-junctions.

For this purpose, a library of cyclic pentapeptides with different numbers and 

pattern of  N-methylations was constructed and subsequently tested for  the 

cellular  permeability  of  its  members.[99-102] Then,  molecular  dynamics 

simulations of the most interesting candidates were performed and analyzed 

with  respect  to  the  following  characteristics:  intrinsic  flexibilities,  solvent 

accessible H-bond donors and acceptors, radii of gyration, and polar / apolar 

surfaces. Finally, it was evaluated if the outcomes of the MD calculations can 

be correlated to the experimentally yielded cell passing rates.

3.3.2 Studying the Cellular Transport of Test Set Molecules

The main  purpose  for  the  design  of  N-methylated,  “alanine-only“ template 

molecules was to investigate structural and dynamical requirements of cyclic 

pentapeptide backbones being important for oral availability, thereby excluding 

additional  influences  of  amino  acid  side  chain  groups.[100,103,104] In  total,  31 

peptides (out of 32 possible compounds; the permethylated peptide could not 

be  obtained)  were  synthesized  of  which  13  molecules  were  interesting 

candidates  for  template  based  structural  design  (the  main  conformation  is 

highly  populated  at  the  NMR time  scale):  seven  of  the  13  peptides  were 

conformationally homogeneous (one preferred conformation ranging from 98 - 

100 % at the NMR time scale is found; they are named P01 to P07) and six 

were conformationally inhomogeneous (peptides resulting in two NMR signal 

sets but with one preferred conformation ranging from 80 - 90 %; they are 

named S08 to S13).[99,102] Subsequently, the so-called Caco-2  in vitro model 

was  employed  which  is  commonly  used  for  screening  intestinal  drug 

permeability (the peptides permeate the membrane via paracellular pathways, 

i.e. the transport is not triggered by proteins, as they lack transport in PAMPA 

based assays; one exception is P07 that exhibits some permeability across 

the PAMPA, owing to its enhanced lipophilic  profile).[105,106] The biological  in 

vivo studies exhibited partially  very different  permeabilities of the individual 
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library members. As a general tendency, the conformationally homogeneous 

peptides  reveal  a  better  transport  than the inhomogeneous ones;  the only 

exception is the threefold methylated peptide S13 that shows a surprisingly 

high membrane passing propensity although existing in a mixture of three con-

formers (85 / 10 / 5 %). Due to this result, it was decided to concentrate on the 

seven  conformationally  homogeneous  templates  and  the  inhomogeneous 

peptide S13 as the permeability of the remaining cyclic penta-alanines were 

too low to be of interest (see Fig. 3.18a/b).

Figure  3.18: Presentation 
of Caco-2 based membrane 
permeabilities  (Papp  per-
meability coefficient given 
in cm/sec) of seven confor-
mationally  homogeneous 
(a) and six inhomogeneous 
(b)  cyclic  penta-alanines 
carrying different numbers 
and  patterns  of  N-methyl 
groups.

Two molecules (gray) were 
included into the studies as 
reference  compounds:  the 
sugar  mannitol  (Mann),  a 
common  marker  for  para-
cellular  permeability  and 
the steroid hormone testos-
terone (Test), a marker for 
transcellular permeability.

The color code was used as 
follows: 1 (blue), 2 (red), 3 
(green), and 4 (orange)  N-
methylations. 

Peptide  denotation:  “Me” 
stands for an N-methylated 
backbone  amide  group;  a 
small  “a“ stands for an  D-
Ala, an “A“ for an L-Ala.

All  Caco-2  permeability 
coefficients and conformer 
populations  are  explicitly 
given  in  the  appendix  of 
this work.

a)

b)
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Among the conformationally homogeneous peptides, the mono-N-methylated 

peptide P01 has the lowest permeability.  The permeability is  drastically en-

hanced by a subsequent second N-methylation of the Ala1-Ala2 peptide bond 

giving rise to P02. P03, obtained by exchanging the site of N-methylation from 

Ala1-Ala2 to Ala4-Ala5, has a further enhanced permeability than P02. P04, 

the  only  peptide  in  the  series  of  homogeneous  peptides  which  is  not 

methylated  at  its  D-residue,  displays  a  slightly  decreased  permeability 

compared with P03. The tri-N-methylated peptide P05 which is basically an 

extension of the  N-methylation of either P02 or P03 has a strongly reduced 

permeability than either of these two. The most surprising result is comes for 

P06 which is thrice as much permeable than the standard compound mannitol. 

S13, the only inhomogeneous peptide, has a comparable permeability to the 

twofold  N-methylated P04. Finally, coming to the tetra-N-methylated peptide 

P07, there is a strong decrease in the Caco-2 permeability.

The obtained results make clear that the measured permeability rates can not 

be directly correlated with the number of N-methyl groups. As the influence of 

side  chain  functionalities  was  excluded,  the  reason  for  this  unexpected 

behavior must be based on different structures and dynamics of the peptide 

backbone  or  exposure  of  free  NH  groups.  Consequently,  conformationally 

flexibilities of the cyclic peptides were investigated via MD simulations in order 

to determine the origin of the observed membrane permeability variances.

3.3.3 Elucidation of Molecular Flexibilities

Molecular  dynamics of (cyclic)  peptides can be referred to different kind of 

flexibilities like angle bending, torsional degrees of freedom, or overall con-

formational  stability. In addition, their extent can be quantified (especially via 

MD simulations)  in  several  ways.  For  example,  if  one  is  interested  in  the 

dynamics  of  dihedral  angles,  Ramachandran plots  for  all  structures arising 

during  an  MD  trajectory  can  be  created  and  subsequently  analyzed  with 

respect  to  the  spreading  of  data  points.  In  order  to  evaluate  the  total 

conformational flexibilities, usually RMS deviations are calculated;[31] here, the 

variance  of  each  computed  structure  from  the  starting  or  the  most  re-

presentative conformation is quantified after a least-square fitting procedure. 

For the present study, it was decided to quantify all peptide dynamics in three 

different ways: 1) all conformations occurring during the MD trajectories which 

exhibit mutual RMS deviations smaller than a certain cutoff were clustered into 
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the  same  structure  families;  the  higher  the  number  of  clusters,  the  more 

different  conformations  are  present,  and  thus  the  higher  is  the  extend  of 

molecular dynamics; 2) the RMS fluctuations of all backbone atoms (N, Cα, C) 

around their lowest potential energy positions taking place during the MD runs 

were recorded (see e.g.  Fig.  3.19);  3)  the number  of  180° flips of  peptide 

bonds around adjacent φ and ψ dihedral angles were monitored.

The MD values obtained for the three utilized categories describing different 

types of molecular dynamics are listed (physical units and the meaning of the 

abbreviations are given in the figure legend) for the eight investigated cyclic 

penta-alanines  in  figure  3.20.  It  should  additionally  be  noted  that  all 

simulations were conducted at two different temperatures: 300 K (values are 

given in figure 3.20) and 340 K (enhancing the conformational sampling).[31]

MD 300 K P01 P02 P03 P04 P05 P06 S13 P07

Cluster 12 18 8 4 10 6 2 1

RMSF 0.50 0.54 0.36 0.32 0.42 0.35 0.25 0.21

Flip-51 0 0 0 0 0 0 0 0

Flip-12 0 0 0 0 0 0 0 0

Flip-23 6 > 20 2 0 > 20 (1) 0 0

Flip-34 3 6 1 0 6 0 0 0

Flip-45 0 6 0 0 0 0 0 0

Figure  3.19: Presentation 
of  an  overlay  of  P03 
(black)  and  P04  (red) 
backbone root mean square 
(RMS)  fluctuations.  The 
numbers  1,  4,  7,  etc  refer 
to nitrogen atoms, 2, 5, 8, 
etc to Cα atoms, and 3, 6, 
9,  etc.  to  carbonyl  carbon 
atoms. All backbone atoms 
of  P04  except  the  CO 
carbon  of  residue  1  less 
fluctuate than those of P03. 
The  strong  dynamics  of 
atoms number 6 and 9 cor-
respond  to  180°  flips  of 
peptide  bonds  around  ad-
jacent φ and ψ dihedrals.

Figure 3.20: Table of  out-
comes from long MD cal-
culations of the preselected 
cyclic  penta-alanines.  The 
three chosen characteristics 
describe the dynamical be-
havior of the peptides.

Cluster:  number  of  3D 
structure  families;  RMSF: 
RMS fluctuations of  back-
bone  atoms  [nm]; Flip: 
number of  180°  peptide 
bond flips around adjacent 
φ and ψ dihedral angles.
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Regarding the number of clustered structure families, it becomes obvious that 

P01 and P02 adopt the most varying conformations whereas S13 and P07 dis-

play only two and one, respectively, 3D arrangements. Peptides P03 and P06 

which  permeate the  Caco-2  membranes at  best  have structure  clusters  of 

medium size. The increased temperature runs result in the very similar cluster 

values except for P01 (23 structure families) and P03 (16). An analysis of the 

backbone RMS fluctuations yields no additional informations as the obtained 

values correlate with the number of conformational clusters. Usually, 180° flips 

of amide bonds contribute at most to the overall  dynamics of cyclic penta-

peptides.[99,107,108] The evaluation of backbone dihedral angles reveals that P04, 

S13, and P07 exhibit no peptide bond flips during the trajectories, both at 300 

K and at 340 K. For P06, one 180° flip is observed which, however, occurs 

only once (no bidirectional flip as it is observed for all other peptide bonds); 

thus,  a  slow  conformational  exchange  between  both  orientations  can  be 

assumed. P03 shows rare flips of two peptide bonds. The highest torsional 

dynamics  are  present  in  P01,  P02,  and  P05;  whereas  two  more  or  less 

frequent flips are detected for P01, the peptide bonds between Ala2 and Ala3 

of P02 and P05 (both peptides are  N-methylated at Ala1 and Ala2) change 

their orientation more than 20 times. Aside, it is interesting that the peptide 

bonds neighboring the D-Ala residue never flip during the MD runs.

3.3.4 Examination of Structural Features

In principle, there are a lot of structural characteristics which could affect the 

paracellular transport of the cyclic peptides. Common parameters which are 

tested are  the  solvent  accessibilities  of  H-bond donors  and acceptors,  the 

spatial expansion of molecules, the hydrophilic / hydrophobic character of the 

peptide surface, and the presence of intramolecular hydrogen bonds or salt 

bridges.[98] In addition, moments of inertia, the order and distribution of solvent 

molecules  around  the  solute,  or  RMS  deviations  between  different 

conformations might be of particular interest.

The analysis of the MD runs concentrated on three structural characteristics of 

the eight pentapeptides: 1) the average radius of gyration of the cyclic peptide 

backbones  was  calculated;  with  the  aid  of  these  parameters,  it  could  be 

studied how voluminous the distinct peptides are and if there is a correlation 

between bulkiness and permeability rates; 2) the overall hydrophobic surfaces 

of the cyclic peptides was computed and also averaged over the simulation 
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times; this feature is of interest since the polarity of molecular surfaces plays 

often  an  important  role  for  transport  processes;[98] 3)  the  average  solvent 

accessibility of  amide protons was quantified (in terms of radial  distribution 

functions;  RDFs)  as intermolecular  hydrogen bonds may play an important 

role in the efficiency of membrane passing (see e.g. 3.21).[98]

The MD data evaluated for  the three used structural  features representing 

electronic and steric characteristics are listed in figure 3.22 (physical units and 

the meaning of the abbreviations are given in the figure legend) for the eight 

studied pentapeptides. As already mentioned above, all simulations were con-

ducted at two different temperatures: 300 K (values are given in figure 3.22) 

and 340 K (enhancing the conformational sampling).

MD 300 K P01 P02 P03 P04 P05 P06 S13 P07

Gyration 0.290 0.292 0.293 0.287 0.292 0.287 0.282 0.285

H'phoSurf 3.45 3.70 3.75 3.74 3.98 3.90 3.98 4.17

RDF-H1 --- --- --- 6.9 --- --- 7.6 ---

RDF-H2 5.9 --- 5.3 4.2 --- 6.0 4.9 4.0

RDF-H3 6.9 7.0 7.5 8.1 5.2 7.8 --- ---

RDF-H4 5.0 4.7 5.0 --- 3.7 --- --- ---

RDF-H5 3.1 4.5 --- --- --- --- --- ---

Figure 3.21: Illustration of 
an overlay of distances be-
tween peptide amide bond 
protons  and  DMSO  oxy-
gens in terms of radial dis-
tribution  functions.  RDFs 
are  a  measure  of  solvent 
accessibilities of hydrogen 
bond donors  or  acceptors. 
The overlay shows that the 
amide  proton  H3  of  P06 
(black) is more exposed to 
the solvent than H3 of P07 
(red).  The  found  distance 
between the peptide hydro-
gens  and the DMSO oxy-
gen  acceptors  lies  in  the 
typical  range  between  1.6 
and 2.0 Å.

Figure 3.22: Table of  out-
comes from long MD cal-
culations of the preselected 
cyclic  penta-alanines.  The 
three chosen characteristics 
qualify the conformational 
features of the peptides.

Gyration:  molecule  back-
bone  radius  of  gyration 
[nm];  H'phoSurf:  overall 
hydrophobic  surfaces  of 
the  peptides  [nm2];  RDF: 
measure  for  the  extend  of 
the solvent accessibility of 
amide bond hydrogens.
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The radii of gyration were extracted with respect to the spatial expansion of 

the peptide backbones, thus the  N-methyl groups and the side chains were 

not regarded. For P01-P06, the computed values are very similar; only P07 

and especially S13 exhibit smaller backbone volumes than the other peptides; 

it  seems  that  an  increasing  number  of  N-methylations  decreases  the  ex-

pansion of the peptide backbones. The hydrophobic character of the penta-

peptide surfaces was computed regarding the complete molecules; thus, it is 

only meaningful to compare peptides carrying the same number of  N-methyl 

groups. Whereas P03 and P04 exhibit almost the same hydrophobicities, their 

analog compound has an decreased apolar surface (all three peptides have 

two N-methylations). A comparison of P05, P06, and S13 (all three molecules 

carry three  N-methyl groups) reveals that the surface of the best permeable 

peptide P06 is less hydrophobic than the others. The solvent accessibilities of 

the amide protons of the eight peptides are very different (here, RDF values 

higher than ca. 6-7 correspond to a good accessibility): whereas P02 (H3), 

P03 (H3), and S13 (H1) have only one NH proton being solvent accessible, 

two amide protons of P01 (H2 and H3), P04 (H1 and H3), and P06 (H2 and 

H3) are exposed to the DMSO oxygens. The only amide proton of P07 is not 

accessible for the solvent. The simulations at 340 K show very similar results 

as the discussed calculations at  300 K; hence,  their  outcomes are not  ex-

plicitly presented.

3.3.5 Correlating Dynamics and Structures with Measured Per-
meabilities

With the outcomes of the MD studies in hand, it  was tried to find possible 

correlations between the Caco-2 absorption rates and characteristics of the 

cyclic template peptides. Whereas RMSF and radii of gyration values show no 

clear relation to the bioassay results,  the number of  structure clusters and 

peptide bond flips as well  as the radial  distribution functions indicate some 

correlations with the extends of membrane passing; regarding this, it seems 

that a good paracellular transport can be expected when the peptide is not too 

flexible  and  has  at  least  one  amide  bond  proton  being  accessible  to  its 

surroundings while its spatial  orientation remains stable over a longer time 

period. In the following, this observation is discussed by means of the distinct 

peptides (Caco-2 permeability rankings are given in parenthesis, MD results in 

brackets).
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P06 (1st): There are two NH protons (H2/H3) having high DMSO accessibilities 

[6.0/7.8]; whereas H3 changes its orientation only once (slow conformational 

exchange), H2 is fully stable. The peptide exhibits only six structure families.

P03 (2nd):  H3 is  strongly  exposed to its  surroundings  [7.5]  and only  rarely 

changes its orientation [2]; H2 becomes also solvent accessible [6.0] at 340 K 

(enhanced sampling) and does not flip at all. Dynamics are slight as many of 

the eight structure clusters result from rare flips of two amide bonds.

S13 (3rd):  The H1 proton shows a very good solvent accessibility  [7.6] and 

never  changes  its  orientation;  in  addition,  the  peptide  exhibits  only  two 

structure families. As S13 displays two different conformations on the NMR 

time scale and only the major conformer was investigated, it can be assumed 

that the minor conformation decreases the overall permeability.

P04  (4th):  The  peptide  has  two  protons  (H1/H3)  that  display  a  very  good 

exposure to the solvent [6.9/8.1]; in addition, the corresponding peptide bonds 

never  flip.  There  are only  four  structure  clusters  present.  However,  the 

enhanced sampling  run at  340 K shows that  both protons display (in  part 

drastically) decreased DMSO accessibilities [6.5/5.9]. This could be a reason 

why P04 has a lower permeability rate than peptide P03.

P02 (5th):  H3 is the only proton that  has a good solvent  accessibility [7.5]; 

however, it changes its orientations more than 20 times during the trajectory. 

The other two amide protons show at both temperatures very poor DMSO ex-

posures.  In  addition,  18  conformational  clusters  arise  in  the  MD  run.  An 

explanation could not be found why the peptide shows nevertheless a modest 

membrane  absorption.  It  could  be  speculated  that  the  high  frequency  of 

peptide  bond  flipping  does  not  affect  binding  to  tight  junction  membrane 

proteins (see Fig 3.23).

P05 (6th):  The  peptide  has  one  amide  proton  (H3)  which  has  a  moderate 

solvent exposure [5.2]; as it  is the case for P02, the corresponding peptide 

bond flips very often (> 20 times). Possible explanations for the poor but still 

detectable cellular passing might be the partially restricted dynamics as only 

10 structure families were found.

P07  (7th):  The  only  existing  amide  proton  (H2)  of  P07  is  barely  solvent 

accessible [4.0] and does not flip at all, resulting in only one structure family; 

thus, a more favorable orientation of the proton is not possible which might be 

the reason for the slight membrane passing rate.
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P01  (8th):  Two  (H2/H3)  of  the  four  amide  protons  show  a  good  solvent 

accessibility [5.9/6.9] but frequently change their orientation (6/3 times); at 340 

K, the DMSO exposure of H2 is clearly diminished [5.0]. This result and the 

moderate / high number of conformational clusters (12 at 300 K, 23 at 340 K) 

might be the explain the very poor membrane absorption of the peptide.

In general,  the solvent  accessibilities of  amide protons and their  dynamics 

might be the most critical point (regarding the here studied template peptides) 

for a good paracellular permeability via passing tight-junctions (TJ; see Fig. 

3.23). TJs are areas between the membranes of two vertebrate epithelia cells 

that, amongst other functions, control the particle flow through the paracellular 

space (diffusion barrier). They are flanked by several protein complexes like 

claudines,  occludines,  or  junctional  adhesion  molecules.[109,110] Although  the 

role of these proteins  in transporting molecules  is not fully understood, it  is 

assumed  that  in  particular  claudines  create  the  cellular  barrier  of  tight-

junctions.[110] Thus, the presence or absence (e.g. solvent accessible H-bond 

donors),  the  type  (e.g.  H-bonds),  and  the  strength  of  intermolecular 

interactions between solvated molecules and claudines might be responsible 

for the rate of uptake. In general, the obtained observations are in agreement 

with Veber`s rules which correlate the number of rotatable bonds (which could 

be related to the discussed peptide bond flips) and the overall polar surface 

(that  in  particular  corresponds  to  the  number  and  orientation  of  solvent 

accessible H-bond donors and acceptors) with oral availability.[98]

Figure  3.23: Schematic 
presentation  of  tight  junc-
tions that control the para-
cellular  transport  of  par-
ticles  across  the  intestinal 
vertebrate  epithelial  cell 
barrier.  The  absorption  of 
molecules  is  in  particular 
regulated  by  protein  com-
plexes  like  junctional  ad-
hesion  molecules  (JAMs), 
claudines,  and  occludines. 
(taken  from  the WWW: 
http://www.wikipedia.org/
wiki/Tight_junctions)

http://de.wikipedia.org/
http://de.wikipedia.org/
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3.3.6 Possible Ways to Improve the MD Calculations

As written above, only a potential correlation between molecular dynamics and 

structural characteristic on one side and the extent of membrane passing of 

the studied peptides  could be found.  However,  the findings  are  not  robust 

enough to postulate a general correlation model. To improve the quality of the 

investigations,  several  things can be done:  1)  the 3D conformations of  the 

eight cyclic peptides as present in water (not DMSO) should be recalculated 

since Caco-2 tests were also performed in an aqueous environment;  2) by 

means of the new structures, all MD simulations should be carried out in water 

as conformational and dynamical equilibria, e.g. of peptide bond flips, might 

deviate from those obtained for  DMSO based calculations;  in  addition,  the 

yielded values for the hydrophobicity of surfaces or the radii of gyration might 

be different in the more polar and protic solvent H2O; 3) the MD calculations 

should be prolonged and carefully evaluated with respect to an exhaustive 

sampling of the accessible conformational space (compare with the procedure 

described in chapter 3.1.4); 4) all bioassay data should be checked for their 

reliability;  as explained in section 1.2.4.4, experimental data are sometimes 

not sufficiently precise enough to find correlations with results of MD runs.

3.3.7 Conclusion

Experimental investigations of cyclic penta-alanines with varying numbers and 

patterns of  N-methyl  groups revealed that  distinct  molecules have different 

membrane permeability rates. Thus, MD simulations of eight (out of 13 tested) 

selected compounds were analyzed with respect to conformational flexibilities 

and structural characteristics. An unambiguous, general correlation of these 

parameters with the extend of cellular permeabilities could not be elucidated; 

however,  the comparison of  calculated and experimental  data showed that 

there might be a relation between the solvent accessibilities of amide protons, 

their  flexibilities,  and the membrane passing rates;  it  seems that  the most 

important prerequisites of the studied cyclic peptides for showing an adequate 

absorption  is  (at  least)  one  NH  proton  that  is  highly  exposed  to  its  sur-

roundings - therefore being able to exhibit a hydrogen bond to cellular proteins 

- and does not significantly change its orientation over a certain period of time. 

(The here found importance of intermolecular hydrogen bonds is, however, not 

in agreement with previously published studies that relate solvent shielding of 

amide  hydrogens  with  good  cellular  absorption.[111,112])  As  not  all  studied 
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peptides  showed the discussed  kind  of  relation,  further  examination  under 

optimized conditions must  be performed  in  order to be able to postulate a 

generally valid correlation rule.

3.3.8 Reagents, Methods, and Experiments

All  informations regarding  used  reagents,  peptide  synthesis,  and  HPLC 

purification  can  be  found  in  literature.[99,102] To  prove  if  the  further  used 

structures (elucidated in DMSO) exhibit the same conformational preferences 

in water (the solvent which was used in biological testings), the chosen eight 

pentapeptides were re-synthesized and studied via NMR spectroscopy on a 

Bruker 600 MHz spectrometer, equipped with a QXI probe head.  1H-1D and 

several two-dimensional spectra (see section 3.1.7 for more information) were 

recorded in water plus 5 % D2O. 

All molecular dynamics simulations were carried out with the GROMACS 3.3.3 

software package.[42] The parametrization of peptides were performed via the 

GROMOS 53a6 force field.[45,113] A rigid four-point model of DMSO was applied 

as  solvent.[114] The  already  published  structures  of  the  eight  cyclic  penta-

peptides  served  as  starting  conformations  for  the  following  MD  runs.  All 

peptides were energy minimized in vacuo and placed in truncated octahedral 

boxes with a minimum distance of 1.5 nm between solute atoms and the box 

walls.  After  the boxes were filled with DMSO molecules,  the systems were 

equilibrated as published elsewhere.[47] Temperatures in all runs were 300 K 

and 340 K, respectively. A triple-range cut-off for Coulomb interactions inclu-

ding a reaction-field was used (0.8 and 1.4 nm). VdW interactions were cal-

culated with a short-range cut-off of 0.8 nm and a long-range cut-off of 1.4 nm. 

A atom pair-list was used with a cutoff of 0.8 nm and was updated each five 

integration steps. All bonds were constrained with the Shake algorithm.[115] The 

integration time step was 2 fs. Production runs had a length of 250 ns.

3.3.9 Declaration

The  presented  topic  was  conducted  in  collaboration  with  Dr.  Jayanta 

Chatterjee  (Technical  University  Munich,  Department Chemistry)  and  Oded 

Ovadia (The Hebrew University, Jerusalem). J.C. synthesized all peptides and 
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4 Searching the Holy Grail
Elucidation of New Drug Candidates

There  are  many  reasons  why  scientists  are  interested  in  small 

molecules which are capable to bind to a specific protein receptor. On 

one side, biochemical  processes can be blocked by small  inhibitors, 

and thus, the function of proteins can be elucidated by monitoring the 

inhibitory effects on the cellular behavior. On the other side, metabolic 

pathways which run out  of  control  due to  protein mutations or other 

misregulations  (e.g.  of  gene  expression)  can  be  suppressed;  this 

procedure is essential for the treatment of several diseases like cancer 

or Alzheimer.  For  that  reason,  a plethora of  methods with NMR and 

bioassay based target and / or ligand screening as the most prominent 

experimental  techniques  have  been  developed  to  identify  small 

molecules that interact with the receptor molecules under investigation. 

In  order  to  save  time  and to  evade expensive  experimental  setups, 

virtual  screening  approaches  have  been  designed;  here,  huge 

electronic  libraries  comprising  the  three-dimensional  coordinates  of 

small  organic  compounds  are  screened  for  molecules  which  exhibit 

favored chemical and physical characteristics (pharmacophore models). 

Having identified molecules that  match a pharmacophore model,  the 

receptor affinity of the potential binders can be roughly estimated via 

virtual docking approaches which express the strength of a receptor-

ligand complex in terms of binding energies or scoring values. In cases 

where  no  information  about  the  three-dimensional  structure  of  a 

receptor  is  available  but  ligand  affinities  are  known,  QSAR  based 

methods  can  be  utilized  to  optimize  the  compound  scaffolds  with 

respect to higher target affinities.
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4.1 Phosphorus NMR Spectroscopy as New Screening 
Technology

As  it  was  extensively  described  in  the  introductory  chapter  1.1.3,  NMR 

spectroscopy  is  a  well  established  technique  for  screening  of  compound 

libraries.[1] In general,  one of  the biggest advantages of NMR in relation to 

other  screening  methods  is  that  it  directly  detects  even  weak  interactions 

between ligand and target molecules. In addition, the number of false positive 

hits, often obtained in bioassays, is  minimized.[2,3] Among the variety of NMR 

screening  approaches,  methodologies  based  on  exclusively  tracing  ligand 

signals are the most powerful tools to identify binders in compound libraries.[4] 

In this scope, standard and group selective STD spectroscopy or fluorine (19F) 

screening  are  prominent  and  well  established  examples.[5-8] Together  with 

recently developed high-throughput approaches, e.g. target immobilized NMR 

screening (TINS),[9] ligand-based screening is a potent technology in the field 

of drug science.[1,10-12] Having identified a small molecule in a compound library 

which  exhibits  receptor  affinity,  target-based  screening  techniques  can  be 

applied in order to get informations about binding sites and modes.

4.1.1 The Scientific Question

Each  ligand  based  NMR  screening  method  has  distinct  benefits  and 

drawbacks.  Approaches using proton resonances only are very simple and 

quick  but  most  often  suffer  from  severe  signal  overlap.  Detection  of 

heteronuclei  like  fluorine  which  results  in  easily  interpretable  NMR spectra 

requires in almost all cases chemical modifications (incorporation of 19F) of the 

ligands to be screened.  Thus,  it  would be desirable to have recourse to a 

method that combines the advantages of both homo- and heteronuclear based 

NMR ligand screening.

Accordingly,  the  goal  of  this  project  was  to  enhance  the 
applicability of NMR spectroscopy in biological and pharmaceutical 
research by introducing phosphorus as new nucleus for compound 
library screening of protein inhibitors.

In  principle,  phosphorus  reveals  several  physical  and  chemical  properties 

making it well suited for the utilization in library screening. For example, the 
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problem of overlapping resonances normally arising in proton detected spectra 

is  reduced because each compound is  represented by only  one  31P NMR 

signal in most cases. Moreover, phosphorus is often an intrinsic element of 

compounds mimicking the tetrahedral intermediate of a peptide bond hydro-

lysis (often called “transition-state analogs”, see also Fig. 4.1), e.g. in protease 

inhibitors.[13-17] Hence,  interactions  with  proteases  can  be  detected  without 

auxiliary ligand labeling.[7]

4.1.2 The Relevance of Phosphorus in Chemistry and Medicine

Phosphorus is a spin-½ nucleus with a gyromagnetic ratio of 17.24 MHz / T 

and has a natural abundance of 100 %; therefore, it is widely used in magnetic 

resonance  techniques,  especially  in  in  vivo NMR  applications.  Common 

organic  phosphorus  compounds  show a  wide  chemical  shift  dispersion  of 

about 100 ppm, thus allowing the screening of huge compound libraries. As 
31P nuclei exhibit  large chemical shift  anisotropy (CSA), even weak binding 

events can easily be traced due to a strong T2 relaxation rate dependent line 

broadening  of  the  affected  ligand  signals.  As  already  mentioned  above, 

protease inhibitors often contain motifs including phosphorus; according to the 

oxidation state of 31P and the nature of direct bound atoms, such motifs can be 

structurally  and  physically  very  different,  resulting  in  diverse  compound 

libraries whose representatives do not need to be supplementary labeled with 

an NMR active nucleus (see Fig. 4.1).
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Figure 4.1: Presentation of 
selected isosteres that com-
prise phosphorus as mimic 
of the hydrolyzable peptide 
bond in the rational design 
of protease inhibitors.
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Phosphorus  comprising  molecules  do not  only  play  an important  part  with 

respect to proteases but also in the wide range of biochemical pathways, e.g. 

in phosphoryl transfer reactions. After identification of a small phosphorylated 

substrate, this ligand or a more stable derivate, respectively,  may serve as 

reporter molecule in the screening for new inhibitors. Figure 4.2 gives some 

examples for this strategy.[18-21]

In addition, various phosphorus containing drugs were approved by the FDA in 

recent years, e.g. Cidofavir®, IFEX®, Monopril®, or Foscavir® (see Fig. 4.3). To 

break  through the obstacle  of  poor  oral  availability,  several  31P comprising 

agents were developed in  form of  prodrugs (e.g.  Monopril®)  which develop 

their  full  activity  after  enzymatic  hydrolysis.  Because  of  this  it  becomes 

obvious that 31P based NMR screening could fruitfully contribute to the process 

of drug development.

Figure  4.2: Illustration  of 
three selected natural phos-
phorylated  substrates  (PS) 
and their  phosphorus con-
taining  analogs  (PCA)  as 
possible reporter molecules 
for  the  screening  of  com-
pound  libraries:  PS  of 
lumazin  synthase  (I)  and 
PCA  (II)  as  inhibitor  of 
lumazin synthase. ATP (III) 
and  its  nucleotide  analogs 
such  as  AMP-PNP  (not 
shown)  or  Hepsera® (IV) 
that is  a bioavailable drug 
used  for  treatment  of 
hepatitis B by inhibition of 
reverse transcriptase. PS of 
Src  protein  (V)  and  PCA 
(VI) as inhibitor of the Src 
SH2 kinase domain.
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4.1.3 Screening of a Small Compound Library

The fundamental soundness of the presented method should be established 

by a series of different NMR experiments. For this purpose, the exhaustively 

investigated thermolysin-phosphoramidon system was chosen.[22] Thermolysin 

(~  35 kDa)  is  a thermostable,  calcium-binding zinc  endopeptidase isolated 

from  Bacillus  thermoproteolyticus.  Phosphoramidon,  a  natural  product  first 

isolated from Streptomyces tanashiensis,[23] contains a phosphor amidate unit 

as isostere of the hydrolyzable peptide bond and binds to thermolysin with a Ki 

of  28  nM.[24]  To  complete  the  representative  small  molecule  library,  five 

substances displaying some of the isosteres shown in figure 4.1 were selected 

(see Fig. 4.4).
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Figure 4.4: Presentation of 
structures as well as NMR 
chemical shifts of the used 
compounds  (1-6)  and  the 
CbzLP(O)LA molecule  (7) 
which  contains  4  as  frag-
ment.
R:  L-leucyl-L-tryptophan, 
R1: L-rhamnopyranosyloxy 
(hydroxyphosphinyl).

Figure  4.3: Examples  of 
approved  phosphorus  con-
taining drugs: Cidofavir is 
an  antiviral  agent  for  the 
treatment  of  Cytomegalo-
virus  retinitis.  IFEX  is  a 
nitrogen  mustardalkylating 
drug used in the treatment 
of  cancer.  Monopril  is an 
inhibitor of the angiotensin 
converting enzyme  and  is 
used for medicating hyper-
tension and   chronic heart 
failure. Foscavir is an anti-
viral  agent  to  treat  herpes 
virus diseases.
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A proton-decoupled 31P-1D NMR spectrum of an equimolar mixture of 1-4 and 

6 (the concentration of each compound was 0.5 mM) was recorded and is 

shown in figure 4.5A. Hydrogen phosphate was utilized as buffering agent and 

internal  pH control.  Since both the  resonances exhibit  large chemical  shift 

dispersion  and  each  compound  is  represented  by  only  one  signal,  the 

spectrum of the library is simple and every peak was easily assigned. Upon 

addition  of  thermolysin  to  a  final  concentration  of  0.25  mM,  the  signal  of 

compound 4 almost completely vanishes whereas all other resonances remain 

unaffected (see Fig. 4.5B). Hence, a new ligand for thermolysin was identified. 

Due to the ligand-receptor interaction, the small compound adopts the fast T2 

relaxation time of the protein. This causes a strong signal line broadening, 

finally leading to the disappearance of the ligand resonance. The identified 

binder turned out to be a fragment of the molecule CbzLP(O)LA (7) that was 

introduced by Bartlett et al. as a thermolysin inhibitor (see Fig. 4.4).[25] Hence, 

the  described  screening  technology  is  able  to  detect  small  binders  ideally 

suited for fragment based drug design (FBDD).[26,27] 

C)C)

B)B)

A)A)

Pi1 2 3 41 2 3 4

55

66

Figure  4.5: Illustration  of 
31P-NMR  spectra  of  a 
small  ligand  library  (each 
compound:  0.5  mM)  in 
phosphate  buffer  (pH 7.5) 
containing  3  M  KBr  for 
keeping  thermolysin  in 
solution A) before  and B) 
after  addition  of  thermo-
lysin  (final  concentration: 
0.25 mM). The signal of 4 
disappears in the presence 
of protein. C) Recovery of 
the  vanished  signal  upon 
addition of the tight binder 
thermolysin  (0.5  mM). 
Effects  on  the  signal  line 
width  to  identify  binders 
are  already  visible  with 
less than 1 % of the protein 
concentration  used  here 
(see also Fig. 4.6).
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4.1.4 Recovery of a Ligand with Medium Receptor Affinity

Owing to the large CSA of phosphorus nuclei that significantly contributes to 

the  transverse  relaxation  time  of  the  fraction  of  bound  ligand,  the  new 

approach may be vulnerable to false positive hits when unspecific interaction 

between a compound and the target  is  present.  In  order  to overcome this 

drawback  or  to  rule  out  ligand  binding  to  an undiscovered  second  site  of 

thermolysin,  respectively,  the  signal  of  (4) must  be restorable by adding a 

known, high affinity substance to the library. Here we used the strongly binding 

phosphoramidon (5) as competing molecule. As can be seen in figure 4.5C, 

the addition of  (5) upon a final concentration of 0.5 mM results in an almost 

complete recovery of (4) whereas the signal of free phosphoramidon appears 

at 4.8 ppm. Hereby, it is clearly shown that both  (4) binds exclusively at the 

active  site  of  thermolysin  and  that  (5) competes  with  (4) for  a  specific 

interaction with the protein. It should be additionally noted that this approach 

can also be used for reporter based screening. This means that a phosphorus 

containing molecule that weakly binds to a protein is monitored by  31P NMR 

while  a  substance  library  of  any  constitution  is  screened  with  regard  to 

competition. As soon as the resonance of the reporter molecule is recovered, 

a ligand with equal or higher affinity to the target is found. 

4.1.5 Titration of a New-Found Receptor Ligand

To evaluate  the  sensitivity  of  phosphorus  based  NMR  screening,  the 

dependence of the peak height of the binding compound on various protein 

concentrations  was  examined.  Although  the  ligand  (0.5  mM  starting 

concentration) is in large excess over the protein, the observed resonance of 

(4) completely vanishes upon addition of small amounts of thermolysin (see 

Fig. 4.6). 

To be more precise, the presence of only 6 µM protein leads to a reduction of 

the ligand signal to half  its  original  height.  As a result  of  the large CSA of 

phosphorus  nuclei,  a  strong  line  broadening  of  the  compound  signal  is 

induced  by  complex  formation.  Thus,  solely  low  micromolar  or  even 

submicromolar protein concentrations are required for the facile identification 

of an unknown binder with 31P NMR screening. Considering the titration plot, it 

becomes  clear  that  ligand  based  phosphorus  NMR  screening  is  a  very 

sensitive method for probing intermolecular interactions between proteins and 
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small  or  medium  sized  ligand  molecules.  Therefore,  the  NMR  screening 

process is enhanced by both shortening the time and lowering the costs of 

protein production.

4.1.6 Two-Dimensional Experiments

Although 31P resonances show a wide chemical shift range of more than 100 

ppm, signal overlap may arise when working with libraries consisting of similar 

substances.  One  way  to  reduce  or  even  overcome  this  problem  is  the 

performance  of  heteronuclear  two-dimensional  measurements.  To  give  an 

example, we recorded 2D-1H,31P-COLOC experiments of our molecule library,
[28] both with and without thermolysin (see Fig. 4.7). Considering only the 31P 

dimension, the signals of (2) and (3) are close to each other. Assigning those 

resonances  may  be  difficult  in  cases  when  induced  shift  changes  occur. 

However, the signals are clearly separated in the 2D spectrum. As it  is the 

case  in  the  one-dimensional  spectrum,  the  disappeared  NMR peak  of  (4) 

indicates binding. In addition, it  is evident that signals with similar chemical 

shifts  in  both  dimensions  can  also  be  discriminated  by  their  cross-peak 

intensity which  is  almost  linearly dependent  on the number  of  31P coupled 

protons via vicinal scalar couplings. 

Figure  4.6: Section  of  a 
shifted  overlay  of  several 
31P-1D  NMR  spectra. 
Compound  library  (1-4, 
0.5  mM);  without  protein, 
after  addition  of  3  μM,  6 
μM,  9  µM  and  15  μM 
thermolysin.  An  increase 
of  protein  concentrations 
results  in  a  strong  line 
broadening of the affected 
resonance (4). 
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4.1.7 Conclusion

In conclusion, it was demonstrated that phosphorus NMR enhances and even 

extends ligand-based screening of  compound libraries.  To show the broad 

applicability of  31P NMR screening, not only a proof of principle of the basic 

concept but also valuable extensions of the method like recovery experiments 

and heteronuclear  2D NMR measurements were presented.  Since a lot  of 

substances that mimic the tetrahedral intermediate of peptide bond hydrolysis 

contain  phosphorus, 31P NMR  may  especially  be  applied  to  screen  large 

mixtures  of  protease  inhibitors.  Furthermore,  stable  analogs  of  naturally 

phosphorylated substrates constitute powerful starting points for the design of 
31P containing  compound  libraries.  However,  mixtures  that  comprise  non-

phosphorus substances can also  be screened by utilizing  a  31P containing 

reporter ligand. In contrast to other screening techniques, e.g. bioassay-based 

methods that are exclusively focused on finding strong binders, phosphorus 

NMR screening also allows for identifying ligands with medium or even weak 

affinity to  a target  molecule.  To diminish the number  of  false  positive  hits, 

utilization of low magnetic fields where unspecific binding causes only weak 

T2 relaxation dependent line broadening as well as recovery experiments are 

suggested. 

(Sti1 in yeast)

1 3

2

4

Figure  4.7: Section of  an 
overlay  of  two  1H,31P-2D 
COLOC spectra. The com-
pound  library  (1-4,  0.5 
mM)  without  (black)  and 
with  (red)  thermolysin 
(0.25 mM). Addition of the 
protein  leads  to  a  dis-
appearance  of  the  cross 
peak of molecule (4). The 
two  phosphorus  signals 
which  are  close  to  each 
other  at  ca.  27  ppm  are 
well  separated  in  the 
proton dimension.
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4.1.8 Reagents, Methods, and Experiments

All  informations  regarding  used  reagents,  compound  synthesis,  and 

purification as well  as additional experimental  informations can be found in 

literature.[29]

Thermolysin was dissolved in phosphate buffer containing 3 M KBr at a pH of 

7.5. Protein concentrations were determined via UV / VIS spectroscopy, using 

an extinction  coefficient  ε280 of  66300 L mol-1 cm-1.  A small  amount  of  the 

aqueous  protein  solution  was  added  to  the  NMR  sample  upon  a  final 

thermolysin concentration of 0.25 mM. Phosphoramidon was also dissolved as 

highly concentrated solution in DMSO. Addition of phosphoramidon from this 

stock solution resulted in a total amount of 0.5 mM of (5) in the NMR sample. 

Titration studies were performed by stepwise addition of compounds (1-4) and 

(6) from highly concentrated DMSO stock solutions. 50 mM phosphate buffer 

containing 3 M KBr at a pH of 7.5 was used for the NMR sample, resulting in a 

final volume of 400 μL. In all  measurements, the total amount of DMSO in 

solution was less than 5 %.

All  NMR  experiments  were  carried  out  on  a  Bruker  Avance  250  MHz 

spectrometer  equipped  with  a  5  mm  QNP  probe  head.  The  sample 

temperature in all measurements was 300 K and 10 % D2O was used as lock 

signal.  31P-1D spectra were recorded with a standard Bruker pulse program, 

using a 30° excitation pulse, a 1.5 s recycle delay and a WALTZ-16 power-

gated  composite-pulse  proton  decoupling.  For  all  one-dimensional  ex-

periments except the fourth titration step (9 μM thermolysin, see figure 4.6), 4k 

(16k) FIDs were accumulated, resulting in a total measurement time of ca. 2 

hrs  (8 hrs).  128 dummy scans were  performed in  order  to  prevent  proton 

decoupling dependent  temperature artifacts.  The transmitter  frequency was 

placed  at  20  ppm  whereas  the  phosphorus  resonance  frequency  was  at 

101.26 MHz in all experiments. In all experiments, the spectral width was 70 

ppm.  Each  spectrum  was  Fourier  transformed  after  apodization  with  an 

exponential  window  function  and  a  line  broadening  factor  of  3.  For 

heteronuclear 2D experiments,  the COLOC pulse program as published by 

Kessler et al.  was utilized.[28] The delay for evolution of long range couplings 

was 25 ms. For the 2D-COLOC spectra, 4k data points in the direct and 128 

data points in the indirect dimensions were recorded. The number of FIDs per 

data point was 32 and the total measurement time was ca. 2.5 hrs. All two-

dimensional spectra were Fourier transformed in both dimensions. For the F2 
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dimension, an exponential window function with a line broadening factor of 3 

was  applied.  The  F1  dimension  was  apodized  with  an  QSINE  function 

including a sine bell shift of 2. The 31P transmitter frequency was again placed 

at 20 ppm.

4.1.9 Declaration

The  presented  topic  was  conducted  in  collaboration  with  Dr.  Florian 

Manzenrieder  (Technical  University  Munich,  Department  Chemistry).  F.M. 

chose the test system, synthesized ligand (4), and prepared all solutions. The 

described results have been published as follows:

F.  Manzenrieder*,  A.O.  Frank*,  H.  Kessler.  Phosphorus  NMR  spectroscopy  as 

versatile  tool  for  compound library screening.  Angew. Chem. Int.  Ed. 2008,  47, 

2608-2611.   (* equally contributing authors)

4.2 Virtual Screening for and Docking of Potential Hop- 
Protein Ligands

In  chapter  4.1,  a  new NMR screening technique was  presented.  Although 

being  powerful  and  robust,  the  method  is  not  suited  to  screen  compound 

mixtures comprising thousands of molecules. Thus, libraries to be investigated 

by NMR spectroscopy often contain only a subset of compounds that were 

preselected usually  based  on  a  rough  idea  of  how a  molecule  has  to  be 

structured to exhibit receptor affinity.[30,31] A very popular way to make such a 

preselection is to draw on the concepts of virtual screening and docking.[32] 

Since  the  speed  of  computer  processors  has  dramatically  improved  and 

screening algorithms have been optimized during the last  years,  electronic 

libraries with more than one million members can be quickly  searched for 

potential receptor ligands by means of pharmacophore models (see chapter 

1.2.1). To evaluate the quality of screening outcomes, new-found ligands can 

be  virtually  docked  to  the  receptor  of  interest.  Subsequently,  the  most 

promising molecules are usually synthesized and (NMR) experimentally tested 

for  receptor  affinity.  Nowadays,  this  procedure  is  a  standard  strategy  in 

pharmaceutical  research  and  also  found  its  way  into  functional  studies  of 

biomacromolecules.[33,34]
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4.2.1 The Scientific Question

A  highly  interesting  and  elaborately  studied  biochemical  pathway  is  the 

Hsp70 / Hsp90 substrate cycle which plays an essential role in the folding and 

maturation  of  important  regulatory  proteins  in  eukaryotes,  e.g.  estrogen 

receptors or proto-oncogenic protein kinases.[35] Hop, an adaptor protein that 

belongs to the group of co-chaperones, mediates the association of Hsp70 

and Hsp90.  Since Hsp90 - a key protein in cancer formation - receives its 

substrates from Hsp70 in a Hop dependent transfer reaction, breaking of the 

Hsp90-Hop complex may block the passage of Hsp90 client molecules, thus 

being a route to novel anti-cancer agents.[36-40]

Hence, the aim of  this project was to find a small  organic com-
pound that exhibits affinity to the Hop protein and could therefore 
be used as a first fragment for the development of a Hop-Hsp90 
complex breaker.

For this purpose, a pharmacophore model based on the crystal structure of 

the Hsp90 binding domain of Hop  complexed with a known peptidic binder 

was created and further on applied in screening of  huge virtual  compound 

libraries. Finally,  interesting candidates were evaluated via a virtual docking 

approach and also by NMR spectroscopy.

4.2.2 The Hsp90 Binding Mode of Hop

The  ca. 60 kDa  Hop protein is  composed of three tetratricopeptide repeat 

(TPR) domains: TPR1, TPR2A, and TPR2B.[41,42] Each of the TPR domains 

which are assumed to show a very similar 3D structure consisting of three or 

more tandem repeat amino acid sequences.[43][44] TPR2A (amino acids 223-352 

in human Hop) which is the natural binding domain of the highly conserved C-

terminal Hsp90 sequence MEEVD (kD = 11 μM for the isolated peptide) folds in 

a meander of seven  α-helices which are arranged in a head-to-tail manner.
[45,46] The  crystal  structure  of  TPR2A (complexed  with  MEEVD;  PDB code: 

1ELR) reveals that the meander forms a cradle shaped groove, and that the 

HSP90 derived peptide MEEVD binds to this groove in an ordered extended 

conformation (see Fig. 4.8).[35]
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Due to the stretched structure of the Hsp90 derived peptide in the active site 

of TPR2A, all MEEVD side chains (except Glu2) interact with the protein. One 

essential structural motif of MEEVD is the so-called two-carboxy-clamp since 

all  residues  of  TPR2A (Lys229,  Asn233,  Asn264,  Lys301,  Arg305)  which 

interact  with  the aspartic  acid  terminal  and side  chain  carboxy groups are 

highly conserved. Whereas the two-carboxy-clamp seems to be essential for 

the intermolecular recognition, the amino acids upstream from Asp0 (the first 

residue) are responsible for selectivity and also trigger affinity.[47] In figure 4.9, 

all important interactions between TPR2A and the MEEVD peptide are listed.

No.
Protein 
Residue

Protein 
Atom

Peptide 
Residue

Peptide 
Atom

Interaction 
Type

01 Asn264 sc-NH2 Asp0 bb-CO electrostatic

02 Asn264 sc-CO Asp0 bb-NH electrostatic

03 Asn233 sc-NH2 Asp0 bb-CO electrostatic

04 Lys229 sc-NH2 Asp0 bb-CO electrostatic

05 Lys301 sc-NH2 Asp0 sc-CO electrostatic

06 Gln298 sc-NH2 Asp0 sc-CO electrostatic

07 Arg305 sc-NH2 Glu2 bb-CO electrostatic

08 Arg305 sc-NH2 Glu3 sc-CO electrostatic

09 Asn308 sc-NH2 Glu3 sc-CO electrostatic

Figure 4.8: Section of the 
crystal  structure  of  the 
TPR2A domain of HOP in 
complex  with  the  HSP90 
derived  peptide  MEEVD. 
The MEEVD peptide binds 
in  an  extended  backbone 
conformation  to  the  Hop- 
TPR2A domain.

Figure  4.9: Table  of  all 
important  interactions  be-
tween the Hop protein and 
the MEEVD peptide. 
sc:  side  chain;  bb:  back-
bone; vdW: van der Waals; 
h'phobic: hydrophobic. 
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No.
Protein 
Residue

Protein 
Atom

Peptide 
Residue

Peptide 
Atom

Interaction 
Type

10 Tyr236 sc-OH Glu3 bb-CO electrostatic

11 Glu271 sc-CO Glu3 bb-NH electrostatic

12 Thr260 --- Asp0 --- h'phobic / vdW

13 Asn233 --- Val1 --- h'phobic / vdW

14 Asn264 --- Val1 --- h'phobic / vdW

15 Ala267 --- Val1 --- h'phobic / vdW

16 Tyr236 --- Met4 --- h'phobic / vdW

17 Phe270 --- Met4 --- h'phobic / vdW

18 Glu271 --- Met4 --- h'phobic / vdW

4.2.3 Creation of a Pharmacophore Model

Virtual libraries usually contain only small organic compounds. Thus, it is not 

possible  to  find  a  ligand  that  “mimics“  the  complete  binding  mode  of  the 

MEEVD peptide.  As  a  consequence,  only  a  fraction  of  the  Hsp90 derived 

amino acid sequence had to be elected which subsequently serves as basis 

for parts of the pharmacophore model.

Figure 4.10: Illustration of 
the created pharmacophore 
model  for  the  search  of 
new  Hop  TPR2A domain 
ligands.  One  of  the  new-
found compounds is fitted 
into the 3D model.
Blue  spheres:  hydrogen 
bond  donor  sites  (spatial 
tolerances:  0.7  Å);  green 
spheres:  negative  centers 
(1.2  Å);  red  spheres:  H-
bond  acceptor  atoms  (0.9 
Å);  violet  sphere:  hydro-
phobic center (1.8 Å); light 
yellow topology: section of 
the  Hop  receptor  surface 
used as a spatial constraint 
(provided  with  a  van  der 
Waals radius tolerance).

Continuation of Fig. 4.9
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Since the two-carboxy-clamp seems to be the central  binding motif,  it  was 

decided  to  concentrate  on  Asp0  and  its  interactions  with  the  Hop  protein. 

Furthermore, additional informations about the contacts between Val1 and the 

receptor molecule were included into the pharmacophore model in order to 

extend the demands of the search mask. At last, a part of the surface of the 

Hop binding site was utilized as target based constraint; this means that those 

ligands which match the ligand based features defined before (Asp0 and Val1 

interactions with Hop) but contain additional groups which might clash with the 

receptor  scaffold  are  discarded.  After  checking  out  various  setups,  a  final 

pharmacophore model was created and further on used in the computational 

screening process. Details of the applied features and constraints are shown 

in figure 4.10 and explained in the figure caption.

4.2.4 Virtual Screening of Compound Libraries

For the virtual screening, several commercial libraries or a preselection thereof 

which contain typical drug-like organic molecules were utilized (see Fig. 4.11). 

In  total,  more  than  380,000  compounds  were  tested  for  matching  the 

requirements  of  the  created  pharmacophore  model.  During  the  three-

dimensional screening process, no additional filtering was used; this means 

that e.g. molecules which are not in agreement with Lipinski's rule of five were 

not rejected.

Library Provider Members Library Provider Members

ACD Labs 110,135 ChemStar 32,479

Ambinter 59,549 InterBioScreen 54,937

Asinex 96,756 Tripos 26,582

The computational database search revealed 70 molecules (~ 0.02 % of all 

screened compounds)  that  both display all  features and do not  violate the 

constraints defined in the pharmacophore model. In the next step, the selected 

compounds  were  visually  inspected;  those  molecules  which  have  nearly 

identical  scaffolds  or  display structures which  seem not  to  exhibit  receptor 

affinity were discarded. Finally, 36 compounds were accepted as potential Hop 

binders and further on virtually docked to the active site of the TPR2A domain.

Figure  4.11: Table of  the 
six  used compound  data-
bases and  the  number  of 
totally screened molecules 
per library.
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4.2.5 Docking of Selected Screening Hits

For the docking runs, the structure file of the Hop TPR2A domain had to be 

prepared. First, “broken” side chains as they often appear in crystal structures 

were repaired, apolar hydrogens were removed, and all atoms were provided 

with Kollman-type (partial) atomic charges. Then, a virtual grid was placed into 

the active site of the protein domain which was afterwards used to calculate all 

possible  interactions  between  the  receptor  and  the  ligands  to  be  docked. 

Further on, all 36 preselected compounds were also prepared; root atoms as 

well  as rotatable bonds and Gasteiger-type (partial)  charges were  defined. 

Finally, solvation energy parameter were calculated in order to estimate the 

role of solvent molecules in the binding process.

All 36 compounds which were previously selected could be docked to the Hop 

binding domain  (see Fig.  4.12 as  an example  of  one of  the docked com-

pounds).  To  evaluate  the  quality  of  the  outcomes,  three  procedures  were 

applied: comparison of binding energies, RMS deviation based clustering of 

docked  structures,  and  visual  inspection  of  the  computed  intermolecular 

binding modes. In addition, another docking algorithm which makes use of the 

fragment based approach was utilized to check the reliability of the output of 

 

Figure  4.12: Presentation 
of one  of the 36 screening 
hit  compounds  docked  to 
the TPR2A domain of Hop. 
The  ligand  interacts  with 
the  MEEVD  binding  site 
and exhibits those contacts 
which  were  proposed  via 
the  designed  pharmaco-
phore model (the aromatic 
ring  system shows  hydro-
phobic interactions with an 
apolar  groove of Hop and 
two  of  the  three  carboxy 
groups  contact  positively 
charged Hop residues).
The  Connolly  surface  of 
the Hop protein is colored 
according  to  its  electro-
static potential: blue color: 
a  positive  potential;  red 
color: a negative potential.
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the grid based technique. After a careful analysis, six molecules (out of the 36 

docked  potential  ligands)  that  exhibited  a  reliable  binding  mode,  highly 

populated  RMSD  clusters,  and  low  interaction  energies  were  chosen  for 

experimental NMR binding studies (see Fig. 4.13 and Fig. 4.14).

Compound 
Label

Mean / Lowest 
Energy [kJ / mol]

RMSD Cluster 
Size

Visual 
Inspection

A -6.39 / -6.89 68 / 100 very good

B -8.56 / -8.94 97 / 100 very good

C -5.39 / -5.55 78 / 100 good

D -7.32 / -7.81 67 / 100 good

E -7.53 / -8.42 88 / 100 very good

F -7.15 / -7.64 97 / 100 good

It should be noted that some of the virtually tested compounds revealed better 

or equal docking results than the six elected compounds shown in figure 4.13. 

However,  they  could  not  be  experimentally  tested  since  the  commercial 

companies  that  provide  the  utilized  screening  databases  were  not  able  to 

deliver the ordered molecules.

Figure 4.14: Illustration of 
the  chemical  structures  of 
the  six  ligands  that  were 
selected after virtual com-
pound  library  screening, 
grid-based  docking  runs, 
and  visual  inspection  for 
experimentally  testing  of 
Sti1TPR2B affinity.
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Figure  4.13: Table of  the 
virtual  docking  results  of 
six  elected  compounds. 
The  more  negative  com-
puted binding energies are, 
the  stronger  the  receptor 
ligand interactions are pro-
posed  to  be.  Furthermore, 
large  RMSD  cluster  sizes 
also  provide  evidence  of 
ligand  receptor  affinities. 
The  2D  structures  of  the 
compounds  are  shown  in 
figure 4.14.
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4.2.6 Experimental Binding Studies

As already mentioned in  chapter  1.2,  computational  tools  designed for  the 

elucidation of new drug molecules are not perfect since they usually neglect 

molecular  dynamics,  especially  of  the  receptor  molecule,  do  not  explicitly 

include  the  participation  of  solvent  molecules  or  ionic  particles  in  the 

intermolecular binding, and dependent on the quality of  the provided three-

dimensional target structures. Hence, the outcomes of the virtual screening 

and docking was experimentally  evaluated.  For  this  purpose,  target  based 

NMR binding studies of  the six chosen compounds (as illustrated in figure 

4.13) were performed.  As a sufficient batch of the TPR2A domain of human 

Hop which served as basis for the designed pharmacophore model was not 

available, the affinity of  the ligands was tested by help of the isolated,  15N 

labeled TPR2B (see also chapter 4.2.2) domain of Sti1, a Hop related yeast 

protein.[42] Two of the compounds to be tested (A and D) are neither soluble in 

water  nor in DMSO and could therefore not  be screened via solution-state 

NMR spectroscopy.  The remaining molecules were dissolved in highly con-

centrated stock solutions of DMSO and titrated in two steps (1 mM and 10 mM 

final  solution  concentrations)  to  the  TPR2B  domain  (200  μM).  Whereas 

addition of all compounds upon a concentration of 10 mM results in chemical 

shift perturbations in 1H,15N-HSQC spectra, only molecule F effects significant 

changes in the spectrum at a final concentration of 1 mM. Thus, it was decided 

to perform an exhaustive NMR binding study (seven titration steps) for ligand 

F which allows the estimation of a protein-ligand dissociation constant.

Figure  4.15: Overlay  of 
three  1H,15N-HSQC  NMR 
spectra.  It  is  obvious  that 
addition of ligand F to the 
TPR2B  domain  of  Sti1 
results  in  moderate  shifts 
of  several  protein  signals 
(see e.g.  the enlarged Sti1 
TPR2B peak).

Blue:  reference  spectrum 
(only 200 μM of protein is 
present);  cyan: first  ligand 
titration  step  (200  μM  of 
receptor  and  0.2  mM  of 
ligand F); red: sixth ligand 
titration  step  (200  μM  of 
protein  and  1.2  mM  of 
ligand F).
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The  Sti1  TPR2B  concentration  (200  μM  in  phosphate  buffer)  was  kept 

constant in each titration step; the final ligand concentrations were: 0.2, 0.4, 

0.6, 0.8,  1.0, 1.2, and  1.4 mM. To exclude artifacts caused by DMSO, the 

same amounts of solvent as used in the ligand titration steps were added to a 

new  protein  sample;  the  resulting  chemical  shift  perturbations  were 

subsequently applied as correction terms. In figure 4.15, an overlay of three 
1H,15N-HSQC spectra is shown (for explanations, see the figure caption). Due 

to the arising of several ligand induced signal shifts, it became obvious that 

ligand F is able to interact with the TPR2B domain of Sti1.  Since no NMR 

backbone  assignment  of  the  utilized  protein  was  present,  and  thus  no 

informations about the origin of shift perturbations - direct binding or allosteric 

effects - were available, only a qualitative analysis of the titration steps and an 

estimation of the protein-ligand dissociation constant was possible. Addition of 

molecule F led to chemical shift perturbations of about 20 HSQC peaks from 

which 16 resonances could be used for the computation of a mean kD. For this 

purpose, the absolute values of the chemical shift  difference vectors which 

represent a function of the dissociation constant were calculated. Finally, the 

resulting 16 kD values were arithmetically averaged.[48]

The estimations for some residues revealed kD values of about 900 μM, others 

result in ca. 170 μM. The majority of evaluated shifts have kD values of about 

300 μM. The mean dissociation constant is averaged to a value of 435 μM.

Figure 4.16: Illustration of 
the  binding  curve  for  one 
arbitrarily selected  1H,15N-
HSQC protein peak. Seven 
ligand  titration  steps  were 
performed. For a ligand F 
concentration  of  0.4  μM, 
no precise data point could 
be extracted  due to  NMR 
experimental  uncertainties. 
By  means  of  the  shown 
curve, a kD value of ca. 300 
μM  could  be  extracted. 
The  detailed  measurement 
conditions are described in 
the  main  text  and  in  the 
caption of figure 4.15.
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4.2.7 Conclusion

By means of the three-dimensional structure of the HSP90 derived MEEVD 

peptide complexed to the Hop TPR2A domain, a pharmacophore model could 

be  designed  which  served  as  search  mask  for  screening  several  virtual 

compound libraries with in total more than 380,000 members. Out of this huge 

number  of  molecules,  70  compounds  matched  all  requirements  of  the 

pharmacophore  model.  Since  both  redundant  and  improperly  seeming 

scaffolds were discarded, 36 molecules remained which were virtually docked 

to the TPR2A receptor. By means of a visual inspection of the docking modes, 

an energetic evaluation, and RMSD clustering, six compounds were elected 

for NMR spectroscopic binding studies. Since two molecules were not soluble 

in water and DMSO, only four ligands could be tested. All of them revealed a 

weak affinity to the utilized Sti1 TPR2B protein domain. For compound F, the 

best binder, a dissociation constant of ca. 435 μM was estimated.

It can be concluded that virtual screening is able to identify molecules which 

exhibit  (weak)  affinity  to  a  target  molecule  of  interest.  As  this  method  is 

accompanied by computational approximations, e.g. no explicit consideration 

of  protein  dynamics  or  solvent  effects,  and  depends  on  the  quality  of  the 

provided 3D structures, the estimated affinity of the new-found Sti1 ligand is 

higher  than  it  is  usually  expected  and  in  a  similar  range  like  compounds 

recently published for Hop binding.[49] Possibly, the affinity of ligand F may be 

even higher if the TPR2A domain of Hop is used for experimental studies.

For  the  creation  of  the  pharmacophore  model,  only  parts  of  the  MEEVD 

TPR2A interaction mode was taken into consideration. Thus, a further virtual 

search that is based on so far not utilized binding informations may result in a 

second new ligand. By covalently linking the two compounds without altering 

the protein ligand interactions, a medium-sized molecule could be designed 

which exhibits a strong TPR2A / TPR2B protein domain affinity. This approach, 

called fragment based ligand design, was nicely described in literature.[50-52]

4.2.8 Reagents, Methods, and Experiments

For  the  design  of  the  pharmacophore  model  and  the  virtual  screening 

procedure, the UNITY program suite embedded in the SYBYL 7.3 modeling 

package was  utilized (www.tripos.de).  During  the  3D search,  no  additional 

filter options were applied. The screened databases were offered by Asinex 
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Ltd.,  Tripos L.P.,  Ambinter  SARL, InterBioScreen Ltd.,  ChemStar,  and ACD 

Labs Inc. Matching compounds were saved in molecular  spreadsheets and 

visually inspected. For the subset of 36, AutoDock3 docking runs which rely on 

a grid based algorithm were performed.[53] For all ligand molecules, root atoms 

and rotatable  bonds were defined and the compounds were  provided with 

Gasteiger  charges.  The  3D  structure  of  the  TPR2A binding  site  was  first 

prepared with the Sybyl 7.3 “Structure Preparation” tool and finally provided 

with Kollman charges. The utilized grid dimensions were 68 × 64 × 60 points 

with a spacing of 0.375 Å. Maps were created for the following atom types: C 

(non-aromatic), C (aromatic), H, O, N, S, P, F, and Cl. Docked structures were 

clustered with a RMSD value of  2  Å.  Docking energies were automatically 

calculated and are given in kJ / mol. 

The 15N labeled and His-tagged Sti1 TPR2B domain was overexpressed in E. 

coli and purified via FPLC (equipped with a nickel column). The protein was 

dissolved in 50 mM potassium phosphate buffer, including 50 mM KCl and 1 

mM tris(2-carboxyethyl)phosphine (TCEP); the pH of the sample solution was 

7.5.  The  six  chosen  compounds  were  ordered  via  eMolecules  Inc. 

(www.emolecules.com) and utilized in the NMR binding studies as delivered 

(HPLC purified and lyophilized powders). The concentration of the d6-DMSO 

stock solution of ligand F was ca. 360 mM.

All NMR measurements were performed on a Bruker 600 MHz spectrometer 

equipped  with  a  TXI  cryogenic  probe  with  z-gradients.  A standard  Bruker 

HSQC pulse program using gradient pulses and a common water suppression 

pulse scheme was applied.[54-57] The temperature for all experiments was 293 

K. 1024 data points were recorded in the direct dimension, 90 in the indirect 

dimension. The spectral widths for proton detection was 13 ppm, for nitrogen 

detection 32 ppm with a center frequency of 117 ppm. 

4.2.9 Declaration

The  presented  topic  was  conducted  in  collaboration  with  M.Sc.  Stephan 

Lagleder (Technical University Munich, Department Chemistry). S.L. prepared 

the Sti1 TPR2B domain, prepared all ligand samples, and performed all NMR 

spectroscopic  investigations.  The  described  results  have  not  yet  been 

published. Because of this, no explicit  details about the utilized compounds 

are provided throughout the description of this project.
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4.3 Identification of Amyloid Peptide Binders via QSAR
Based Methods

Three-dimensional quantitative structure activity relationship (3D-QSAR) is a 

method for predicting the biological activity of a compound only by help of the 

knowledge of its structure. For this to work, a general relationship between 

activity and structure is derived from a compilation of molecules with known 

activity - the training set. After an evaluation of the universal applicability of the 

derived  relationship  by  statistical  means,  the  biological  activity  of  novel 

compounds can be predicted. The most striking advantage over conventional 

computational activity assays is the possibility to predict ligand activities even 

if  information  about  the  3D  receptor  structure  lacks.  This  feature  renders 

QSAR a supplementary method to procedures that are dependent on detailed 

insight into a receptor conformation (e.g. molecular docking). Apart from that, 

the  in silico nature of a QSAR study makes it  a fast and cheap method in 

comparison to experimental screening setups.[58]

4.3.1 The Scientific Question 

Alzheimer’s disease (AD), a major cause of dementia, afflicts more than thirty 

million people worldwide.[59] Although enormous efforts have been made to 

elucidate the molecular cause of the disease, AD still remains incurable and 

terminal. One of the characteristics of AD is the presence of senile plaques 

that are associated with neurotoxicity.[59] Whereas several imaging compounds 

have been proposed for plaque-tracing (for details, see section 4.3.2), more 

sensitive and selective amyloid peptide binders are needed to improve the 

early diagnosis of AD. However, the search for improved tracers is very difficult 

due to little information about the structure of the plaques  in vivo. The poor 

water  solubility  of  the  plaque-building  peptides  prevents  their  adequate 

conformational analysis by methods like NMR spectroscopy. 

Therefore,  the  aim of  this  project  was  to  find  out  whether  it  is 
possible  to  design  novel  amyloid  plaque  tracers  without  having 
knowledge about the 3D structure of the receptor molecules.

For this purpose, the binding affinity of  65  compounds was elucidated by an 

experimental setup. The structures and binding affinities of these compounds 
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was then used to build appropriate training sets for a QSAR studies. After that, 

general  structural  properties  for  high  biological  activity  were  proposed,  the 

affinity of novel compounds was predicted, and optimal ligand scaffolds were 

predicted.

4.3.2 Biological Background of Alzheimer's Disease

Nowadays, a combination of psychiatric evaluation and morphological imaging 

of the central nervous system atrophy by magnetic resonance imaging is the 

established  diagnosis  of  Alzheimer’s  disease.  But  only  neuropathological 

examinations of the brain from AD patients post mortem can give a definitive 

evidence of AD by demonstrating the presence of senile plaques containing β-

amyloid (Aβ) aggregates and neurofibrillary tangles.[60] Aβ-deposits consist of 

peptides of 40 and 42 amino acids (Aβ40 and Aβ42), forming amyloid fibrils 

with  a  characteristic  β-plated  sheet  structure.[61] This  sheet  structure  re-

presents the target for histopathological staining as well as tracers for non-

invasive imaging. Non-invasive imaging agents could prove the hypothesis of 

generation of β-amyloid as a causative event in the development of AD, as 

well as assess the Aβ-load at a pre-symptomatic stage to provide a differential 

diagnosis  of  AD  over  other  neurodegenerative  disorders.[60] The  regional 

distribution  and concentration  of  Aβ-plaques  can  be measured by positron 

emission tomography (PET). For this, imaging agents are labeled with positron 

emitting radionuclides. 

The plaque binding radio-labeled Crysamine-G and Congo-Red agents were 

used  as  templates  for  the  design  of  blood-brain  barrier  (BBB)  crossing 

compounds for  in  vivo imaging.[62-67] Until  now,  five PET-ligands have been 

yielded for clinical studies: the thioflavin-T-derivative N-[11C]methyl-6-OH-BTA-

1  termed  Pittsburgh  Compound-B  ([11C]PIB),  the  18F-labeled  benzothiazole 

CN

CN
N

Figure 4.17: Illustration of 
a  member  of  the  FDDNP 
type  ligand  series  which 
has  been  already  used  in 
clinical  PET  studies  for 
tracing amyloid plaques.
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(BTA)-derivative 3′-[18F]FPIB, an 11C and an 18F labeled version of the Congo-

Red  derivative  SB-13,  and  the  amino-naphthyl  derivative  [18F]FDDNP (see 

also figure 4.17 that shows the constitution of a member of the FDDNP type 

ligand series).[59,60]

4.3.3 Design of Various QSAR Models

65 compounds were  synthesized and tested for  their  binding to Aβ40 and 

Aβ42  plaques  in  vitro.  The  activities  of  the  compounds  are  given  in  % 

inhibition - the percentage by which the PET signal of the reference structure 

called BTA1 (see Fig. 4.18) - decreases after the addition of another com-

pound. All used molecules posses the same or a similar scaffold as BTA1.[68] 

As mentioned in chapter 1.2.3, the composition of a training set is crucial for 

the performance of subsequent predictions by the QSAR model. Therefore, 

training  set  compounds  were  carefully  selected  from the  pool  of  65 com-

pounds. As the atomistic structures of the receptor molecules (Aβ plaques) are 

not known, “active” three-dimensional conformations of the training set com-

pounds  could  not  be  determined  (as  it  could  be  done  e.g.  via  molecular 

docking).  Hence,  the  basic  scaffolds  of  all  compounds  were  used  as  fully 

planar structures and - if possible - all substituents were oriented in a uniform 

way. Subsequently, the ligand molecules were provided with partial charges 

(Gasteiger-Hückel) and spatially aligned via a least-square-fit method.[69]

In  order  to  create  a  meaningful  QSAR  model,  two  completely  different 

approaches for assembling the training set compounds were tested. First, only 

those molecules (out of the 65 available ones) were selected for one training 

set if they can contribute to optimize the cross-validated q2 and r2 statistical 

values (denoted as training set A). Secondly, a further training set (named as 

B) was designed since it is known that the mentioned statistical values are not 

always an adequately measure for the external predictability of a QSAR model 

(see also e.g. section 1.2.3).[70] For this purpose, compounds were selected in 

Figure 4.18: Illustration of 
BTA1,  the  reference com-
pound used for the activity 
assay and for the structural 
QSAR alignment. 
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a more “reasonable” way, thereby not considering the effect of the chosen set 

on the q2 and r2 statistical values. In detail, the final training set B consists of 

an  equal  number  of  compounds that  exhibit  both very low,  very high,  and 

moderate receptor affinity values. The standard error of prediction (SEP) and 

the standard error  of  estimate (SEE) are statistical  values listing the  RMS 

difference  between  actual  (experimental)  and  either  predicted  (cross-

validated) or fitted (non-cross-validated) y (here: % inhibition) values. Both are 

calculated  analog  to  the  RMSD  computations  (see  also  section  4.3.8).  A 

tabular overview of the created training sets is given in figure 4.19.

Statistics Set A Set B

Available Compounds 65

Selected Molecules 46 33

CoMSIA Fields s / e / h / a s / e / h / a

Regression Type PLS PLS

Aβ40 LOO Cross-Validation (q2) * 0.655 0.511

Aβ42 LOO Cross-Validation (q2) * 0.735 0.732

Aβ40 Coefficient of Determination (r2) * 0.880 0.845

Aβ42 Coefficient of Determination (r2) * 0.932 0.922

Aβ40 LOO SEP * 15 21

Aβ42 LOO SEP * 15 20

Aβ40 PLS SEE * 9 12

Aβ42 PLS SEE * 8 11

In both training sets, the q2 and r2 statistical values for the Aβ42 predictability 

exceed  the  respective  values  for  the  Aβ40  predictability;  this  tendency  is 

accompanied  by  slightly  higher  errors  (SEP and  SEE)  for  the  Aβ40  pre-

dictions. The described deviation between Aβ40 and Aβ42 can be attributed to 

the  training  set  composition.  Obviously,  the used molecules  cover  a  wider 

range of % inhibition values for Aβ42 plaques than for Aβ40 peptides. The q2 

and r2 values of the two sets are indicative of statistical relevance as they all 

exceed the QSAR typical significance threshold of 0.5. This means that the 

linear  dependence  of  the  variance  of  the  predicted  %  inhibition  on  the 

descriptors per molecule is at least 50 %. Except for Aβ40 inhibition, all QSAR 

models yield excellent q2 and r2 values of > 0.7 and > 0.8, respectively.

Figure  4.19:  Table  of  the 
most important statistics of 
the training sets that  were 
established  for  the  QSAR 
study.  The meaning of  all 
values  is  explained  in  the 
main text. 

*  All  statistical  data  are 
given  in  inhibition  per-
centage points.

CoMSIA field description: 
s: steric; e: electrostatic; h: 
hydrophobic; a: acceptor. 

Statistics:  PLS:  partial-
least-square  fit;  LOO: 
leave-one-out based cross-
validation;  SEP:  standard 
error  of  prediction;  SEE: 
standard error of estimate. 
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If one compares both training sets, statistics indicate that set A should result in 

a better predictability due to higher q2 and r2 and lower SEP and SEE values 

than set  B.  However,  the ability  to predict  novel  compounds (external  pre-

dictability) has to be evaluated by using a test set of “unknown” ligands (not 

present in the training set but with known biological activity).[70]

4.3.4 Examination of the Predictability Power via Test Set Ligands

The most reliable way to test the quality of a QSAR model is to predict the 

receptor  affinity  of  both  training  set  (internal  predictability)  and novel  com-

pounds  (external  predictability).[70] For  this  purpose,  uniform  test  sets 

containing 46 (set A) or 33 (set B) training set compounds plus each time five 

“unknown” molecules were used. For both models, the % inhibition values (for 

Aβ40 and Aβ42 plaques) of the chosen compounds was predicted (see Fig. 

4.20).

Figure 4.20: Illustration of 
plots  showing  correlations 
between  experimental  and 
predicted  % amyloid  pep-
tide  inhibition values  for 
the two training sets A and 
B,  thereby  regarding  the 
predictability of Aβ40 and 
Aβ42  peptide  plaque  af-
finities. The squared errors 
of  the  shown  correlations 
are  also  illustrated.  The 
analysis  of  the  plots  is 
given in the main text.

Blue  colored  data  points 
represent molecules which 
are  present  in  the  training 
sets; data points colored in 
red  belong  to  „unknown“ 
compounds.
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Considering the  graphs  shown  in  figure  4.20  (blue  colored  data  points 

represent  molecules from the training set,  red colored ones belong to “un-

known”  compounds),  it  becomes obvious  that  most  of  the  data  points  ap-

proximately lie on the diagonals (perfect correlation) of the quadratic plots; this 

observation  is  especially  true  for  the  prediction  of  training  set  compounds 

which  indicates an appropriate  internal  predictive  power  of  the  two QSAR 

models  A  and  B.  As  expected,  training  set  A  shows  better  overall  pre-

dictabilities for already known compounds with the prediction of Aβ42 affinities 

being slightly more precise (see e.g. the “squared error“ plots in figure 4.20). 

In contrast, training set B is superior with respect to the external predictability 

which is the more important parameter for evaluating the quality of designed 

QSAR models. Again, the prediction of Aβ42 affinities is slightly better than the 

Aβ40 related predictions of % inhibition values (see again the “squared error“ 

plots in figure 4.20).

Continuation of Fig. 4.20
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By calculating the errors of prediction in terms of RMSD values, the internal 

and external predictabilities of the two different CoMSIA based QSAR models 

can be evaluated.[70] In this scope, it is important to compare the overall RMSD 

values of prediction of training set compounds with those of the compounds 

that are not in the training set: the considered training sets represent a robust 

QSAR model if the error for the “unknown” compounds is roughly the same as 

for  the  training  set  compounds.  In  this  case,  the  respective  QSAR model 

provides the possibility to precisely predict novel compounds.[70]

Statistics
RMSD (Known) RMSD (Unknown)

Aβ40 Aβ42 Aβ40 Aβ42

Set A 8 7 18 18

Set B 10 9 14 11

As can be seen in figure 4.21, the RMSD values for predicting training set 

compounds  and  unknown compounds  extensively  differ  (>  10 inhibition  % 

points) for training set A. Hence, the overall robustness of this QSAR model 

can be supposed to be poor; this becomes also obvious when analyzing the 

graphical plots shown for model A (see e.g. Fig. 4.20; the data points for the 

unknown compounds shown in red exhibit larger distances from the diagonal 

than the data points of the training set compounds shown in blue). In contrast, 

the RMSD difference between internal and external predictabilities for set B is 

low (<  5  inhibition  % points),  again  e.g.  visualized by similar  distances  of 

“known” and “unknown” test set molecule data points from the diagonal (see 

again Fig.  4.20).  Hence,  training set  B -  although having inferior  q2 and r2 

statistical values to training set A and a worse internal predictability - is the 

more  robust  QSAR  model  and  allows  a  more  precise  prediction  of  new 

amyloid  peptide  plaque  binders.  However,  the  quality  of  the  model  is  not 

sufficient to precisely predict the Aβ40/42 selectivity of novel compounds due 

to too high RMSD % inhibition values (see Fig. 4.21).

4.3.5 Propositions for More Effective Amyloid Tracer Molecules

By means of the designed and further on evaluated training set B, physical 

and chemical  features  of  novel  compounds for  being highly  affine  amyloid 

peptide plaque binders can be predicted with an adequate precision. 

Figure  4.21: Table  of 
RMSD values  of  the  pre-
dictabilites  of  the  training 
sets A and B.

* All values are given in % 
inhibition.

Known: RMSD  values  for 
all training set compounds; 
Unknown:  RMSD  values 
for compounds that are not 
in the training set. 
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For this purpose, QSAR fields are usually projected onto the scaffolds of the 

utilized training set compounds (see Fig. 4.22 and its caption for color coding 

informations). Analyzing the created fields as shown above, the computational 

propositions reveal that the amyloid peptide plaque affinity of the reference 

molecule BTA1 can be triggered by modifying both its basic scaffold and the 

its substituents with respect to electrostatic features. For instance, electron-

poor groups should be added as substituent to or incorporated into the phenyl 

ring  of  the  benzothiazole  moiety.  In  addition,  the  proton  of  the  secondary 

amino group should be replaced by a more electron-rich chemical group. In 

order to verify these QSAR suggestions,  it  is  necessary to synthesize and 

biologically test respective compounds.

4.3.6 Conclusion

Summing  up,  two  QSAR models  for  predicting  the  affinity  of  new amyloid 

peptide binders were created based on different  strategies for  establishing 

compound training sets.  In general,  both models show very good statistics 

with respect to high q2 and r2 values. However, predictions of QSAR evaluating 

test sets showed that both statistical values do not guarantee a proper ex-

ternal predictability of a model; for example, model “A” (based on training set 

A) exhibits unacceptable differences between the RMSD values of the whole 

test  set  and  the  RMSD values  of  “unknown”  compounds.  In  contrast,  the 

second model (derived from training set B) performed very well in predicting 

novel test set compounds, proven by a minimal difference between the two 

respective  RMSD  values.  These  results  make  clear  that  application  of  a 

practical  test  set  including  “unknown“  compounds  is  indispensable  for  an 

Figure 4.22: Illustration of 
training set B based QSAR 
fields  projected  onto  the 
structure  of  the  reference 
compound  BTA1.  As  an 
example, favored areas for 
positive  (red)  or  negative 
(blue)  partial  charges  are 
shown. 
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evaluation of the predictive power of a QSAR model. Model “B” could be used 

to predict the affinity of novel compounds that possess a similar basic scaffold 

as the training set compounds. However, the error of prediction is still too large 

to differentiate between Aβ40 and Aβ42 selective plaques binders.

4.3.7 Reagents, Methods, and Experiments

All 65 compounds used for QSAR studies were synthesized by the help of 

commercially available,  standard  chemical building blocks.  Biological testing 

for amyloid peptide plaque binding will be soon described elsewhere.

All  computational  operations  were  carried  out  on  a  Suse  Linux  operating 

system, using the software suite Sybyl8 (www.tripos.de). QSAR models were 

derived from CoMSIA fields (used fields: sterics, electrostatics, hydrophobics, 

H-bond donors, and H-bond acceptor) applying default QSAR settings if not 

stated otherwise (probe atom with radius: 1 Å, charge: +1, hydrophobicity: +1, 

hydrogen bond donating: +1, hydrogen bond accepting: +1; grid spacing: 2.0 

Å; attenuation factor: 0.3). All molecules were created using the “Sketch Tool” 

of Sybyl8. The compounds were aligned to the reference molecule BTA1 (see 

Fig. 4.18) using an 3D alignment tool from the GROMOS96 MD simulation 

package. In order to achieve a reproducible alignment, residues of the planar 

molecules were uniformly positioned by modifying the torsional angles.  For 

deriving the final structure activity relationship (SAR), a non-validated partial-

least-squares  (PLS)  regression  was  applied,  finally  yielding  r2 statistical 

values. Cross-validated q2 values were obtained through leave-one-out (LOO) 

cross-validation. With the calculated cross-validated coefficient q2 in hand, the 

optimum number of QSAR components was obtained. Finally, the components 

were used for the subsequent partial-least-square regression (no validation). 

The column filtering box was kept  unchecked during all  operations.  RMSD 

values were calculated as follows:

RMSD = 
n

predictedactualn

i ii∑ =
−

1
)²%(%

with n being the number of compounds used for creating the models, %actual 

being the experimental % amyloid plaque inhibition values, and %predicted 

being the QSAR based predicted of % inhibition values.
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4.3.8 Declaration

The  presented  topic  was  conducted  in  collaboration  with  B.Sc.  Matthias 

Friedrich (Technical University Munich, Department Chemistry),  Dr.  Behrooz 

Yousefi, and Prof. Gjermund Henriksen (Technical University Munich, Klinikum 

rechts der Isar). B.Y. synthesized all used compounds and was responsible for 

biological testing. G.H. helped in obtaining precise % plaque inhibition values. 

M.F. contributed to the design of appropriate training sets, to test new ligand 

molecules, and to calculate respective QSAR statistics.

The described results are in preparation for publication. Because of this, no 

details about the utilized compounds and the exact localization of the created 

QSAR fields are provided throughout the description of this project.
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5 Summing Up and Looking Ahead
Conclusions and Perspectives

Before the results of the present work are summarized, the fruitful interplay of NMR spectroscopy and 

molecular modeling and its perspectives are shortly discussed. Most of scientific questions accom-

panying the distinct projects could be answered only by a combined application of NMR techniques 

and virtual approaches like MD simulations, virtual screening, or molecular docking. In the majority of 

presented topics,  computational  tools  were utilized to explain NMR spectroscopic  outcomes (e.g. 

RDC  prediction)  or  to  convert  experimental  data  into  descriptive  models  (e.g.  conformational 

analysis). In contrast, NMR spectroscopy was also applied to prove the results of molecular modeling 

approaches (Hop protein ligands).  With the aid of both techniques, a plethora of results could be 

yielded that may preciously contribute to biochemical and pharmacological research.

However, some of the presented findings revealed that the interplay of both methodologies is not 

perfect. Regarding NMR spectroscopy, especially the application of RDCs for flexible molecules and 

the estimation of  preferred orientations of small  and medium-sized molecules in alignment media 

need to be optimized. Whereas the latter topic was directly treated in chapter 3.2, huge efforts have 

already been made to accurately fit experimentally gained RDCs onto smaller dynamic molecules like 

peptides or short nucleic acid chains.[1,2] The advancement of molecular modeling techniques is also 

an active field of research.  For example, many approaches like replica exchange, conformational 

flooding, local elevation, or coarse grained calculations have recently been developed (but still have 

to  be  optimized)  to  enhance  the  MD  based  conformational  sampling.[3] The  need  for  such  new 

algorithms became obvious e.g. in chapters 3.1 and 3.3 where even very long MD simulations did not 

result in fully converged molecular ensembles of Cilengitide or cyclic penta-alanines. Another topic 

concerns molecular docking tools.  As stated in chapter 4.2, virtual screening and docking usually 

elucidate protein ligands with at best millimolar affinity.  The main reason for this drawback is that 

receptor  dynamics are completely neglected in  the available tools.  Thus,  very recently advanced 

algorithms have been presented which allow at least side chain rotations of receptor amino acids.[4]

In the following section, the results of the present thesis are concluded, thereby considering their 

impact on the distinct research fields.
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1. The effect of proline and N-methylated amino acids in conformational design 

The main interest in this chapter concerned the question if prolines can be replaced by N-methylated 

amino acids in a cyclic pentapeptide without altering its backbone conformation. Structural analyses 

via NMR spectroscopy, distance geometry, and MD simulations of various template peptides revealed 

that  the  cyclic  backbone  structure  is  not  significantly  modified  when  one  proline  in  a  cyclic 

pentapeptide is  exchanged by one  N-methylated residue.  This  outcome allows new strategies  in 

conformational design of cyclic pentapeptides: whereas the utilization of proline, an excellent inducer 

of stable turn structures, results in the loss of one position where a pharmacophoric side chain group 

could be introduced; the application of an N-methylated amino acid does not lead to this drawback. 

Thus, it could be stated that  N-methyl group carrying amino acids are “better” prolines. In contrast, 

two prolines can not be replaced by N-methylated residues without affecting a peptide conformation.

2. Configurational and conformational analysis by an RDC-only driven MD approach

The scientific question to be answered in this chapter was to evaluate the robustness and precision of 

RDC-only driven MD simulations applied for elucidating molecular structures. By the help of a new 

alignment medium, an accurate measurement of multiple residual dipolar couplings for the natural 

product staurosporine was possible.  The RDCs were fitted onto different configurational and con-

formational  arrangements  via  both  free  and  restrained  molecular  dynamics  simulations  and  an 

established,  static approach (PALES). It  could be shown in detail  that  the right  three-dimensional 

structure of staurosporine was unambiguously identified by both, RDC-coupled and only force field 

driven MD simulations, thereby providing results of equal quality as the PALES method. Therefore, 

small and medium-sized organic compounds with unknown configuration and / or conformation can 

be studied in future with the aid of MD simulations in combination with residual dipolar couplings.

3. NMR based determination of the constitutions of complex bioinorganic compounds

In this section, the expected constitutions of three peptide analogs - parts of potential new biosensors 

- containing different metal ions were proved by NMR spectroscopic techniques. Two of the molecules 

comprised, in addition to a ferrocene group, more than ten linearly arranged methylene groups which 

had to be unequivocally assigned. The challenge in the study of the third compound was to sub-

stantiate the coordination of  four  ligand groups to a central  ruthenium ion.  Whereas the primary 

sequence of the ferrocene containing molecules was straightforward via routinely used homo- and 

heteronuclear experiments recorded at very high magnetic fields, the constitutional analysis of the 

ruthenium containing compound turned out to be more difficult. By means of proton-nitrogen coupled 

experiments and an assignment strategy based on exclusion of alternative metal coordination modes, 

the constitution of the ruthenium complex could be proved beyond doubt.
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4. Conformation and dynamics of Cilengitide in different environments

The cyclic  peptide Cilengitide  c(RGDf(NMe)V-) is a super-active αvβ3 integrin inhibitor. Usually, very 

high  receptor  affinities  are  only  obtained  when  the conformation  of  the  ligand freely  tumbling  in 

solution excellently matches its structure in the bound state. Thus, the conformation and dynamics of 

Cilengitide in four polar and apolar solvents were studied. It could be shown via NMR spectroscopy 

and MD simulations that the integrin ligand exhibits in all cases almost the same, strongly preferred 

backbone structure. The investigation of dynamics revealed that the backbone arrangement is highly 

stable;  the strongest  flexibilities are found for  three peptide bonds which can rotate by ca.  180°, 

thereby not affecting the overall  conformation. A comparison of these findings with the Cilengitide 

integrin complex showed that the conformation of the ligand in the free state is very similar to the 

structure when being bound and that the observed dynamics do not interfere with the binding mode.

5. Prediction of residual dipolar couplings via molecular dynamics simulations

An ab initio estimation of residual dipolar couplings is of great scientific interest; first, the prediction of 

RDCs via realistic models would give detailed insight in the interactions of alignment media and solute 

molecules; additionally, differing RDC signal sets of enantiomeric mixtures arising in chiral alignment 

media could be stereospecifically assigned to the chiral molecules which might allow an NMR based 

discrimination of enantiomers. For this purpose, a very simple model of the alignment medium poly-

styrene/CDCl3 - a short atactic and z-oriented polystyrene chain with fixed backbone end atoms - was 

applied in stochastic dynamics simulations. The model enabled the computation of converged RDCs 

for the natural product strychnine which are in much better agreement with experimentally derived 

data than values obtained by an established steric prediction tool. Furthermore, it could be shown that 

the alignment of strychnine particularly results from interactions with the polymer backbone.

6. Correlating structural dynamics of peptides with their cellular permeabilities

In contrast to the rapidly increasing number of peptides with interesting biological properties, their 

application as promising drug candidates in pharmacological research is still limited as peptides are 

usually not  orally available.  However,  it  has recently been demonstrated that  N-methylation could 

trigger the paracellular uptake of cyclic peptides, and that template penta-alanines containing different 

numbers  and  patterns  of  N-methylations  exhibit  varying  cell  passing  rates.  By  the  help  of  NMR 

spectroscopic  and  MD  simulations,  a  possible  correlation  of  structural  features  and  molecular 

flexibilities with the extend of absorption could be identified;  one backbone amide proton must be 

highly exposed to the solvent and does not significantly change its orientation over a certain period of 

time. This observation might be explained by the necessity that stable hydrogen bonds are formed 

between a peptide and tight-junction flanking proteins which regulate the paracellular transport.
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7. Development and testing of a new ligand based NMR screening technology

NMR based ligand screening is a powerful technique for elucidating new drug candidates. However, 

current  methods  often  suffer  from  signal  overlap  in  the  spectra  (e.g.  proton-detection)  or  need 

additional labeling of ligand molecules (e.g. fluorine screening). In order to overcome these obstacles, 

a new screening method was developed that is based on phosphorus detection. Since 31P containing 

molecules usually result in only one NMR resonance, even huge compound libraries could be in-

vestigated. Moreover,  phosphorus is often an intrinsic element of enzyme inhibitors mimicking the 

tetrahedral  intermediate  of  a  peptide  bond  hydrolysis;  thus,  interactions  with  proteases  can  be 

detected without auxiliary ligand labeling. The broad applicability of the new method was not only 

proved by basic 1D experiments but also via valuable extensions of the approach like signal recovery 

measurements, reporter based screening, and heteronuclear 2D NMR experiments.

8. Elucidation of a new Sti1 protein ligand via virtual screening and docking

Hop, an adaptor protein that belongs to the group of co-chaperones, mediates the association of 

Hsp70 and Hsp90. As Hsp90 is a key protein in cancer formation, inhibition of Hsp90-Hop complex 

formation may block the passage of Hsp90 client molecules and might therefore be a route to novel 

anti-cancer agents. By means of a pharmacophore model that was designed in accordance with the 

Hsp90-Hop binding mode, virtual compound libraries were screened for potential Hop binders. The 

number of found candidates was reduced by a virtual docking approach and visual inspection. Finally, 

the Hop affinities of several hits were evaluated by target based NMR screening experiments, thereby 

using the Hop related Sti1 protein as receptor. For the compound which shows the most promising 

results, a kD value of ca. 400 μM was experimentally measured what is - compared to the outcomes of 

other virtual screening studies (usually, “millimolar binders” are found) - an outstanding result.

9. Creation of QSAR models for predicting new amyloid peptide plaque tracers

One of the characteristics of Alzheimer’s disease, a major  cause of dementia,  is  the presence of 

senile plaques that are associated with neurotoxicity. In order to improve the early diagnosis of the 

disease, sensitive and selective amyloid peptide binders are needed for PET plaque-tracing. How-

ever, the search for improved tracers is very difficult due to little information about the structure of the 

plaques in vivo. Thus, different QSAR models based on a medium-sized compound library containing 

planar, aromatic molecules were designed. Since it could be clearly shown that the usually calculated 

statistical parameters are only a measure for the internal predictability of a model, an optimized QSAR 

training set was created by an individual selection strategy which also allows an excellent external 

predictability. With the aid of the computed, corresponding QSAR fields, the structural requirements of 

a compound for exhibiting high amyloid Aβ40 and Aβ42 plaque affinity could now be elucidated.
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Final Overview

In order to give a shortly summarized overview of the scientific contributions yielded by this work, the 

most important and relevant results of the nine presented topics are encapsulated in one sentence as 

shown in the table below.

Project Main Outcome

Conformational Design
of Cyclic Pentapeptides

It could be shown that one proline can be replaced by one 

N-methylated amino acid  in  a  cyclic  pentapeptide without 

perturbing the overall conformation.

RDC-Only Based
Structure Determination

RDC-only driven MD structure determination is well suited 

to elucidate both the configuration and the conformation of 

small or medium-sized organic compounds.

Constitutional Analysis of 
Bioinorganic Molecules

The molecular constitution of three metal-containing, bioin-

organic compounds could be unambiguously determined by 

the help of homo- and heteronuclear NMR experiments.

Conformational Dynamics
of an Integrin Inhibitor

Whereas the conformation of the integrin ligand Cilengitide 

is  highly stable  in  polar  and apolar  solvents,  its  flexibility 

does not negatively affect the binding mode to the receptor.

Prediction of Residual
Dipolar Couplings

With the aid of a simple model, RDCs for a natural product 

could  be  precisely  predicted  via  MD simulations,  thereby 

being superior to a well established static approach.

Cellular Permeabilities of 
Cyclic Template Peptides

Solvent accessibility and an adequate orientational stability 

of  at  least  one backbone amide proton  seems to  be  im-

portant for a peptide to display good cellular absorption.

Phosphorus NMR
Ligand Screening

A new NMR based ligand screening  technique especially 

qualified for  finding protease inhibitors  was introduced by 

using phosphorus nuclei detection.

Virtual Search for Hop /
Sti1 Protein Binders

By means of virtual screening and docking, an organic com-

pound that binds with a kD of ca. 400 µM to the Hop related 

Sti1 protein was identified.

New Amyloid Plaque
Tracer Molecules

A QSAR model of good quality was constructed that allows 

the prediction of structural requirements of compounds for 

exhibiting Aβ40 and Aβ42 amyloid plaque affinity.
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Appendix
Abbreviations & Experimental Data

Abbreviations

1D / 2D / 3D one- / two- / three-dimensional
AD Alzheimer's disease
AMP-PNP adenylyl-imidodiphosphate
Aβ amyloid beta (peptides)
BBB blood-brain-barrier
C carbon atom
c cyclo
calc calculated
Cbz benzyloxycarbonyl 
CC computational chemistry
CCR cross-correlated relaxation
CG coarse-grained
CLIP-HSQC clean-inphase-HSQC
COLOC correlation through long-range coupling 
CoMFA comparative molecular field analysis 
CoMSIA comparative molecular similarity analysis 
COSY correlated spectroscopy
CPMG Carr-Purcell-Meiboom-Gill (relaxation filter)
CS chemical shift
CSA chemical shift anisotropy
CT-COSY constant-time COSY
d douplet
dd double douplet
DDD distance-driven dynamics
DEPT distorsion-less enhancement by polarization transfer (spectroscopy)
DG distance geometry (calculations)
DMSO dimethylsulfoxide
dPS deuterated polystyrene
E.COSY exclusive correlation spectroscopy 
edHSQC multiplicity edited-HSQC
EM energy minimization
ESI-MS electrospray-ionization mass spectrometry
et exchange-transferred
exp experimental
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F fluorine atom
F1 / F2 indirect / direct NMR dimension
FBDD fragment based drug design
FCN Glubb
FDA food and drug administration
FDDNP 2-(1-{6-[(2-fluoroethyl(methyl)amino]-2-naphthyl}ethylidene)malononitrile 
FF force field
FID free induction decay
fMD free MD
FPLC fast performance liquid chromatography
H hydrogen atom
Het / het heteronuclear
HETLOC heteronuclear long range coupling 
HMBC heteronuclear multiple bond correlation
HMQC heteronuclear multiple quantum coherence 
HPLC high performance liquid chromatography
HSQC heteronuclear single quantum correlation
INADEQUATE incredible natural abundance double quantum transfer experiment 
ITC isothermal calorimetry
IUPAC International Union of Pure and Applied Chemistry 
J scalar (NMR) coupling
JAM junction adhesion molecule 
kD dissociation constant
kDa kiloDalton
LD Langevin MD (simulation)
LE local elevation
LOO leave-one-out
Mann mannitol
MD molecular dynamics (simulation)
Me methyl
MeOH methanol
MIDAS metal ion dependent adhesion site
MS mass spectrometry
MW molecular weight
N nitrogen atom
NMR nuclear magnetic resonance (spectroscopy)
NOE nuclear Overhauser effect (peak volume)
NOESY nuclear Overhauser effect spectroscopy
NpT system with constant particle number, pressure, and temperature
NVT system with constant particle number, volume, and temperature
O oxygen atom
P phosphorus atom
P.E.HSQC primitive exclusive HSQC 
PBC periodic boundary conditions
PBLG poly-γ-benzyl-L-glutamate 
PCA phosphorus containing analog
PDB protein data bank
PDMS polydimetyl
PET positron emission tomography
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PLS partial least square
PME particle mesh Ewald
ppm parts per million
PS polystyrene / phosphorylated substrate
q quartet
QM quantum-mechanical
QNP quadruple probe head with direct detection
QSAR quantitative structure acitivity relationship
QXI quadruple probe head with inverse detection
R1 / R2 longitudinal / transversal relaxation rates
R1ρ relaxation dispersion (measurement)
RDC residual dipolar coupling
RDF radial distribution function
RE replica exchange
Rex chemical exchange rate
RF reaction-field
rMD restrained MD
RMS root mean square
RMSD / RMSF root mean square deviation / fluctuation
ROE rotating-frame Overhauser effect (peak volume)
ROESY rotating-frame Overhauser effect spectroscopy 
RT room temperature
Ru ruthenium atom (ion)
s singulet
SA simulated annealing
SAR structure-activity-relationship
SD stochastic MD (simulation)
SEE standard error of estimation
SEP standard error of prediction
SINA the most beautiful girl ever seen
STD saturation transfer difference (NMR spectroscopy)
SVD singular value decomposition
t triplet
T1 / T2 longitudinal / transversal relaxation times
TCEP tris(2-carboxyethyl)phosphine
Test testosterone
TINS  target immobilized NMR screening
TJ tight-junction
TOCSY total correlation spectroscopy
TPR tetratricopeptide repeat
tr transient
TXI triple probe head with inverse detection
UV / VIS ultraviolet / visible (spectroscopy)
vdW van der Waals
WaterLOGSY water ligand optimized gradient spectroscopy 
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Experimental Data

Below, additional experimental informations are given for those topics of this work which are not yet 

published. For chapters 4.2 and 4.3, detailed explanations are not presented due to non-disclosure 

responsibilities.

a) Chapter 2.3: NMR chemical shift assignment for the three presented bioinorganic molecules

1H-NMR (900.13 MHz, d6-DMSO): d = 9.15 (s, 1H, OHtyr), 8.57 (bs, 1H, NHCH2Fc), 8.47 (d, 1H, 3JH-H = 

7.9 Hz, NHleu), 8.03 (d, 1H,  3JH-H = 8.2 Hz, NHtyr), 7.80 (d, 1H,  3JH-H = 8.2 Hz, NHlys), 7.76 (m, 1H, 

NHahx), 7.68 (bs, 2H, NH2,lys), 7.30 (bs, 1H, CONH2), 6.98 (d, 2H, 3JH-H = 8.3 Hz, CHtyr-bzl), 6.97 (bs, 1H, 

CONH2), 6.64 (d, 2H, 3JH-H = 8.3 Hz, CHTyr-Bzl), 4.34 (m, 1H,  αHtyr), 4.32 (m, 1H,  αHleu), 4.21 (m, 2H, 

CHcp), 4.19 (s, 5H, CHcp), 4.18 (m, 1H, αHlys) 4.11 (m, 2H, CHcp), 4.07 (m, 1H, CH2Fc), 4.04 (s, 1H, 

CH2Fc), 3.62 (m, 1H, CHepx), 3.54 (m, 1H, CHepx), 3.03 (m, 1H, αHahx), 2.96 (m, 1H, αHahx), 2.83 (dd, 

1H, 3JH-H = 14.3 Hz, 5.8 Hz, βHtyr), 2.77 (t, 2H, 3JH-H = 6.3 Hz, εHlys), 2.69 (dd, 1H, 3JH-H = 14.3 Hz, 8.9 

Hz, βHtyr), 2.12 (t, 2H, 3JH-H = 7.3 Hz, εHahx), 1.66 (m, 1H, βHlys), 1.52 (m, 2H, δHlys), 1.51 (m, 1H, γHleu), 

1.51 (m, 1H, βHlys), 1.47 (m, 2H, δHahx), 1.42 (m, 1H, βHleu), 1.38 (m, 1H, βHleu), 1.33 (m, 2H, βHahx), 

1.32 (m, 1H, γHlys), 1.28 (m, 1H, γHlys), 1.18 (m, 2H, γHahx), 0.87 (d, 1H, 3JH-H = 6.6 Hz, δHleu), 0.83 (d, 

1H, 3JH-H = 6.6 Hz, δHleu). Chemical shifts are given in ppm.

13C-NMR (226.34 MHz, d6-DMSO): d = 174.3 (COlys), 172.7 (COahx), 171.5 (COleu), 171.0 (COtyr), 166.1 

(COepx), 165.7 (COepx), 156.2 (Ctyr-bzl-OH), 130.5 (Ctyr-bzl), 128.2 (Ctyr-bzl), 115.3 (Ctyr-bzl), 85.7 (Ccp-CH2), 

68.9 (Ccp), 68.5 (Ccp), 68.0 (Ccp), 54.8 (αCtyr), 53.4 (Cepx), 53.1 (Cepx), 52.4 (αClys), 51.7 (αCleu), 41.2 

(βCleu), 39.2 (εClys), 38.9 (αCahx), 38.3 (CH2Fc), 37.4 (βCtyr), 35.6 (εCahx), 31.9 (βClys), 29.2 (βCahx), 27.1 

(δClys), 26.5 (γCahx), 25.4 (δCahx) 24.6 (γCleu), 23.5 (δCleu), 22.8 (γClys), 22.0 (δCleu). Chemical shifts are 

given in ppm.
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15N-NMR (91.21 MHz, d6-DMSO): d = 122.9 (Nleu), 122.7 (NHCH2Fc), 121.7 (Nlys), 117.8 (Ntyr), 116.1 

(Nahx), 105.0 (CONH2), not detected NH2(lys). Chemical shifts are given in ppm.

1H-NMR (900.13 MHz, d6-DMSO): d = 9.13 (s, 1H, OHtyr), 8.51 (d, 1H, 3JH-H = 8.2 Hz, 25 NHleu), 8.07 

(d, 1H, 3JH-H = 8.3 Hz, NHtyr), 7.75 (m, 1H, NHlys), 7.74 (m, 1H, NHahx), 7.72 (bs, 1H, NHlys,s.c.), 7.26 (bs, 

1H, CONH2), 6.98 (d, 2H, 3JH-H = 8.3 Hz, CHtyr-bzl), 6.92 (bs, 1H, CONH2), 6.67 (bs, 1H, NHBoc), 6.63 

(d, 2H, 3JH-H = 8.3 Hz, CHTyr-Bzl), 4.35 (m, 1H, αHtyr), 4.34 (m, 1H, αHleu), 4.22 (m, 1H, COOCH2CH3), 

4.19 (m, 1H, COOCH2CH3), 4.16 (m, 2H, CHcp), 4.15 (m, 1H, αHlys), 4.12 (s, 5H, CHcp), 4.04 (m, 2H, 

CHcp), 3.93 (m, 1H, FcCH2CH), 3.72 (d, 1H, 3JH-H = 1.4 Hz, CHepx), 3.60 (d, 1H, 3JH-H = 1.4 Hz, CHepx), 

3.03 (m, 1H,  αHahx), 3.01 (m, 2H,  εHlys), 2.97 (m, 1H,  αHahx), 2.84 (dd, 1H,  3JH-H = 14.2 Hz, 5.6 Hz, 

βHtyr), 2.70 (dd, 1H, 3JH-H = 14.2 Hz, 8.8 Hz, βHtyr), 2.69 (m, 1H, FcCH2CH), 2.54 (m, 1H, FcCH2CH), 

2.12 (t, 2H, 3JH-H = 7.5 Hz, εHahx), 1.63 (m, 1H, βHlys), 1.52 (m, 1H, γHleu), 1.49 (m, 1H, βHlys), 1.48 (m, 

2H, δHahx), 1.43 (m, 1H, βHleu), 1.39 (m, 1H, βHleu), 1.37 (m, 2H, δHlys), 1.36 (s, 9H, Boc), 1.34 (m, 2H, 

βHahx), 1.25 (m, 1H, γHlys), 1.24 (m, 3H, COOCH2CH3), 1.23 (m, 1H, γHlys), 1.20 (m, 2H, γHahx), 0.87 

(d, 1H, 3JH-H = 6.6 Hz, δHleu), 0.83 (d, 1H, 3JH-H = 6.6 Hz, δHleu). Chemical shifts are given in ppm.

13C-NMR (226.34 MHz, d6-DMSO):  d = 174.5 (COlys), 172.5 (COahx), 171.8 (FcCH2CH(NHBoc)CO), 

171.4 (COleu), 171.0 (COtyr), 167.7 (COepx), 165.2 (COepx), 156.3 (Ctyr-bzl-OH), 155.5 (COBoc), 130.5 

(Ctyr-bzl), 128.2 (Ctyr-bzl), 115.3 (Ctyr-bzl), 84.9 (Ccp-CH2), 78.7 (C(CH3)3), 69.5 (Ccp), 68.8 (Ccp), 67.5 (Ccp), 

62.0 (COOCH2CH3), 56.4 (FcCH2CH(NHBoc)), 54.8 (αCtyr), 53.3 (Cepx), 52.6 (αClys), 51.8 (αCleu), 51.6 

(Cepx), 41.3 (βCleu), 38.9 (εClys), 38.9 (αCahx), 37.4 (βCtyr), 35.6 (εCahx), 33.0 (FcCH2), 32.1 (βClys), 29.2 

(βCahx), 28.7 (δClys), 28.7 (C(CH3)3), 26.5 (γCahx), 25.5 (δCahx) 24.6 (γCleu), 23.4 (δCleu), 23.3 (γClys), 22.1 

(δCleu), 14.4 (COOCH2CH3). Chemical shifts are given in ppm.

15N NMR (91.21 MHz, d6-DMSO): d = 123.9 (Nleu), 121.9 (Nlys), 118.1 (Ntyr), 115.8 (Nahx), 114.7 (Nlys,s.c.), 

104.8 (CONH2), 90.7 (NHBoc). Chemical shifts are given in ppm.
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1H-NMR (400.13 MHz, d6-DMSO): 7.74 (d, 4 H, 3JHH = 7.9 Hz, CTsH / C̃TsH̃), 7.28 (d, 2 H, 3JHH = 7.8 

Hz CTsH / C̃TsH̃), 7.21 (m, 1 H, CH2-NHaHb), 6.77 (m, 1 H, C̃H̃2-NH̃aH̃b), 6.66 (m, 1 H, CmetaHa), 6.56 

(m, 1 H, C̃metaH̃a), 6.44 (m, 1 H, α-CH-NHaHb), 6.03 (t, 1 H, 3JHH = 5.5 Hz, CmetaHb), 5.88 (t, 1 H, 3JHH 

= 5.4 Hz, C̃metaH̃b), 5.77 (m, 1 H, C̃H̃2-NH̃aH̃b), 5.73 (m, 1 H, α-C̃H̃-NH̃aH̃b), 5.60 (d, 1 H, 3JHH = 5.4 

Hz, C̃orthoH̃b),  5.58 (m, 1 H, CorthoHa), 5.54 (d, 1 H, C̃orthoH̃a), 5.48 (d, 1 H,  3JHH = 5.7 Hz, CorthoHb), 

5.41 (m, 1 H, CH2-NHaHb), 5.20 (dd, 1 H, 3JHH = 4.4 Hz, 3JHH = 4.4 Hz, C̃paraH̃), 5.11 (dd, 1 H, 3JHH = 

4.5 Hz, 3JHH = 4.5 Hz, CparaH), 4.84 (m, 2 H, α-CH / α-C̃H̃), 4.25 (m, 5 H, CH2CH3 / C̃H̃2C̃H̃3 / α-C̃H̃-

NH̃aH̃b),  3.61 (m, 1 H, α-CH-NHaHb), 3.28 (dd, 1 H, 3JHH = 5.5 Hz, 3JHH = 14.5 Hz, β-CHaHb), 3.25 

(dd, 1 H, 3JHH = 5.6 Hz, 3JHH = 14.2 Hz, β-C̃H̃aH̃b), 2.93 (dd, 1 H, 3JHH = 13.1 Hz, 3JHH = 13.1 Hz, β-

C̃H̃aH̃b), 2.74-2.53 (m, 8 H, CH2CH2 / C̃H̃2C̃H̃2), 2.67 (m, 1 H, β-CHaHb), 2.43 (s, 6 H, CTsCH3), 1.34 

(t, 3 H, 3JHH = 7.0 Hz, CH2CH3), 1.33 (t, 3 H, 3JHH = 6.9 Hz, C̃H̃2C̃H̃3). Chemical shifts are given in 

ppm.

13C-NMR (100.51 MHz, d6-DMSO): 170.5 /  170.4 (COO / C̃OO), 141.3 /  141.1 /  140.9 /  140.7 

(CTsSO2 / C̃TsS̃O2), 129.5 / 129.3 (CTsH / C̃TsH̃), 126.3 / 126.0 (CTsH / C̃TsH̃), 105.1 / 104.5 (CareneCH2 

/ C̃areneCH̃2), 94.7 / 93.0 / 90.8 / 90.2 / 80.0 / 77.7 / 77.3 / 74.5 / 70.2 / 69.5 / 68.1 / 67.1 (CareneH / 

C̃areneH̃ / α-CH / α-C̃H̃), 61.4 (CH2CH3 / C̃H̃2C̃H̃3), 50.2 / 46.2 / 46.1 (NCH2 / NC̃H̃2), 36.9 / 36.8 (β-

CH2 / β-C̃H̃2), 20.9 / 20.8 (CTsCH3 / C̃TsC̃H̃3), 14.0 (CH2-CH3 / C̃H̃2-C̃H̃3). Chemical shifts are given 

in ppm.

1H,15N coupled NMR (d1-CDCl3): {6.9, -1.0} /  {5.8, -1.0}  /  {7.2,  -0.1} /  {5.4, -0.1} (CH2NHaHb / 

CH2NHaHb / C̃H̃2NH̃aH̃b / C̃H̃2NH̃aH̃b), {5.7, 13.2} / {4.3, 13.2} / {6.4, 15.3} / {3.6, 15.3} (CHNHaHb / 

CHNHaHb / C̃H̃NH̃aH̃b / C̃H̃NH̃aH̃b). Chemical shifts are given in ppm. The assignment of distinct 

atoms is shown in chapter 2.3.
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b) Chapter 3.1: ROE distance restraints for Cilengitide in four solvents

Cilengitide in H2O - Distance restraints and violations:

1 ARG HN GLY HN 0.374 0.402 0.028
2 GLY HA1 ASP HN 0.305 0.223 -0.082
3 ASP HN ASP HB2 0.355 0.245 -0.110
4 GLY HA2 ASP HN 0.296 0.325 0.029
5 ASP HN ASP HB1 0.338 0.285 -0.053
6 ASP HN GLY HN 0.414 0.417 0.003
7 ASP HN DPHE HN 0.368 0.422 0.054
8 ASP HA ASP HN 0.290 0.279 -0.011
9 MEVAL HA MEVAL HB 0.335 0.279 -0.056

10 ASP HA ASP HB2 0.306 0.260 -0.046
11 ASP HA ASP HB1 0.306 0.264 -0.042
12 GLY HA1 GLY HN 0.308 0.274 -0.034
13 ARG HA GLY HN 0.294 0.222 -0.072
14 GLY HA2 GLY HN 0.342 0.228 -0.114
15 MEVAL HA DPHE HN 0.519 0.487 -0.032
16 DPHE HA DPHE HN 0.350 0.284 -0.066
17 MEVAL HA ARG HN 0.265 0.357 0.092
18 ARG HN MEVAL HB 0.354 0.239 -0.115
19 ASP HA DPHE HN 0.274 0.218 -0.056
20 GLY HA1 DPHE HN 0.569 0.550 -0.019
21 DPHE HN ASP HB2 0.524 0.434 -0.090
22 DPHE HN ASP HB1 0.600 0.394 -0.206
23 ARG HA ARG HN 0.278 0.278 0.000
24 ARG HE ARG HG@ 0.424 0.262 -0.162
25 GLY HN ARG HB@ 0.438 0.382 -0.056
26 ARG HE ARG HB@ 0.440 0.354 -0.086
27 ARG HG@ GLY HN 0.613 0.425 -0.188
28 DPHE HN DPHE HB@ 0.387 0.261 -0.126
29 ARG HN ARG HG@ 0.436 0.334 -0.102
30 ARG HN ARG HB@ 0.443 0.267 -0.176
31 DPHE HA DPHE HB@ 0.365 0.253 -0.112
32 ARG HE ARG HD@ 0.373 0.185 -0.188
33 ARG HA ARG HG@ 0.377 0.266 -0.111
34 ARG HA ARG HD@ 0.511 0.355 -0.156
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35 ARG HA ARG HB@ 0.368 0.254 -0.114
36 ARG HN MEVAL HN@ 0.555 0.304 -0.251
37 ARG HN MEVAL HG1@ 0.565 0.352 -0.213
38 DPHE HN MEVAL HN@ 0.636 0.458 -0.178
39 MEVAL HA MEVAL HN@ 0.597 0.361 -0.236
40 MEVAL HA MEVAL HG2@ 0.453 0.274 -0.179
41 DPHE HA MEVAL HG2@ 0.714 0.501 -0.213
42 MEVAL HB MEVAL HG2@ 0.421 0.241 -0.180
43 MEVAL HB MEVAL HG1@ 0.415 0.238 -0.177
44 MEVAL HA MEVAL HG1@ 0.447 0.297 -0.150
45 MEVAL HN@ MEVAL HB 0.393 0.279 -0.114
46 DPHE HA MEVAL HN@ 0.378 0.242 -0.136
47 MEVAL HG1@ ARG HE 0.780 0.590 -0.190
48 MEVAL HN@ GLY HN 0.766 0.553 -0.213
49 MEVAL HN@ ASP HN 0.678 0.533 -0.145
50 ARG HD@ ARG HG@ 0.424 0.234 -0.190
51 ARG HD@ ARG HB@ 0.457 0.276 -0.181
52 MEVAL HG1@ ARG HG@ 0.584 0.457 -0.127
53 MEVAL HG1@ ARG HB@ 0.644 0.535 -0.109
54 MEVAL HN@ MEVAL HG2@ 0.680 0.395 -0.285
55 MEVAL HN@ MEVAL HG1@ 0.925 0.497 -0.428
56 MEVAL HG1@ MEVAL HG2@ 0.651 0.300 -0.351

All restraint data are <r-3>-1/3 averaged and given in nm. @ denotes a pseudo-atom.

Cilengitide in DMSO - Distance restraints and violations:

1 GLY HN ARG HN 0.336 0.409 0.073
2 ARG HN ARG HA 0.252 0.266 0.014
3 GLY HN ARG HA 0.273 0.217 -0.056
4 ASP HN GLY HN 0.378 0.412 0.034
5 GLY HN GLY HA1 0.284 0.280 -0.004
6 GLY HA1 GLY HN 0.289 0.280 -0.009
7 GLY HA2 GLY HA1 0.199 0.163 -0.036
8 ASP HN GLY HA1 0.309 0.228 -0.081
9 GLY HN GLY HA2 0.332 0.226 -0.106
10 ASP HN GLY HA2 0.262 0.328 0.066
11 DPHE HN ASP HA 0.252 0.229 -0.023
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12 ASP HN ASP HB1 0.303 0.284 -0.019
13 ASP HA ASP HB1 0.289 0.266 -0.023
14 ASP HB2 ASP HB1 0.210 0.163 -0.047
15 ASP HN ASP HB2 0.310 0.266 -0.044
16 ASP HB2 ASP HA 0.296 0.254 -0.042
17 ASP HN DPHE HN 0.351 0.429 0.078
18 DPHE HN DPHE HB2 0.338 0.277 -0.061
19 DPHE HN DPHE HA 0.319 0.276 -0.043
20 DPHE HA DPHE HB1 0.275 0.253 -0.022
21 ASP HN ASP HA 0.282 0.277 -0.005
22 DPHE HB1 DPHE HB2 0.202 0.163 -0.039
23 DPHE HN DPHE HB1 0.316 0.242 -0.074
24 DPHE HA DPHE HB1 0.287 0.253 -0.034
25 ARG HN MEVAL HA 0.245 0.322 0.077
26 ARG HN MEVAL HB 0.328 0.251 -0.077
27 MEVAL HA MEVAL HB 0.335 0.279 -0.056
28 ARG HB@ GLY HN 0.453 0.396 -0.057
29 ARG HA ARG HD@ 0.440 0.365 -0.075
30 ARG HE ARG HD@ 0.361 0.185 -0.176
31 ARG HN ARG HG@ 0.423 0.336 -0.087
32 ARG HA ARG HG@ 0.365 0.264 -0.101
33 ARG HE ARG HG@ 0.398 0.263 -0.135
34 ARG HB@ ARG HN 0.420 0.271 -0.149
35 ARG HA ARG HB@ 0.353 0.255 -0.098
36 ARG HB@ ARG HE 0.429 0.350 -0.079
37 ARG HN MEVAL HN@ 0.559 0.309 -0.250
38 DPHE HA MEVAL HN@ 0.437 0.241 -0.196
39 MEVAL HN@ MEVAL HB 0.458 0.277 -0.181
40 MEVAL HA MEVAL HG2@ 0.515 0.274 -0.241
41 MEVAL HB MEVAL HG2@ 0.489 0.241 -0.248
42 MEVAL HA MEVAL HN@ 0.675 0.360 -0.315
43 MEVAL HB MEVAL HG1@ 0.479 0.238 -0.241
44 MEVAL HA MEVAL HG1@ 0.499 0.300 -0.199
45 ARG HN MEVAL HG1@ 0.637 0.357 -0.280
46 ARG HD@ ARG HB@ 0.453 0.275 -0.178
47 ARG HB@ ARG HG@ 0.457 0.234 -0.223
48 ARG HD@ ARG HG@ 0.413 0.234 -0.179
49 ARG HG@ MEVAL HG1@ 0.700 0.446 -0.254
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50 MEVAL HN@ MEVAL HG2@ 0.934 0.395 -0.539
51 MEVAL HN@ MEVAL HG1@ 1.368 0.494 -0.874
52 MEVAL HG1@ MEVAL HG2@ 0.867 0.299 -0.568

All restraint data are <r-3>-1/3 averaged and given in nm. @ denotes a pseudo-atom.

Cilengitide in MeOH - Distance restraints and violations:

1 ARG HA ARG HN 0.278 0.219 -0.059
2 ARG HA ARG HE 0.563 0.458 -0.105
3 ARG HA GLY HN 0.296 0.222 -0.074
4 DPHE HN DPHE HB1 0.338 0.263 -0.075
5 DPHE HN DPHE HB2 0.329 0.265 -0.064
6 MEVAL HA ARG HN 0.268 0.229 -0.039
7 MEVAL HA GLY HN 0.528 0.489 -0.039
8 MEVAL HA DPHE HN 0.492 0.490 -0.002
9 ARG HN MEVAL HB 0.344 0.332 -0.012
10 MEVAL HA MEVAL HB 0.335 0.280 -0.055
11 ASP HA ASP HB1 0.302 0.253 -0.049
12 ASP HB1 DPHE HN 0.608 0.394 -0.214
13 ASP HN ASP HB2 0.341 0.243 -0.098
14 ASP HA ASP HB2 0.323 0.273 -0.050
15 ASP HB2 ASP HB1 0.231 0.163 -0.068
16 ASP HN DPHE HN 0.397 0.406 0.009
17 ARG HN GLY HN 0.396 0.351 -0.045
18 ASP HN GLY HN 0.450 0.419 -0.031
19 GLY HA2 GLY HN 0.304 0.230 -0.074
20 DPHE HA DPHE HB1 0.285 0.246 -0.039
21 DPHE HA DPHE HB2 0.306 0.278 -0.028
22 GLY HA2 ASP HN 0.333 0.316 -0.017
23 GLY HA1 GLY HN 0.344 0.276 -0.068
24 GLY HA1 ASP HN 0.284 0.225 -0.059
25 ASP HA ASP HN 0.306 0.273 -0.033
26 ASP HA DPHE HN 0.267 0.220 -0.047
27 ASP HN ASP HB1 0.330 0.311 -0.019
28 DPHE HA DPHE HN 0.344 0.282 -0.062
29 GLY HN ARG HB@ 0.449 0.391 -0.058
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30 ARG HA ARG HD@ 0.456 0.370 -0.086
31 ARG HE ARG HD@ 0.383 0.185 -0.198
32 ARG HN ARG HB@ 0.432 0.315 -0.117
33 ARG HA ARG HB@ 0.368 0.253 -0.115
34 ARG HE ARG HB@ 0.442 0.343 -0.099
35 ARG HN ARG HG@ 0.454 0.344 -0.110
36 ARG HA ARG HG@ 0.387 0.262 -0.125
37 ARG HE ARG HG@ 0.418 0.266 -0.152
38 MEVAL HA MEVAL HG1@ 0.447 0.299 -0.148
39 MEVAL HG1@ MEVAL HB 0.424 0.238 -0.186
40 ARG HN MEVAL HN@ 0.525 0.405 -0.120
41 MEVAL HN@ GLY HN 0.766 0.609 -0.157
42 MEVAL HN@ ASP HN 0.682 0.571 -0.111
43 MEVAL HN@ DPHE HN 0.631 0.465 -0.166
44 ARG HN MEVAL HG1@ 0.559 0.358 -0.201
45 MEVAL HG1@ ARG HE 0.867 0.592 -0.275
46 DPHE HA MEVAL HN@ 0.380 0.241 -0.139
47 MEVAL HN@ MEVAL HB 0.402 0.277 -0.125
48 MEVAL HG2@ DPHE HB2 0.815 0.538 -0.277
49 MEVAL HA MEVAL HG2@ 0.458 0.276 -0.182
50 MEVAL HG2@ MEVAL HB 0.425 0.241 -0.184
51 ARG HD@ ARG HB@ 0.462 0.277 -0.185
52 ARG HB@ ARG HG@ 0.487 0.234 -0.253
53 ARG HD@ ARG HG@ 0.429 0.233 -0.196
54 MEVAL HG1@ ARG HD@ 0.788 0.567 -0.221
55 MEVAL HG1@ ARG HG@ 0.628 0.464 -0.164
56 MEVAL HG2@ MEVAL HG1@ 0.655 0.300 -0.355
57 MEVAL HN@ MEVAL HG2@ 0.680 0.397 -0.283
58 MEVAL HN@ MEVAL HG1@ 0.971 0.494 -0.477

All restraint data are <r-3>-1/3 averaged and given in nm. @ denotes a pseudo-atom.

Cilengitide in CHCl3 - Distance restraints and violations:

1 ARGN HN ARGN HA 0.332 0.278 -0.054
2 GLY HN ARGN HA 0.329 0.221 -0.108
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3 GLY HA1 GLY HN 0.337 0.280 -0.057
4 ASPH HN GLY HA1 0.368 0.228 -0.140
5 GLY HA2 GLY HN 0.427 0.226 -0.201
6 ASPH HN GLY HA2 0.378 0.337 -0.041
7 ASPH HN ASPH HA 0.323 0.283 -0.040
8 DPHE HN ASPH HA 0.289 0.220 -0.069
9 ASPH HN ASPH HB1 0.370 0.301 -0.069
10 ASPH HB1 ASPH HA 0.373 0.256 -0.117
11 ASPH HN ASPH HB2 0.403 0.261 -0.142
12 DPHE HN ASPH HB2 0.439 0.433 -0.006
13 ASPH HN DPHE HN 0.456 0.404 -0.052
14 DPHE HN ASPH HB1 0.471 0.397 -0.074
15 DPHE HN DPHE HB2 0.351 0.281 -0.070
16 DPHE HN DPHE HA 0.331 0.285 -0.046
17 DPHE HN DPHE HB1 0.346 0.268 -0.078
18 DPHE HA DPHE HB1 0.297 0.252 -0.045
19 ARGN HN MEVAL HA 0.295 0.358 0.063
20 ARGN HN MEVAL HB 0.336 0.242 -0.094
21 MEVAL HA MEVAL HB 0.335 0.278 -0.057
22 ARGN HE ARGN HD@ 0.404 0.185 -0.219
23 ARGN HA ARGN HB@ 0.413 0.255 -0.158
24 ARGN HE ARGN HB@ 0.473 0.337 -0.136
25 GLY HN ARGN HB@ 0.527 0.391 -0.136
26 ARGN HD@ ARGN HA 0.499 0.345 -0.154
27 ARGN HA ARGN HG@ 0.420 0.272 -0.148
28 ARGN HE ARGN HG@ 0.444 0.271 -0.173
29 ARGN HD@ ARGN HG@ 0.455 0.230 -0.225
30 ARGN HD@ ARGN HB@ 0.513 0.293 -0.220
31 ARGN HG@ MEVAL HG1@ 0.606 0.462 -0.144
32 ARGN HG@ MEVAL HN@ 0.783 0.647 -0.136
33 MEVAL HN@ MEVAL HB 0.376 0.278 -0.098
34 MEVAL HA MEVAL HG2@ 0.417 0.274 -0.143
35 MEVAL HB MEVAL HG2@ 0.395 0.241 -0.154
36 ARGN HN MEVAL HG1@ 0.591 0.354 -0.237
37 MEVAL HA MEVAL HG1@ 0.418 0.297 -0.121
38 MEVAL HB MEVAL HG1@ 0.391 0.238 -0.153
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39 ARGN HN MEVAL HN@ 0.559 0.305 -0.254
40 DPHE HA MEVAL HN@ 0.360 0.242 -0.118
41 MEVAL HN@ DPHE HB2 0.660 0.463 -0.197
42 MEVAL HA MEVAL HN@ 0.579 0.361 -0.218
43 DPHE HA MEVAL HG2@ 0.718 0.505 -0.213
44 GLY HN MEVAL HN@ 0.741 0.583 -0.158
45 MEVAL HN@ MEVAL HG1@ 1.104 0.496 -0.608
46 MEVAL HG1@ MEVAL HG2@ 0.578 0.300 -0.278
47 MEVAL HN@ MEVAL HG2@ 0.630 0.394 -0.236

All restraint data are <r-3>-1/3 averaged and given in nm. @ denotes a pseudo-atom.

c) Chapter 3.2: Measured and PALES-SVD / MD simulations derived RDCs for Strychnine 

Strychnine Vector Measured RDC PALES-SVD MD Simulation
C1-H1 -9.3 0.0 -9.2
C2-H2 0.8 -4.7 0.9
C4-H4 -10.5 -0.1 -9.5
C8-H8 3.6 0.7 4.9

C12-H121 -4.5 5.2 -1.2
C12-H122 7.5 1.2 8.8
C13-H13 11.4 5.5 12.1
C14-H14 -3.6 -1.6 -2.8
C15-H15 12.0 4.6 12.2
C16-H161 -9.6 -3.1 -9.6
C16-H162 -2.1 -0.2 -2.3
C17-H17 1.8 -3.2 1.8
C19-H191 0.2 -2.8 0.0
C19-H192 -4.8 3.7 -1.0
C21-H211 6.9 5.7 6.4
C21-H212 -5.4 0.5 -2.3
C23-H23 -6.6 0.7 -7.3
C24-H241 13.5 8.8 14.1
C24-H242 2.2 -2.8 0.1

All values are given in Hz.
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d) Chapter 3.3: Caco-2 test results for N-methylated penta-alanines

Peptide Sequence Conformation Population Caco-2 test
P01  c(MeaAAAA-) homogeneous 100 % 2.33e-07
P02  c(MeaMeAAAA-) homogeneous 100 % 2.14e-06
P03  c(MeaAAAMeA-) homogeneous 98 / 2 % 4.40e-06
P04  c(aAAMeAMeA-) homogeneous 98 / 2 % 3.00e-06
P05  c(MeaMeAAAMeA-) homogeneous 98 / 2 % 1.05e-06
P06  c(MeaAAMeAMeA-) homogeneous 98 / 2 % 6.95e-06
P07  c(MeaAMeAMeAMeA-) homogeneous 98 / 2 % 7.89e-07
S08 c(aAAAMeA-) inhomogeneous 84 / 13 / 3 % 4.60e-07
S09 c(aMeAAAA-) inhomogeneous 85 / 11 / 4 % 2.35e-07
S10 c(aMeAAMeAA-) inhomogeneous 84 / 11 / 5 % 6.20e-07
S11 c(MeaMeAMeAAA-) inhomogeneous 82 / 11 / 7 % 6.20e-07
S12 c(aMeAAMeAMeA-) inhomogeneous 84 / 16 % 1.14e-06
S13  c(aAMeAMeAMeA-) inhomogeneous 85 / 10 / 5 % 3.23e-06

All Caco-2 test results are given in cm / sec permeability. “Me” stands for an N-methyl group, an “A” 

for an L-alanine, “a” for a D-alanine, and “c” for cyclo.
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