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Radio 
frequency 

Magnetic moments NMR spectroscopy 

Manipulation/ 
graphical representation 

 

NMR spectroscopy NMR spectroscopy 
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::::

II. Protein dynamics 

Poststructural era: Dynamics 

Cell regulation:  
•  Interactions betw. molecules 
•  Enzyme catalysis 
•  Folding 
•  … 

=> drug design 

 
 
 
 

Pre-‐equilibrium	  
kine.cs:	  ‘Induced	  fit’	  

mechanism	  
	  
	  
	  

	  same	  .mescale	  as	  
enzyma.c	  reac.on 

Pervushin, Vamvaca, Vögeli & Hilvert, 2007, Nat Struct Mol Biol 14, 1202-1206 

‘Molten globular’ chorismate mutase 

::::

III. A brief history of the NOE - 1st 
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1953: First observation (paramagnetic) 

Albert Overhauser (1925-2011) 

Dear	  Dr.	  Overhauser:	  
	  
You	   may	   recall	   that	   at	   the	  Washington	  Mee.ng	   of	   the	   Physical	   Society,	   when	   you	  
presented	  your	  paper	  on	  nuclear	  alignment,	  Bloch,	  Rabi,	  Pearsall,	  and	  myself	  all	  said	  
that	   we	   found	   it	   difficult	   to	   believe	   your	   conclusions	   and	   suspected	   that	   some	  
fundamental	  fallacy	  would	  turn	  up	  in	  your	  argument.	  (…)	  
AQer	   considerable	   effort	   in	   trying	   to	   find	   the	   fallacy	   in	   your	   argument,	   I	   finally	  
concluded	   that	   there	  was	  no	   fundamental	   fallacy	   to	  be	   found.	   Indeed,	  my	   feeling	   is	  
that	  this	  provides	  a	  most	  intriguing	  and	  interes.ng	  technique	  for	  aligning	  nuclei.	  AQer	  
considerable	   argument,	   I	   also	   succeeded	   in	   convincing	   Rabi	   and	   Bob	   Pound	   of	   the	  
validity	  of	  your	  proposal	  and	  I	  have	  recently	  been	  told	  by	  Pound	  that	  he	  subsequently	  
converted	  Pearsall	  shortly	  before	  Pound	  leQ	  for	  Europe.	  
(…)	  
	  
Sincerely,	  
Norman	  F.	  Ramsey	  

1953, July 27: Ramsey’s letter to Overhauser 

1953: First observation (paramagnetic) 

Tom R. Carver () & Charles Pence Slichter (1924-) 

1955 First NOE 

Ionel Solomon (1929) 

1970: First distance measurement 

R.A. Bell & J.K. Saunders 

1980: First 2D NOESY 

Anil Kumar, Richard R. Ernst & Kurt Wüthrich 
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1981: First ‘preliminary’ structure of a 
segment 

Werner Braun, Chris Bösch, Larry R. Brown, Nobuhiro Go & Kurt Wüthrich 

1984/5: First NMR protein structures 

Alexander Arseniev, Vladimir Kondakov, Vladimir Maiorov & Vladimir Bystrov 

1984/5: First NMR protein structures 

Michael P. Williamson, Timothy F. Havel & Kurt Wüthrich 

1995: First multi-state structure 
calculation from initial NOE buildups 

Keith L. Constantine, Luciano Mueller, Niels H. Andersen, Hui Tong, 
Charles F. Wandler, Mark S. Friedrichs & Robert E. Bruccoleri 

1997: NOESY with deuterated, methyl-
protonated samples 

Kevin H. Gardner, Michael K. Rosen & Lewis E. Kay 

methyl groups 

 
HN-HN 

 

HN-HN, HN-HC, 
HC-HC 

 

protonated 

 

14 kDa SH2/
phospho-
peptide 
complex 

::::

IV. The nuclear Overhauser effect 
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The NOE principle 
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The NOE principle 

::::

V. Conformational/chemical 
exchange 

fast versus slow 
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Unequal populations 

::::

VI. Pulse sequences 

2D NOESY 1980: First 2D NOESY 

Anil Kumar, Richard R. Ernst & Kurt Wüthrich 

3D NOESY-HSQC 3D HMQC-NOESY 
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HMQC-NOESY vs NOESY-HSQC 4D HMQC-NOESY-HMQC 

Lewis Kay, G. Marius Clore, Ad Bax, Angela Gronenborn 

4D HMQC-NOESY-HMQC 

Lewis Kay, G. Marius Clore, Ad Bax, Angela Gronenborn 

Deuterated solution 

::::

VII. The eNOE – 1st  

The eNOE principle 

A/A 
B/B 

ω1 
ω2 

ωA ωB 

ωA ωB 

A B 
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The eNOE principle 
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The eNOE principle 

ω1 
ω2 

ωA ωB 
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ωA 
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A B 

Peak fitting Peak fitting 

Peak fitting 

Vögeli, 2014, Prog Nucl Magn Reson Spectrosc, 78, 1-46 
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Spin diffusion 
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::::

VIII. Extraction of the eNOE 

Orts, Vögeli & Riek, 2012, J Chem Theory Comput 8, 3483-3492 

Extraction of the eNOE 
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Spin diffusion in perdeuterated ubiquitin Spin diffusion: Perdeuterated vs protonated 

 
 
 
 

exact NOE by Relaxation matrix Analysis 

Software – eNORA 2 Impact of motion 

::::

IX. The eNOE – 2nd   

Nano ruler 

0.1 Å = 10-11 m 

σ  ~ r-6 

Vögeli, Segawa, Leitz, Sobol, Choutko, Trzesniak, van Gunsteren & Riek, 2009, J Am Chem 
Soc 131, 17215-17225 
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Entire GB3 Topological sampling in GB3 

Orts, Vögeli & Riek, 2012, J Chem Theory Comput 8, 3483-3492 

Restraint by mutuality Restraint by mutuality 

Restraint by mutuality Restraint by mutuality 
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::::

X. A brief history of the NOE - 2nd 

1984/5: First NMR protein structures 

Michael P. Williamson, Timothy F. Havel & Kurt Wüthrich 

1985: Intensity prediction of DNA 

Michelle S. Broido, Thomas L. James, Gerald Zon & Joe W. Keepers 

1986: Full matrix approach plus 
AMBER force field  

S.W. Fesik, T. J. O’Donnell, R.T. Gampe & E.T. Olejniczak 

1989: Direct structure calculation from 
exact NOEs: IRMA 

R. Boelens, T. M. G. Koning, G. A. van der Marel, J. H. van Boom & R. Kaptein 

1989: Direct structure calculation from 
exact NOEs: IRMA 

R. Boelens, T. M. G. Koning, G. A. van der Marel, J. H. van Boom & R. Kaptein 
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1990: First protein structure from full 
matrix approach 

 Michael F.  Summers, Terri L.  South, Bo  Kim & Dennis R. Hare 

1990: First averaged NOE-restrained MD  

 Michael F.  Summers, Terri L.  South, Bo  Kim & Dennis R. Hare 

1995: First multi-state structure 
calculation from initial NOE buildups 

Keith L. Constantine, Luciano Mueller, Niels H. Andersen, Hui Tong, 
Charles F. Wandler, Mark S. Friedrichs & Robert E. Bruccoleri 

1995: First multi-state structure 
calculation from initial NOE buildups 

Alexandre M.J.J. Bonvin & Axel T. Brünger 

2008 EROS structural ensemble 

Lange et al. 

::::

XI. Recipe for multi-state ensemble 
determination from eNOEs 
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::::

1.  Record 3D [13C,15N]-resolved NOESY-HSQC series TOPSPIN 
  
 
 

2. Extract peak intensities nmrDraw 
 
 
 

3. Extract upper & lower distance limits eNORA 2 
 
 
 

4. Multi-state structural ensemble calculation CYANA 
 

ser	  

tab	  

upl	  &	  lol	  

pdb	  

::::

1.  Record 3D [13C,15N]-resolved NOESY-HSQC series 
  

§  Sample conc. > 1 mM 
§  at least 4 mixing times up to τmix = (2.5 x 1010 s2)/τc 

§  13C/15N dimension: 40 complex points (TD=80), 13C spectral width: 30 ppm (carrier 
@ 45 ppm), 15N spectral width ca. 35 ppm 

§  indirect 1H dimension: 200 complex points (TD = 400), spectral width: ca. 10 ppm 
§  number of scans = 4 (minimal phase cycle, ca. 1 day) or 8 (2 days) 

§  randomize mixing times, or interleave them; if sample unstable record 1D or 2D 
spectra before/after each NOESY (can be used for correction of sample loss) 

::::

2. Extract peak intensities 
  

§  peak pick spectrum with longest mixing time in ‘nmrDraw’: => peak => dimensions 
3 => detect; table in ‘tab’ format is created that contains peak intensity (‘HEIGHT’), 

Volume (‘VOL’) and other data 
§  assign peaks (alternatively import assignment from other software); do not assign 

overlapped peaks 
§  place ‘ft’ folders of all spectra using different names and ‘tab’ file in super-folder; 

IMPORTANT: spectrum where assignment was made must be first 
§   run intensity fits in all NOESYs: specify ‘ft’ folder names and ’tab’ name in 
‘nmrDraw’ routine ‘series3D.com’ and run it: the relative intensities of a peak in all 

NOESYs are  added as new columns in ‘tab’ file with parameter names ‘A_A0, 
A_A1, A_A2, ...’ (relative to ‘HEIGHT’; for spectrum where assignment was made: 

A_A0 must be 1) 

::::

3. Extract upper & lower distance limits with eNORA 2 
  

§  open MatLab 
§  open eNORA 2 master file ‘SetupExample.m’; specify τc, B field, name of ‘tab’ file, 

input pdb structure, mixing times and D20 % of solution 
§  run master file and inspect plots of diagonal peak decays; if you select acceptable 

curves manually, modify output file containing auto-relaxation rates ‘rho.out’; if you 
do modify, run again 

§  inspect plots of buildups 
§  CYANA input files ‘upl’ and ‘lol’ are written; exclude bad peaks judged by visual 

inspection of buildups/spectra 

::::

4. Multi-state structural ensemble calculation with CYANA 
  

§  Follow instructions given in the following section ‘XII. NOEs in structure calculation 
with CYANA’  

::::

XII. NOEs in structure calculation 
with CYANA 

 (Prof. Peter Güntert) 
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NOE	  (Nuclear	  Overhauser	  Effect)	  

•  NMR	  data:	  Integral	  V	  of	  NOESY	  cross	  peaks;	  oQen	  
intensi.es	  (peak	  heights)	  are	  used	  instead	  of	  integrals	  
because	  they	  are	  easier/more	  robust	  to	  determine	  

•  Derived	  conforma.onal	  data:	  	  
upper	  bounds	  or	  precise	  values	  for	  1H-‐1H	  distances,	  d	  

•  For	  an	  isolated	  spin	  pair	  in	  a	  rigid	  molecule:	  	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  V	  =	  C/d6	  	  	  with	  C	  =	  constant	  
	  

NOE	  distance	  restraints	  →	  Protein	  structure	  	  

Periplasmic	  chaperone	  	  
FimC	  (205	  residues)	  

1967	  NOE	  upper	  distance	  limits	  
Pellecchia,	  M.,	  Güntert,	  P.,	  Glockshuber,	  R.,	  Wüthrich,	  K.	  Nature	  Struct.	  Biol.	  5,	  885-‐890	  (1998)	  	

NOE Calibration 
Volume of  
NOESY  
cross peak 

“Calibration 
  constant” 

Distance 
(upper  
 distance  
 bound) 

How to set the calibration constant? 

•  Known distances (intraresidual or in standard secondary structures) 

•  Preliminary structure, if available 

•  User-defined value for the average (median) upper distance limit 

•  Not required for exact NOEs (eNOEs) 

6/ dCV =

Problems when interpreting NOEs 

•  Only short distances (< 6 Å) measurable 
•  Internal motion 
•  Spin diffusion 
•  Spectral overlap 
•  Chemical shift degeneracy 
•  Time consuming spectral analysis,  

if done manually → automation 

Effect of 1/r6-averaging   

σ	  (Å)	   σ/d	  

<r–6>/d–6	  

d	  =	  5	  Å,	  c	  =	  2	  Å	  

<r–6>/d–6	  
c/d	  =	  0.2	  

c/d	  =	  0.2	  

c/d	  =	  0.6	  

c/d	  =	  0.8	  

c/d	  =	  1.0	  

Model:	  Two	  atoms	  with	  posi.ons	  x,	  y	  distributed	  normally	  with	  standard	  devia.on	  σ	  around	  
two	  points	  separated	  by	  a	  distance	  d.	  The	  two	  atoms	  cannot	  come	  closer	  than	  cannot	  closer	  
than	  a	  distance	  c.	  The	  probability	  density	  is	  (b	  =	  1/2σ2,	  κc	  is	  a	  normaliza.on	  factor):	  	  

η	  =	  d/2σ	  
κc	  =	  normaliza.on	  factor	  	  

Ambiguous	  distance	  restraints	  

•  Several	  NOESY	  cross	  peaks	  superimposed	  at	  the	  same	  
posi.on	  in	  the	  spectrum	  à	  one	  peak	  in	  the	  spectrum	  

•  Sum	  up	  volume	  contribu.ons	  from	  each	  individual	  
underlying	  peak/assignment	  

•  Convert	  summed	  peak	  volume	  back	  to	  an	  “effec.ve	  
distance”	  	  	  

à	  Restraint	  with	  mul.ple	  assignments	  
	  

Nilges	  et	  al.,	  J.	  Mol.	  Biol.	  269,	  408–422	  (1997)	  
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ProperBes	  of	  	  
ambiguous	  distance	  restraints	  

6/1
6

−
−
⎟⎟⎠

⎞
⎜⎜⎝

⎛
= ∑

k
keff dd

•  deff is never longer than any of the individual distances dk:  

    deff ≤ dk      for all k  

•  deff is close to the smallest individual distance: 

   deff ≈ d1    if d1 << d2, d3,… 

•  Examples: d1 = 3 Å, d2 = 10 Å                  →   deff = 2.9996 Å 
  d1 = 3 Å, d2 = … = d10 = 10 Å   →   deff = 2.9967 Å 

Ambiguous	  distance	  restraints:	  
ApplicaBons	  

•  Overlapped	  NOESY	  cross	  peaks:	  “1/r6-‐summa.on”	  	  
•  1/r6-‐averaging	  for	  mul.ple-‐state/ensemble-‐averaged	  restraints	  
•  Treatment	  of	  methyl	  and	  other	  degenerate	  groups	  in	  distance	  

restraints	  
•  Mul.ple	  assignment	  possibili.es	  in	  automated	  NOE	  assignment,	  

not	  all	  (but	  at	  least	  one)	  of	  which	  have	  to	  be	  correct	  
•  “Constraint	  combina.on”	  to	  reduce	  impact	  of	  erroneously	  

assigned	  NOEs	  
•  “Viola.on	  confinement”	  to	  limit	  the	  contribu.on	  of	  large	  

restraint	  viola.ons	  to	  the	  target	  func.on	  

1/r6-‐averaging	  for	  	  
ensemble-‐averaged	  restraints	  	  

Instead	  of	  1/r6-‐summa.on	  	  
	  
	  
we	  want	  1/r6-‐averaging:	  
	  
	  
which	  is	  equivalent	  to	  
	  
	  
à	  Scale	  all	  measured	  distance	  bounds	  by	  a	  factor	  n–1/6,	  
	  	  	  	  	  where	  n	  is	  the	  number	  of	  states.	  	  
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Ambiguous	  distance	  restraints	  in	  
automated	  NOESY	  assignment	  

•  Restraint	  with	  mul.ple	  assignments	  
•  If	  one	  assignment	  possibility	  leads	  to	  a	  sufficiently	  short	  

distance,	  then	  the	  ambiguous	  upper	  distance	  bound	  will	  be	  
fulfilled	  (not	  valid	  for	  lower	  distance	  bounds)	  

 	  The	  presence	  of	  wrong	  assignment	  possibili.es	  has	  no	  	  
(or	  liqle)	  influence	  on	  the	  structure,	  	  
as	  long	  as	  the	  correct	  assignment	  possibility	  is	  present.	  

	  
Nilges	  et	  al.,	  J.	  Mol.	  Biol.	  269,	  408–422	  (1997)	  

Ambiguity of chemical shift 
based NOE assignment 

 

In general, several different 
1H chemical shifts wA, wB 
match the position of a 
NOESY peak within the 
experimental uncertainty 
Dw. 

→ Assignment ambiguity 
 
Manual assignment is very 
cumbersome! 

NOEs with a unique chemical 
shift based assignment 

 

2D NOESY: 
 
 
3D NOESY: 
 
 
 

N(1)  Number of uniquely 
assigned peaks 

N  Number of cross peaks 
n  Number of chemical shifts 
Dw  Chemical shift tolerance 
DW  Spectrum width 

)/4exp()1( ΔΩΔ−≈ ωnNN

)/2exp()1( ΔΩΔ−≈ ωnNN

Dw

N = 1986 cross peaks 
n = 457 chemical shifts 
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Constraint combination Constraint combination 
•  Problem: Peaks with wrong medium- or long-

range assignments may severely distort the 
structure, especially in the first cycles of 
automated NOE assignment and structure 
calculation, and may lead to convergence to a 
wrong structure. 

•  Idea: From two long-range peaks each, combine 
the assignments into a single distance restraint.  
  Occurrence of erroneous restraints is     

 reduced. 

Individual 
restraint 

1 peak  
with assignments 

A1-B1 
A2-B2 
… 

1 ambiguous 
distance restraint  

between atom pairs 
A1-B1 
A2-B2  
… 

2 unrelated peaks  
with assignments 
 A1-B1               C1-D1  
 A2-B2          C2-D2 

                              C3-D3 

1 ambiguous 
distance restraint  

4 unrelated peaks  
with assignments 

 A1-B1         C1-D1     E1-F1    G1-H1 
 A2-B2     C2-D2        E2-F2                  .  

C3-D3                .    

4 ambiguous distance restraints  

A1-B1 
A2-B2  
C1-D1 
C2-D2 
C3-D3 

A1-B1 
A2-B2  
 E1-F1 

 E2-F2 

A1-B1 
A2-B2  
 G1-H1 

C1-D1 
C2-D2 
C3-D3 

 E1-F1 

 E2-F2 

A1-B1 
A2-B2  
C1-D1 
C2-D2 
C3-D3 

2 → 1 constraint 
combination 

4 → 4 constraint 
combination Effect of constraint combination 

•  Example: 1000 long-range peaks, 10% of which 
would lead to erroneous restraints. 

•  Individual restraints: 
1000 constraints, 1000 x 0.1 = 100 wrong (10 %) 

•  2 → 1 constraint combination:  
500 restraints, ~500 x 0.12 = 5 wrong (~1%) 

•  4 → 1 constraint combination:  
1000 restraints, ~1000 x 0.12 = 10 wrong (~1%) 

ViolaBon	  “confinement”	  
•  Confine the size of a distance constraint 

violation to a given maximal value vmax 

•  Ambiguous distance constraint with upper 
bound u: 
 
 
 
 
→ deff is always smaller than u + vmax 
→ The contribution to the target function, 
     (deff - u)2, never exceeds v2

max 

deff = (u+ vmax )
−6 + dk

−6

k=1

n

∑
#

$
%

&

'
(

−1/6

Structure	  calculaBon	  algorithms	  

•  Earlier	  methods:	  
-‐	  Interac.ve	  model	  building	  
-‐	  Distance	  geometry	  
-‐	  Minimiza.on	  of	  a	  “variable	  target	  func.on”	  

•  Simulated	  annealing:	  
-‐	  Monte	  Carlo	  
-‐	  Molecular	  dynamics	  simula.on	  in	  Cartesian	  space	  
-‐	  MD	  simula.on	  in	  torsion	  angle	  space	  	  
	  	  “torsion	  angle	  dynamics”	  
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CYANA target function 

!+++= ∑∑∑
restraints  

angle torsion

2

(steric) limits 
distancelower 

2

(NOEs) limits
distanceupper 

2
aluT ΔΔΔ

⎩
⎨
⎧ >−

=
otherwise0

  if udud
uΔ

Du, Dl, Da: restraint violations, 
 

 
e. g., 

u d 

Du 
2 

Target	  funcBon	  terms	  for	  distance	  restraints	  

Quadra.c	  
	  
	  
we	  want	  1/r6-‐averaging:	  
	  
	  
which	  is	  equivalent	  to	  
	  
	  
à	  Scale	  all	  measured	  distance	  bounds	  by	  a	  factor	  n–1/6,	  
	  	  	  	  	  where	  n	  is	  the	  number	  of	  states.	  	  
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log-normal 

Log-‐normal	  potenBal	  for	  NOEs	  

Nilges	  et	  al.,	  Structure	  16,	  1305–1312	  (2008)	  

	  
	  

Figure 1. Log-Harmonic Potential 
(A) Log-harmonic potential for a target 
distance of 2.5 A°. 
(B) Illustration of inconsistent restraints 
to a proton P from two protons, A and B. 
Due to the flexibility of a side chain, a 
proton P shows an NOE to two protons 
A and B, despite a large distance 
between A and B. The resulting 
restraints are indicated. 
(C) Effective potential for a proton P with 
distance restraints to two protons A and 
B. The target distances dAP and dBP 
are set to 2 Å, the distance dAB 
between A and B is set to 4 (black line), 
6 (cyan), 8 (green), 10 (blue), and 12 
(red) Å, respectively. 
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CYANA	  script	  for	  structure	  calculaBon	  

read upl demo.upl   
read aco demo.aco 
ssbond 107-142 
seed=5671 
calc_all structures=100 steps=10000 
 
overview demo.ovw structures=20 pdb 

Read upper distance limits 

Read torsion angle restraints 

Add disulfide bond restraints 

Set random number generator seed 

Calculate 100 conformers using 10000 torsion angle dynamics steps 

Analyze 20 best conformers and save their coordinates 

NMR Structure Calculation: 
Multiple Conformers 

NMR Structure Calculation: 
Select Converged  Conformers 

CYANA	  structure	  calculaBon	  on	  mulBple	  
processors	  

cyana –n 50 CALC.cya 
Execute macro CYANA.cya on 50 processors in parallel 

Processors	  can	  be	  	  
•  mul.ple	  cores	  of	  of	  one	  CPU	  
•  mul.ple	  CPUs	  with	  shared	  memory	  
•  cluster	  system	  with	  MPI	  (Message	  Passing	  Interface),	  e.g.	  brutus/euler	  

clusters	  of	  ETH	  
•  Number	  of	  processors	  should	  divide	  the	  number	  of	  conformers	  to	  calculate	  

(e.g.	  to	  calculate	  100	  conformers,	  use	  100,	  50,	  34,	  25,	  20,...	  processors)	  

	  

Upper	  or	  lower	  distance	  limits	  

 91 THR  HB     93 GLN  H       5.50 
 81 ILE  HB     82 PRO  HA      5.19 
 80 SER  HB3    82 PRO  HD2     3.86 
 27 GLU  HB2    28 VAL  HA      5.50 
 28 VAL  HA     32 LEU  QD1     5.50 
 81 ILE  HA     84 LEU  HB3     3.74 
 81 ILE  HA     81 ILE  QG2     3.46 
# two restraints with relative weight 5 
 81 ILE  HA     81 ILE  HG12    3.77  5.0 
 81 ILE  HA     81 ILE  HG13    3.77  5.0 
# restraints with peak number comment 
 91 THR  HB     93 GLN  QB      5.50          #peak 8 
 80 SER  HB2    81 ILE  H       4.22          #peak 436 
 80 SER  HB3    81 ILE  H       4.22          #peak 437 
 
 

Ambiguous	  assignments	  

General	  principle:	  
•  Same	  format	  as	  for	  unambiguously	  assigned	  
restraints/peaks	  

•  One	  line	  for	  each	  assignment	  	  
•  Grouped	  together	  to	  an	  ambiguously	  assigned	  
restraint/peak	  
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Ambiguous	  distance	  restraints	  

23 ILE  HB     28 VAL  HA      5.24  
27 GLU  HB3    28 VAL  HA      0.00 
28 VAL  HA     32 LEU  QD1     0.00                      
81 ILE  HA     82 PRO  HB3     3.52 
81 ILE  HA     84 LEU  HB2     0.00 
81 ILE  HA     81 ILE  QG2     3.46  
51 LEU  HG     81 ILE  HA      3.47  

1 restraint with 
3 assignments 

1 restraint with 
2 assignments 

unambiguous restraint 
unambiguous restraint 

MulB-‐state	  structure	  calculaBon	  with	  CYANA	  

Macros:	  
•  init.cya:	  Ini.aliza.on	  
•  PREP.cya:	  prepare	  data	  for	  a	  structure	  calcula.on	  with	  a	  given	  number	  of	  

states	  
•  CALC.cya:	  run	  structure	  calcula.on	  with	  a	  given	  number	  of	  states	  
•  RUN.cya:	  run	  calcula.ons	  for	  different	  number	  of	  states/weights	  for	  

bundling	  restraints	  

Steps:	  
•  Generate	  molecular	  sequence	  for	  mul.-‐state	  system	  	  

(n	  .mes	  protein	  sequence	  connected	  by	  pseudo	  linkers)	  
•  Duplicate	  single-‐state	  restraints	  for	  mul.-‐state	  system	  
•  Generate	  bundling	  restraints	  that	  weakly	  keep	  together	  parts	  of	  the	  

protein	  where	  the	  experimental	  can	  be	  sa.sfied	  by	  fewer	  states	  than	  
present	  in	  the	  calcula.on	  

•  Perform	  structure	  calcula.on	  for	  mul.-‐state	  system	  

init.cya:	  IniBalizaBon	  

cyanalib 
 
if (existfile('bundle.seq')) then 
  read seq bundle.seq 
  molecules define * 
  atom set * vdwgroup=bundle 
else 
  read cyprdc.seq 
end if 
 
rmsdrange:=5-160,205-360,405-560 
 
atoms stereo "HA? 14 18 47 94 96 109 130 146 162" 
atoms stereo "HB? 3-4 7-9 13 15 21-22 24-25 27 31 35 37 39 43 46 55 58 60-62 69 76 82" 
atoms stereo "HB? 84-85 87 90-92 98-100 106 108 115 120 122-123 125-126 133 136-137 140 

142 155 160 163” 
atoms stereo "HD2? 3 35 87 106 108 149" 
atoms stereo "HE2? 163" 
atoms stereo "QG?  6 12 20 29 127-128 132 139" 
atoms stereo "QD? 17 24 39 90 98 122 164” 

Read	  CYANA	  residue	  library	  
	  
Read	  sequence,	  either	  for	  a	  mul.ple	  state-‐system	  

(bundle.seq)	  or	  a	  single	  molecule	  (cyprdc.seq)	  
Define	  mul.ple	  states	  as	  mul.ple	  iden.cal	  molecules	  
Turn	  off	  steric	  repulsion	  between	  atoms	  of	  different	  

states	  
	  
	  
Define	  residue	  range	  for	  RMSD	  calcula.ons	  
	  
Stereospecific	  assignments	  

PREP.cya:	  Prepare	  data	  for	  mulB-‐state	  
structure	  calculaBon	  

syntax nbundle=@i=1 togetherweight=@r=0.01 \ 
multitensor 

 

moloffset=200 
 
# ------ Sequence file ------ 
read seq cyprdc.seq 

print "\# Bundle of $nbundle conformers" >bundle.seq 
do j 1 nbundle 
  do i 1 nr 

#    if (j.lt.nbundle .and. rnam(i).eq.'PL') break 
    print "$rnam(i) ${$rnum(i)+moloffset*(j-1)}" >> 
  end do 
  if (j.lt.nbundle) print "LL2 LL2 LL2 LL2 LL2 LL2 LL2 LL2 LP" >> 

end do 
print >>. 
 
# ------ Make bundle angle restraints ------ 

read aco cyp.aco 
write aco bundle.aco 
do j 2 nbundle 

  atom set * residue=residue+moloffset 
  write aco bundle.aco append 
end do 

Parameters:	  nbundle=number	  of	  states,	  
togetherweight=weight	  for	  bundling	  restraints,	  
mul.tensor	  	  

Residue	  number	  offset	  between	  successive	  states	  
	  
Generate	  mul.-‐state	  sequence	  file	  (bundle.seq):	  
Read	  protein	  sequence,	  possibly	  with	  RDC	  tensor	  

residues	  
	  
Repeat	  the	  protein	  sequence	  nbundle	  .mes,	  with	  a	  

flexible,	  sterically	  invisible	  linker	  in	  between	  
	  
	  
	  
	  
	  
	  
	  
Prepare	  mul.-‐state	  angle	  restraint	  file	  (bundle.aco)	  
	  
	  
	  

Sequence	  file	  (bundle.seq)	  
MET 1 
VAL 2 
ASN 3 
… 
GLN 163 
LEU 164 
GLU 165 
 
PL  LL2 LL2 LL2 ORI 170 
LL2 LL2 LL2 LL2 ORI 175 
LL2 LL2 LL2 LL2 ORI 180 
LL2 LL2 LL2 LL2 ORI 185 
LL2 LL2 LL2 LL2 ORI 190 
LL2 LL2 LL2 LL2 LL2 LL2 LL2 LL2 LP 
 
MET 201 
VAL 202 
ASN 203 
… 
GLN 363 
LEU 364 
GLU 365 
 

PL  LL2 LL2 LL2 ORI 370 
LL2 LL2 LL2 LL2 ORI 375 
LL2 LL2 LL2 LL2 ORI 380 
LL2 LL2 LL2 LL2 ORI 385 
LL2 LL2 LL2 LL2 ORI 390 
LL2 LL2 LL2 LL2 LL2 LL2 LL2 LL2 LP 
 
MET 401 
VAL 402 
ASN 403 
… 
GLN 563 
LEU 564 
GLU 565 
 
PL  LL2 LL2 LL2 ORI 570 
LL2 LL2 LL2 LL2 ORI 575 
LL2 LL2 LL2 LL2 ORI 580 
LL2 LL2 LL2 LL2 ORI 585 
LL2 LL2 LL2 LL2 ORI 590 

protein sequence  
(state 1) 

protein sequence  
(state 2) 

linkers (PL, LL2), 
RDC tensors (ORI) 

linkers 

protein sequence  
(state 3) 

PREP.cya:	  scalar	  coupling	  constants	  

# ------ Make bundle coupling constant restraints ------ 
 
read cyprdc.seq 
read cco cyp.cco 

couplings set "H, CB"  karpluscurve=0.0425-0.5137*cos(d)+3.693*cos(d)**2 
couplings set "H, HA*" karpluscurve=0.111-1.222*cos(d)+8.754*cos(d)**2 
couplings set "H, C"   karpluscurve=0.0377-1.166*cos(d)+4.516*cos(d)**2 

print "\# Coupling constant restraint file" >bundle.cco 
do i 1 ncco 
  i1=iccoa(1,i); i2=iccoa(2,i) 
  do j 1 nbundle 

    m=moloffset*(j-1) 
    print "${$rnum(iar(i1))+m} $rnam(iar(i1)) $anam(i1) ${$rnum(iar(i2))+m} 

$rnam(iar(i2)) $anam(i2) $cco(i) $tolcco(i) 1.0 $karplus(1,i) $karplus(2,i) 
$karplus(3,i) $if(j.ne.1,'&',' ')" >>bundle.cco 

  end do 
end do 

print >>. 
read seq bundle.seq 
read cco bundle.cco 
write cco bundle.cco karplus 

 

Prepare	  mul.-‐state	  coupling	  constant	  restraint	  file	  
(bundle.cco)	  
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Ambiguous	  coupling	  constant	  restraints	  

   2 VAL   H       2 VAL   HA       8.42    0.01  1.00E+00   0.111  -1.222   8.754 & 

 202 VAL   H     202 VAL   HA       8.42    0.01  1.00E+00   0.111  -1.222   8.754 & 

 402 VAL   H     402 VAL   HA       8.42    0.01  1.00E+00   0.111  -1.222   8.754 

   5 THR   H       5 THR   HA      10.01    0.05  1.00E+00   0.111  -1.222   8.754 & 

 205 THR   H     205 THR   HA      10.01    0.05  1.00E+00   0.111  -1.222   8.754 & 

 405 THR   H     405 THR   HA      10.01    0.05  1.00E+00   0.111  -1.222   8.754 

   8 PHE   H       8 PHE   HA       9.22    0.11  1.00E+00   0.111  -1.222   8.754 & 

 208 PHE   H     208 PHE   HA       9.22    0.11  1.00E+00   0.111  -1.222   8.754 & 

 408 PHE   H     408 PHE   HA       9.22    0.11  1.00E+00   0.111  -1.222   8.754 

PREP.cya:	  RDCs	  
# ------ Make bundle RDC restraints ------ 
read cyprdc.seq 
read rdc cyp.rdc 
print "\# RDC restraint file" >bundle.rdc 
do i 1 orientations 
  if (multitensor) then 
    do j 1 nbundle 
      print "${i+orientations*(j-1)} $magnitude(i) $rhombicity(i) $

{$rnum(iar(irtena(4,i)))+moloffset*(j-1)}" >> 
    end do 
  else 
    print "$i $magnitude(i) $rhombicity(i) $rnum(iar(irtena(4,i)))" >> 
  end if 
end do 
do i 1 nrdc 
  i1=irdca(1,i); i2=irdca(2,i) 
  do j 1 nbundle 
    m=moloffset*(j-1) 
    iten=irdct(i); if (multitensor) iten=iten+orientations*(j-1) 
    print "${$rnum(iar(i1))+m} $rnam(iar(i1)) $anam(i1) ${$rnum(iar(i2))+m} 

$rnam(iar(i2)) $anam(i2) $rdc(i) $tolrdc(i) $weirdc(i) $iten $rdcsca(i) 
$if(j.lt.nbundle,'&',' ')" >>bundle.rdc 

  end do 
end do 
print >>. 
read seq bundle.seq 
read rdc bundle.rdc 
write rdc bundle.rdc 

 

Prepare	  mul.-‐state	  RDC	  restraint	  file	  (bundle.rdc)	  
	  
	  
Write	  tensor	  data	  
Loop	  over	  all	  orienta.ons	  (alignment	  media)	  
Either	  separate	  tensors	  for	  each	  state	  
	  
	  
	  
or	  one	  tensor	  for	  all	  states	  
	  
	  
Loop	  over	  all	  RDCs	  measured	  
	  
RDC	  restraint	  that	  is	  applied	  as	  the	  average	  over	  all	  

states	  
	  
	  
Mul.ple	  RDC	  data	  lines	  are	  combined	  	  in	  one	  

averaged	  restraint	  by	  “&”	  at	  the	  end	  of	  each	  
line,	  except	  the	  last	  one	  

Residual	  dipolar	  couplings	  (3	  states)	  
#Tensor  Magnitude Rhombicity Residue 
      1    -6.4870     0.4892     170 
      2    26.9000     0.2482     175 
      3   -25.9400     0.4262     180 
      4    16.7300     0.3071     185 
#First atom    Second atom         RDC   Error    Weight Tensor    Scale 
   2 VAL  N       2 VAL  H      -1.710   1.000  1.00E+00      1   1.0000 & 
 202 VAL  N     202 VAL  H      -1.710   1.000  1.00E+00      1   1.0000 & 
 402 VAL  N     402 VAL  H      -1.710   1.000  1.00E+00      1   1.0000 
   5 THR  N       5 THR  H      -9.680   1.000  1.00E+00      1   1.0000 & 
 205 THR  N     205 THR  H      -9.680   1.000  1.00E+00      1   1.0000 & 
 405 THR  N     405 THR  H      -9.680   1.000  1.00E+00      1   1.0000 
   7 PHE  N       7 PHE  H     -12.610   1.000  1.00E+00      1   1.0000 & 
 207 PHE  N     207 PHE  H     -12.610   1.000  1.00E+00      1   1.0000 & 
 407 PHE  N     407 PHE  H     -12.610   1.000  1.00E+00      1   1.0000 
 ... 
   2 VAL  N       2 VAL  H       1.940   1.000  1.00E+00      2   1.0000 & 
 202 VAL  N     202 VAL  H       1.940   1.000  1.00E+00      2   1.0000 & 
 402 VAL  N     402 VAL  H       1.940   1.000  1.00E+00      2   1.0000 
 ... 
   2 VAL  N       2 VAL  H       1.410   1.000  1.00E+00      4   1.0000 & 
 202 VAL  N     202 VAL  H       1.410   1.000  1.00E+00      4   1.0000 & 
 402 VAL  N     402 VAL  H       1.410   1.000  1.00E+00      4   1.0000 

4 tensors (orienting media) 
associated with tensor pseudo 
residues 170, 175, 180, 185 

PREP.cya:	  NOEs	  
# ------ Make ambiguous bundle distance restraints ------ 
 
read seq bundle.seq 
molecules define * 
atom set * vdwgroup=bundle 
 
read upl CyA_141113m_all_meth.upl 
read upl CyA_eNOEs3rd_NoMatch_eNOEs.upl append 
molecules symmetrize 
if (nbundle.gt.1) \ 

distances set "$moloffset.., $moloffset.." \ 
    bound=0.0 
distances set "*, *" \ 
    bound=bound*(1.0*nbundle)**(-1.0/6.0) 
write upl bundle.upl 
 
read seq bundle.seq 
molecules define * 
atom set * vdwgroup=bundle 
 
read lol CyA_141113m_all_meth.lol 
molecules symmetrize 
if (nbundle.gt.1) \ 

distances set "$moloffset.., $moloffset.." \ 
bound=0.0001 

distances set "*, *" \ 
bound=bound*(1.0*nbundle)**(-1.0/6.0) 

write lol bundle.lol 
 

Prepare	  mul.-‐state	  NOE	  distance	  restraint	  files	  
(bundle.upl,	  bundle.lol):	  

	  
Reini.alize	  by	  reading	  the	  sequence	  	  
	  
Read	  a	  file	  with	  NOE	  upper	  limits	  
Read	  a	  second	  file	  with	  eNOE	  upper	  limits,	  append	  
Generate	  corresponding	  restraints	  for	  all	  states	  
Set	  upper	  bounds	  for	  NOEs	  from	  states	  2,	  3,…	  to	  zero,	  

i.e.	  create	  an	  ambiguous	  distance	  restraint	  
	  
Scale	  distance	  bound	  by	  a	  factor	  nbundle–1/6	  for	  1/r6-‐

averaging	  instead	  of	  1/r6-‐summa.on	  
	  
And	  the	  same	  for	  lower	  distance	  bounds…	  
	  
	  

(e)NOE	  distance	  restraints	  (3	  states)	  

 16 PRO  HA     17 LEU  H       2.23 
216 PRO  HA    217 LEU  H       0.00 
416 PRO  HA    417 LEU  H       0.00 
 16 PRO  HA     18 GLY  H       3.84 
216 PRO  HA    218 GLY  H       0.00 
416 PRO  HA    418 GLY  H       0.00 
 10 ILE  HB     17 LEU  HB2     3.26 
210 ILE  HB    217 LEU  HB2     0.00 
410 ILE  HB    417 LEU  HB2     0.00 
 10 ILE  HB     17 LEU  QD2     5.10 
210 ILE  HB    217 LEU  QD2     0.00 
410 ILE  HB    417 LEU  QD2     0.00 

1 restraint with 
3 assignments 

state 1 
state 2 
state 3 

PREP.cya:	  NOEs	  
# ------ Make restraints to keep corresponding atoms 
#        together ------ 
 
if (nbundle.gt.1 .and. togetherweight.gt.0.0) then 
  read seq bundle.seq 
  molecules define * 
  atom set * vdwgroup=bundle 
  atom select "N C*" 
  do i 1 na 
    if (iamol(i).ne.1) break 
    if (asel(i)) then 
      distance make "$atom(i)" \ 
         "$anam(i) ${$rnum(iar(i))+moloffset}" \ 
         upl=1.2 weight=$togetherweight info=none 
    end if 
  end do 
  distances set "* - N CA C CB, * - N CA C CB" \ 
    weight=weight*0.1 
  molecules symmetrize 
  distances unique 
  write upl together.upl 
end if 
 

Prepare	  bundling	  distance	  restraints	  (together.upl):	  
	  
	  
Reini.alize	  by	  reading	  the	  sequence	  	  
	  
	  
Loop	  over	  all	  nitrogen	  and	  carbon	  atoms	  
	  
	  
Generate	  an	  upper	  bound	  of	  1.2	  Å	  on	  the	  distance	  

between	  an	  atom	  in	  state	  1	  and	  the	  same	  atom	  
in	  state	  2	  with	  a	  weight	  (rela.ve	  to	  NOEs)	  given	  
by	  the	  parameter	  togetherweight	  	  

	  
Reduce	  the	  weight	  for	  side	  chain	  atoms	  beyond	  CB	  by	  

a	  factor	  of	  10	  
Make	  corresponding	  restraints	  between	  other	  states	  
Eliminate	  duplicate	  restraints	  
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Bundling	  restraints	  (3	  states)	  

  1 MET  N     201 MET  N       1.20  1.00E-01 
  1 MET  N     401 MET  N       1.20  1.00E-01 
201 MET  N     401 MET  N       1.20  1.00E-01 
  1 MET  CA    201 MET  CA      1.20  1.00E-01 
  1 MET  CA    401 MET  CA      1.20  1.00E-01 
201 MET  CA    401 MET  CA      1.20  1.00E-01 
  1 MET  CB    201 MET  CB      1.20  1.00E-01 
  1 MET  CB    401 MET  CB      1.20  1.00E-01 
201 MET  CB    401 MET  CB      1.20  1.00E-01 
  1 MET  CG    201 MET  CG      1.20  1.00E-02 
  1 MET  CG    401 MET  CG      1.20  1.00E-02 
201 MET  CG    401 MET  CG      1.20  1.00E-02 
  1 MET  CE    201 MET  CE      1.20  1.00E-02 
  1 MET  CE    401 MET  CE      1.20  1.00E-02 
201 MET  CE    401 MET  CE      1.20  1.00E-02 
  1 MET  C     201 MET  C       1.20  1.00E-01 
  1 MET  C     401 MET  C       1.20  1.00E-01 
201 MET  C     401 MET  C       1.20  1.00E-01 

lower 
weight 
for side 
chains 

state 1–2 
state 1–3 
state 2–3 

CALC.cya:	  Structure	  calculaBon	  

syntax inputseed=@i=3771 
 
read upl bundle.upl 
read lol bundle.lol 

read aco bundle.aco 
read cco bundle.cco 
read rdc bundle.rdc 

if (existfile('together.upl')) \ 
  read upl together.upl append 
 
anneal_weight_rdc := 0.0, 0.5 

anneal_weight_aco := 1.0, 1.0, 0.0, 0.0 
anneal_weight_cco := 0.0, 0.5 
 

seed=inputseed 
 
calc_all 200 steps=50000 
 

weight_aco=0.0 
cut_cco=1.0 
cut_rdc=3.0 
atom select "N CA C $rmsdrange” 

overview bundle structures=20 pdb reference=reference.pdb 

Macro	  has	  a	  parameter,	  inputseed,	  which	  is	  an	  
integer	  (“@i”)	  with	  default	  value	  3771	  

Read	  experimental	  restraints:	  
upl:	  upper	  distance	  limits	  
lol:	  lower	  distance	  limits	  
aco:	  torsion	  angle	  restraints	  
rdc:	  residual	  dipolar	  couplings	  

	  
Read	  bundling	  restraints	  
	  
	  
Set	  weights	  for	  different	  stages	  of	  the	  simulated	  

annealing	  schedule	  
	  
	  
Set	  random	  seed	  for	  ini.al	  structures	  etc.	  
	  
Calculate	  200	  conformers,	  using	  50000	  torsion	  angle	  

dynamics	  steps	  
Turn	  off	  torsion	  angle	  restraints	  
Set	  thresholds	  for	  repor.ng	  viola.ons	  
	  
Select	  atoms	  for	  superposi.on	  and	  RMSD	  calcula.on	  
Report	  target	  func.ons,	  viola.ons,	  RMSD;	  save	  20	  

best	  structures	  in	  file	  bundle.pdb	  

MulBple-‐state	  structure	  calculaBon	  (GB3)	  

Relative weights 
for bundling 

restraints 

MulBple-‐state	  structure	  calculaBon	  (GB3)	  

MulBple-‐state	  structure	  calculaBon	  (GB3)	   MulBple-‐state	  structure	  calculaBon	  (GB3):	  
Cross-‐validaBon	  

•  Perform	  structure	  calcula.on	  with	  90%	  of	  the	  NOE	  data	  
•  Evaluate	  target	  func.on	  for	  the	  remaining	  10%	  NOE	  data	  
•  Repeat	  for	  different	  random	  selec.ons,	  average	  results	  
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::::

XIII. Realistic representation 
of biomolecules 

::::

a. 3rd immunoglobulin binding domain of 
protein G (GB3) 

conventional 

Spatial representation of GB3 
 
 

Vögeli, Güntert & Riek, 2013, Mol Phys 111, 437-457 

eNOEs 

Spatial representation of GB3 
 
 

Vögeli, Güntert & Riek, 2013, Mol Phys 111, 437-457 

3-state ensemble eNOEs, 3 states 

multiple-state CYANA 

ta
rg

et
 fu

nc
tio

n 

Vögeli, Güntert & Riek, 2013, Mol Phys 111, 437-457 

# states 

Spatial representation of GB3 
 
 

Vögeli, Kazemi, Güntert & Riek, 2012, Nat Struct Mol Biol 19, 1053-1057 

Spatial representation of GB3 
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Correlated motions 
 
 
 
 

Vögeli, Kazemi, Güntert & Riek, 2012, Nat Struct Mol Biol 19, 1053-1057 

Spatial representation of GB3 
 
 

::::

b. Human cyclophilin A 

Cyclophilin A: Catalysis dynamics  
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90 0

N
C

0.2

0

0.4

0.6

0.8

1.0

1.2

1.4

1 40 80 120 160
sequence

rm
sd

 (Å
)

number of states

TF

TF
 (c

ro
ss

 v
al

id
at

io
n)

c d

Chi, Vögeli, Bibow, Strotz, Güntert & Riek, submitted 
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::::

c. WW domain of Pin1 

N-term domain of human peptidyl-prolyl cis-trans isomerase 
Pin1 

Jäger, Nguyen, Crane, Kelly, Gruebele, 2001, J Mol Biol 311, 373-393 

Significance: regulation of mitosis, protection 
against Alzheimer’s disease, increase of 
hepatitis C infection, overexpressed in human 
cancer cells. Isomerizes phospho-serine/
threonine-proline containing peptide motifs.  
 
Unfolds and folds reversibly. While loop 1 is 
rate limiting for folding at low T, mini core 1 
more important at high T  
 
Effects of glycosylation on folding and thermal 
stability: While volume exclusion at highly 
structured sites drive stabilization, reasons for 
destabilization by glycolysation within flexible 
loop remain elusive. In contradiction, 
mutational substitution of S18N-GlcNAc is 
destabilizing fold. However, glycosylation of 
aromatic sequons in 3 distinct reverse turn 
contexts (loop 1) stabilizes fold. 
 
Some MDs: Hydrophobic cluster is labile 
during unfolding, some native contacts shape 
folding pathways. Others show rapid 
hydrophobic collapse or predict multiple 
pathways 

Folding of the WW domain 

Folding of the WW domain Folding of the WW domain 

Folding of the WW domain 
::::

XIV. Transferred NOE 
 (Dr. Julien Orts) 
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Ligand Orientation?

Ligand-detected methods for weakly binding ligands

Transferred-NOEs: 
H-H distances

Transferred-CCRRs:
Dihedral angles
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that still shows fast exchange
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Kon is diffusion limited: 108 M-1 sec-1 *

Lower limit for KD ~ 1 µM

So if the free and bound chemical shifts are close together and slow exchange is still
observed, the KD must be low

* This is a big assumption, especially if there are any significant conformational
rearrangements involved.

A + B AB
kon

koff

KD = Koff/Kon

 Li, Y., Zhang, Y., and Yan, H. (1996) J. Biol. Chem. 271, 28038–28044

GMP titration into guanylate kinase

0.58mM GK
Adding 13.3 mM GMP
29 µM KD

Weak binding
Fast exchange

Repeat for multiple crosspeaks

e.g. Emerson et al (1996) Biochemistry 34 6911-6918

Look for the largest chemical shift difference between the free and the bound forms
that still shows fast exchange

e.g. it is 100 Hz
Koff > 100 sec-1

Kon is diffusion limited: 108 M-1 sec-1 *

Lower limit for KD ~ 1 µM

So if the free and bound chemical shifts are close together and slow exchange is still
observed, the KD must be low

* This is a big assumption, especially if there are any significant conformational
rearrangements involved.

A + B AB
kon

koff

KD = Koff/Kon



28 

tight (ideally)

any

tight

tight

any

weak

tight

any

Structures of protein complexes

Mapping interactions e.g. for mutagenesis studies
chemical shift mapping
H/D exchange
cross-saturation
STD

Extracting distance information:
transferred NOEs
intermolecular NOEs

Docking

Strategy depends on the affinity

KD < 1 µM KD ~ 1-100 µM KD > ~100 µM
strong medium weak

Review: Carlomagno (2005) Ann. Rev. Biophys. Biomol. Struc. 34 245-66

Measuring Kd by NMR
Small ligand, weak binding

! 

"# = "#
max
(K

D
+ [P]

t
+ [L]

t
${(K

D
+ [P]

t
+ [L]

t
)
2
$ (4 •[P]

t
•[L]

t
)}
1/ 2
) /2[P]

t

#$ is the measured chemical shift change at each ligand concentration
#$max is the maximum chemical shift change
[P]t is the total protein concentration
[L]t is the total ligand concentration

[ligand]

1.0

0.5

fr
a
ct

io
n
 b

o
u
n
d

Kd

P + L PL
kon

koff

KD =
[P] [L]
[PL]

=
Koff

Kon

Changes in volume must be
accounted for!

configuration of organic molecules in solution without using

chemical synthesis, electronic circular dichroism (ECD) and

optical rotatory dispersion (ORD) spectra were calculated by

DFT for a NMR-derived conformational ensemble of structures

with the correct relative configuration and compared with the

experimental spectra to discriminate between enatiomers.52

2.2.2 Structural studies in the presence of conformational

flexibility. For ArcA the correct configuration can be determined

with Q-values reaching levels expected for good quality biomo-

lecular structures (0.25 < Q < 0.40), without any compensation

for the possible dynamic fluctuations. This indicates that these

fluctuations are modest and do not drag the structure far away

from the average conformation. The relatively stiff backbone of

ArcA has a single flexible site at the C22–C23 bond characterized

by a rotameric jump (trans/gauche), as inferred from averaged J-

couplings. Both rotameric states occur within the resulting

structure ensemble, with the gauche-rotamer being considerably

more populated than the trans one, in agreement with both NOE

and J-coupling data. Due to the predominance of the gauche-

rotamer and to the very local effect of the conformational flexi-

bility around the C22–C23 bond, the RDC data can be inter-

preted with a single conformation model. However, the residual

ambiguity in the determination of the configuration at the C22

and C23 centers indicates that the data contains contributions

from an additional conformer.

For more flexible molecules, fitting of the RDCs to an

ensemble of conformations becomes necessary.49,51 The major

difference between these two works is the choice of the alignment

tensor. In ref. 51 one alignment tensor is used for all conformers,

under the assumption that the flexibility does not considerably

change the shape of the molecule. In ref. 49 one alignment tensor

per conformer is used. This last choice requires at least five RDCs

per conformer, which substantially restricts the number of

conformers that can be handled. A rigorous protocol and an

excellent comparison of the two approaches can be found in ref.

53. Clearly, conformational flexibility represents the greatest

challenge to the determination of the structure and the configu-

ration of natural products in solution and is an active area of

continuous methodological development.

3 Structural characterization of natural products in their

receptor-bound form

In the previous chapter I have reviewed recent NMR-based

methodologies for the determination of the configuration and

conformation of natural products in their free form. However,

for natural products with promising drug activity both the

target-bound (bioactive) conformation and its binding mode to

the target receptor are of extreme importance.

The NMR methodologies to be used for the determination of

the bioactive conformation of the natural product and of its

binding mode to the receptor depend on the affinity of the ligand

for the target, as explained in the next two sections.

3.1 Weakly binding ligands. By weakly binding ligands we

indicate those ligands that exchange rapidly between the receptor-

bound and free forms on the time-scale of the NMR experiments

(koff > 100–1000Hz,Kd > 1 mMassuming a diffusion limited kon).

If the natural product of interest binds amacromolecule of limited

size (<50 kDa), of high solubility and available by recombinant

techniques, a structure of the complex target/ligand can be

obtained by standard NMR methodologies.54 In this case the

resonances of the isotope labelled macromolecule are observed in

the presence of an excess of ligand and a structure of the target

macromolecule in its ligand-bound form can be calculated. The

conformation of the bound-ligand is obtained from dou-

ble-13C,15N-filtered 2D NOESY and 13C,15N-filtered 2D TOCSY

spectra,55 while the intermolecular contacts defining the position

of the ligandon the target are obtained from3D 13C-edited/filtered

NOESY spectra. The first experiments observe the resonances of

the non-isotopically labeled ligand only, while the latter experi-

ment selectively records the NOEs between the isotopically

labelled macromolecule and the unlabelled ligand. A high-reso-

lution structure of the complex can be obtained by this approach,

provided that intermolecular NOEs are of reasonable quality

(which depends on the exact koff of the complex).

When the kinetic constants of the complex do not allow the

observation of intermolecular NOEs, a novel approach, based on

the use of paramagnetic labelled receptors56 is of considerable

help. Here, the interaction between the paramagnetic centre on

the receptor and the ligand spins allows the measurement of

distances between ligand atoms and the paramagnetically

labelled site of the receptor. This method will be reviewed in

detail in section 3.1.2.

The workflow described above cannot be applied to study the

binding of natural products to very large macromolecular

receptors or to complex molecular machines. The reason for this

is twofold. First, the NMR line widths of high-molecular weight

receptors are too broad to permit the observation of the receptor

signals. Second, the calculation of the structure of the receptor

fromNMR data requires assignment of its proton nuclei through

correlation with 13C or 15N nuclei, which in turn requires the

availability of the receptor from over-expression in E. coli cells

grown on 13C and 15N-enriched medium. This is problematic for

membrane proteins, mammalian receptors with post-trans-

lational modification or structurally dynamic targets. In view of

these limitations, methodologies that deliver information on the

bound ligand without need for observing the receptor resonances

are very useful.

Fig. 4 A schematic representation of the principle of the transferred-

NOE. For ligands exchanging rapidly between the receptor-bound and

the free forms, the NOE measured between two protons is a population

weighted average of the NOE of the free form (NOEf) and the NOE of the

receptor-bound form (NOEb). NOEf is close to zero, due to the small size

of the free ligand (small correlation time scf); as a consequence, the

averaged NOE is dominated by the contribution of the bound form

(NOEb), even if the population of the bound form pb is much smaller than

the population of the free form pf (pf [ pb).
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Pu
bl

ish
ed

 o
n 

29
 M

ar
ch

 2
01

2.
 D

ow
nl

oa
de

d 
by

 E
TH

-Z
ur

ic
h 

on
 2

0/
03

/2
01

5 
07

:0
1:

09
. 

View Article Online

between HL1 and HL2 although L1 and L2 have never been close

in space at any time during the NMR experiment. The NOE peak

between HL1 and HL2 is a spin-diffusion mediated effect via the

receptor proton HT. Clearly this effect can only occur if HL1 and

HL2 are both close to the proton HT in the two complexes TL1

and TL2, respectively. Therefore, a number of such intermolec-

ular NOE peaks describe the relative orientation of the two

ligands in the receptor binding pocket. INPHARMA NOEs can

be observed for complexes with a Kd in the low micromolar to

millimolar range (koff > 100–1000 s!1).

INPHARMA NOEs should not be mistaken for the inter-

ligand NOEs (ILOEs) that occur for two ligands binding

simultaneously in adjacent or partially overlapping binding

pockets.71 In INPHARMA, the two ligands L1 and L2 are neither

close in space nor bound to the protein simultaneously; instead,

the two ligands bind to the protein competitively and consecu-

tively and the observed NOEs are a consequence of spin diffusion

mediated by the protons of the protein.

The method was originally developed to derive the binding

mode of L2 when the binding mode of L1 is known (relative

binding mode). However, we have recently demonstrated that

the INPHARMA approach is much more powerful and, in

favourable cases, can allow the de novo description of the

binding mode of both L1 and L2 (absolute binding mode) (see

Section 3.1.1.1).72 In accordance with existing structure-based

drug discovery (SBDD) workflows, the experimental informa-

tion derived from the INPHARMA NOEs is used to select the

correct binding mode among many possible binding-orienta-

tions obtained by molecular docking. The binding poses of L1

and L2 result from docking the bound conformations of the

ligands, obtained by transferred-NOEs or transferred-CCR

rates, to a structural model of the apo-receptor T. These

binding poses are ranked by evaluating the agreement between

the theoretical INPHARMA NOEs calculated for each pair of

TL1 and TL2 complex models with the experimental values (see

Section 3.1.1.1).

INPHARMA NOEs have been observed in my laboratory

for complexes of different sizes ranging from small proteins

("30 kDa) to large complexes (e.g. the ribosome). The exper-

imental parameters of the INPHARMA-NOESY need to be

optimized for the complex of interest. In ref. 70 we provide

a theoretical description of the INPHARMA effect and of its

dependence on the physical and experimental variables. This

work serves as a guide to choose the optimal conditions for the

INPHARMA experiment. In particular, the mixing time that

maximises the intensity of the INPHARMA NOEs depends on

the correlation time (size) of the complex. As a rule of thumb,

for a receptor of 400 kDa or larger, the maximum

INPHARMA NOE is obtained for sm < 100 ms, while for

a receptor of "20 kDa, mixing times of the order of 500 ms or

higher should be used. Of critical importance is the relative size

of the dissociation rates for L1 and L2, k1off and k2off. Clearly,

the optimal situation for the receptor mediated transfer of

magnetization between the two ligands is when k1off ¼ k2off and

the two ligands spend an equal amount of time in the receptor

bound state. However, a considerable amount of magnetization

transfer through the INPHARMA NOE is obtained for k1off/

k2off values up to 8, while for k1off/k2off > 10 the INPHARMA

NOEs become vanishingly small.

3.1.1.1 Validation of INPHARMA. In order to show the

efficacy of INPHARMA we have validated the methodology on

a test system consisting of the catalytic subunit of the protein

kinase A (PKA), an ubiquitous enzyme of known crystal struc-

ture,73–75 and the core hinge binding fragments of two known

ATP competitive kinase inhibitors with dissociation constantsKd

of 6 mM (L1) and 16 mM (L2) (Fig. 6A).72 Crystal structures for

the PKA/L1 and PKA/L2 complexes at 2.1 !A and 2.0 !A resolu-

tion served as a basis for this study (3DNE.pdb and 3DND.pdb).

The workflow for the validation test was as follows (Fig. 6): 1.

Measurement and quantification of the INPHARMA NOEs for

the PKA/L1/L2 system; 2. Docking of L1 and L2 to PKA to

generate diverse models for the PKA/L1 and PKA/L2 complexes;

3. Pair wise combination of the docking models to obtain a large

pool of diverse complex pairs; 4. Calculation of the theoretical

INPHARMA NOEs for each PKA/L1 and PKA/L2 complex

pair. 5. Comparison of the theoretical INPHARMA NOEs with

Fig. 6 The INPHARMA workflow as applied to the system consisting

of the catalytic subunit of the Protein Kinase A and the two ligands L1

and L2 (A). B) 200 docking modes are generated per ligand, showing

dispersion over a large range of RMSD values with respect to the correct

binding poses (X-ray structures of the complexes in A). Poses with

RMSD values up to 8 !A are found in the pool. After ranking with

INPHARMA data in C), only a few docking poses are selected (green

dots in D), which have a very low RMSD with respect to the X-ray

structures and indeed correspond to the correct binding mode for both

ligands. Experimental INPHARMA NOEs are shown in panel C):

Region of the NOESY spectrum recorded for a mixture of the protein

PKA (30 mM), L1 (150 mM) and L2 (450 mM) at 800 MHz for a mixing

time ¼ 600 ms. Intra-molecular transfer NOEs, blue. Inter-molecular

‘‘INPHARMA’’ NOEs, red (reproduced from Fig. 2 in ref. 72).
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&-GalOMe

STD Amplification Factor = I0 - Isat  x ligand excess
           I0

Transferred NOE Experiments

These are used to determine the structure of a small ligand binding to a larger molecule when the
affinity is low (kD > 10 µM).

In a small ligand, NOEs between protons in the free ligand will be small and positive ('%c << 1) or
close to 0 ('%c ~ 1). NOEs between protons in the bound ligand will be larger and negative ('%c >>
1).

The ligand is conformationally restricted in the complex: the NOEs build up in the bound ligand,
which then dissociates. The NOEs can then be observed in the spectra of the free ligand.

Clore & Gronenborn: J. Mag. Res. 48 402-417; J. Mag. Res. 53 423-442
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4.2.2 Theory

Intensities of NOE cross-peaks of a receptor/ligand complex in exchange with
the free forms of both the ligand and the receptor are described by the fol-
lowing equation:

dM(t)
dx

= �(R + K) · (M(t)�Meq) (4.1)

with a solution of the form:

�M(⌧m) = exp [�(R + K) · ⌧m] · �M(0) (4.2)

where K and R are the kinetic and relaxation matrices, M(0) the initial
magnetization, Meq the equilibrium magnetization and the mixing time. Two
di↵erent models have been considered for the chemical exchange. The first is
a three-step model, including the state where both ligands and the receptor
are found also in the free form, as described by:

TL1 + L2

k1off⌦
k1on

L1 + T + L2
k2on⌦
k2off

L1 + TL2 (4.3)

In the second model, we assume that the receptor is never in the unbound
state, due to presence of the two ligands in large excess. This model is de-
scribed by:

TL1 + L2
k12⌦
k21

L1 + TL2 (4.4)

Model 1

The relaxation matrix is a diagonal block matrix, where each sub-matrix
describes the proton-proton relaxation pathway of one species; the species
present in solution are the two ligands in the free state L1, L2, the two com-
plexes TL1 and TL2 of the target macromolecule and L1 or L2, respect-
ively [74], and the free target macromolecule T. The superindex of each Rx

s

indicates the species (either the free ligands or the complexes TL1 and TL2)
and the subindex indicates which protons of the species contribute to that
sub-matrix. Thus, RL1

L1
describes the relaxation of the protons of ligand L1

in the free state and RTL1
L1

the relaxation of the protons of ligand L1 when
bound in the complex TL1. Analogously, RTL1

T describes the relaxation of the
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protein protons in the complex TL1 and RTL1
L1,T contains the cross-relaxation

terms between the protons of ligand L1 and the protons of protein T in the
complex TL1.

R =

0

BBBBBBBBBBBBBBBB@

RL1
L1

RL2
L2

RTL1
L1

RTL1
L1,T

RTL1
T,L1

RTL1
T

RTL2
L2

RTL2
L2,T

RTL2
T,L2

RTL2
T

RT
T

1

CCCCCCCCCCCCCCCCA

(4.5)

The kinetic matrix is built according to the equations that rule the chemical
equilibrium:

d[L1]
dt

= �k1on · [T ][L1] + k1off · [TL1]

d[TL1]
dt

= �d[L1]
dt

d[L2]
dt

= �k2on · [T ][L2] + k2off · [TL2] (4.6)

d[TL2]
dt

= �d[L2]
dt

d[T ]
dt

= �d[TL1]
dt

� d[TL2]
dt
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and has the form:

K =

0

BBBBBBBBBBBBBBBBB@

k1on[T ]I �k1off I

k2on[T ]I �k2off I

�k1on[T ]I k1off I

k1off I �k1on[L1]I

�k2on[T ]I k2off I

k2off I �k2on[L2]I

�k1off I �k2off I (k1on[L1] + k2on[L2])I

1

CCCCCCCCCCCCCCCCCA

(4.7)

where I is the identity matrix of the same size as the corresponding block
matrix in R.

Model 2

Compared to the matrix for model 1, the relaxation matrix R for model 2
lacks the last block representing the unbound target macromolecule.

R =

0

BBBBBBBBBBBBB@
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The kinetic matrix is built according to the equations that rule the chemical
equilibrium:
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and has the form:

K =

0

BBBBBBBBBBBBBBBBB@

k1on[T ]I �k1off I

k2on[T ]I �k2off I

�k1on[T ]I k1off I

k1off I �k1on[L1]I

�k2on[T ]I k2off I

k2off I �k2on[L2]I

�k1off I �k2off I (k1on[L1] + k2on[L2])I

1

CCCCCCCCCCCCCCCCCA

(4.7)

where I is the identity matrix of the same size as the corresponding block
matrix in R.

Model 2

Compared to the matrix for model 1, the relaxation matrix R for model 2
lacks the last block representing the unbound target macromolecule.
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The kinetics matrix K is derived from the equations:

d[L1]
dt

= k12 · [TL1][L2]� k21 · [TL2][L1]

d[L2]
dt

= �d[L1]
dt

(4.9)

d[TL2]
dt

=
d[L1]
dt

d[TL1]
dt

= �d[L1]
dt

K =

0

BBBBBBBBBBBBB@

k21[TL2]I �k12[L2]I

k12[TL1]I �k21[L1]I

�k21[TL2]I k12[L2]I

k12[L2]I �k21[L1]I

�k12[TL1]I k21[L1]I

�k12[L2]I k21[L1]I

1

CCCCCCCCCCCCCA

(4.10)

where I is the identity matrix of the same size as the corresponding block
matrix in R. The elements of the kinetics matrices of the two models are
derived from the binding constants and the equilibrium concentrations. The
last are calculated from the mass conservation laws.

Model 1:

k2on[T ][L2] = k2off [TL2]

k1on[T ][L1] = k1off [TL1]

TL1] + [TL2] + [T ] = [T ]tot (4.11)

[TL1] + [L1] = [L1]tot

[TL2] + [L2] = [L2]tot
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as the R matrix; [X] is the concentration of the chemical entities, ki are the
chemical exchange constants and I is the identity matrix. Each part of the
matrix K represents one species of the system and therefore each term is a
diagonal block matrix which has the same size as the corresponding block in
the relaxation matrix R.

K =

0

BBBBBBBBBB@

k21[TB]I �k12[B]I

k12[TA]I �k21[A]I

�k21[TB]I k12[B]I

k12[B]I �k21[A]I

�k12[TA]I k21[A]I

�k12[B]I k21[A]I

1

CCCCCCCCCCA

(1.38)

Spin di↵usion

All the transfers of magnetization by chemical exchange and dipole-dipole
relaxation mechanisms are described by the matrices K and R. Therefore, if
in the NOESY spectrum we observe cross-peaks between protons of ligand A
and protons of ligand B, we must also see a connection between them in the
matrix K + R:

0

BBBBBBBBBBBB@

k21[TB]I+RA
A �k12[B]I

k12[TA]I+RB
B �k21[A]I

�k21[TB]I k12[B]I+RT A
A RT A

A,T

RT A
T,A k12[B]I+RT A

T �k21[A]I

�k12[TA]I k21[A] + RT B
B I RT B

B,T

�k12[B]I RT B
T,B k21[A]I+RT B

T

1

CCCCCCCCCCCCA

There are no terms in the matrix connecting the two block-sub-matrices,
k21[TB]I+RA

A and k12[TA]I+RB
B , which correspond to the protons of ligands

A and B in their unbound states. Nevertheless, NOESY cross-peaks can arise
between protons A and B in the free state. This is due to the fact that the
magnetization is transferred from unbound A to unbound B via a multi-step
process. We see that diagonal block-sub-matrices are ‘linked’ by chemical
exchange constants. Hence, magnetization initially present on unbound A
is transferred by chemical exchange to bound A (TA), followed by dipole-
dipole mediated-transfer to the protons of the target (T). Another chemical
exchange constant links the complex TA to the complex TB (Fig. 1.7). The

64 Chapter 4

4.2.2 Theory

Intensities of NOE cross-peaks of a receptor/ligand complex in exchange with
the free forms of both the ligand and the receptor are described by the fol-
lowing equation:

dM(t)
dx

= �(R + K) · (M(t)�Meq) (4.1)

with a solution of the form:

�M(⌧m) = exp [�(R + K) · ⌧m] · �M(0) (4.2)

where K and R are the kinetic and relaxation matrices, M(0) the initial
magnetization, Meq the equilibrium magnetization and the mixing time. Two
di↵erent models have been considered for the chemical exchange. The first is
a three-step model, including the state where both ligands and the receptor
are found also in the free form, as described by:

TL1 + L2

k1off⌦
k1on

L1 + T + L2
k2on⌦
k2off

L1 + TL2 (4.3)

In the second model, we assume that the receptor is never in the unbound
state, due to presence of the two ligands in large excess. This model is de-
scribed by:

TL1 + L2
k12⌦
k21

L1 + TL2 (4.4)

Model 1

The relaxation matrix is a diagonal block matrix, where each sub-matrix
describes the proton-proton relaxation pathway of one species; the species
present in solution are the two ligands in the free state L1, L2, the two com-
plexes TL1 and TL2 of the target macromolecule and L1 or L2, respect-
ively [74], and the free target macromolecule T. The superindex of each Rx

s

indicates the species (either the free ligands or the complexes TL1 and TL2)
and the subindex indicates which protons of the species contribute to that
sub-matrix. Thus, RL1

L1
describes the relaxation of the protons of ligand L1

in the free state and RTL1
L1

the relaxation of the protons of ligand L1 when
bound in the complex TL1. Analogously, RTL1

T describes the relaxation of the

64 Chapter 4

4.2.2 Theory

Intensities of NOE cross-peaks of a receptor/ligand complex in exchange with
the free forms of both the ligand and the receptor are described by the fol-
lowing equation:

dM(t)
dx

= �(R + K) · (M(t)�Meq) (4.1)

with a solution of the form:

�M(⌧m) = exp [�(R + K) · ⌧m] · �M(0) (4.2)

where K and R are the kinetic and relaxation matrices, M(0) the initial
magnetization, Meq the equilibrium magnetization and the mixing time. Two
di↵erent models have been considered for the chemical exchange. The first is
a three-step model, including the state where both ligands and the receptor
are found also in the free form, as described by:

TL1 + L2

k1off⌦
k1on

L1 + T + L2
k2on⌦
k2off

L1 + TL2 (4.3)

In the second model, we assume that the receptor is never in the unbound
state, due to presence of the two ligands in large excess. This model is de-
scribed by:

TL1 + L2
k12⌦
k21

L1 + TL2 (4.4)

Model 1

The relaxation matrix is a diagonal block matrix, where each sub-matrix
describes the proton-proton relaxation pathway of one species; the species
present in solution are the two ligands in the free state L1, L2, the two com-
plexes TL1 and TL2 of the target macromolecule and L1 or L2, respect-
ively [74], and the free target macromolecule T. The superindex of each Rx

s

indicates the species (either the free ligands or the complexes TL1 and TL2)
and the subindex indicates which protons of the species contribute to that
sub-matrix. Thus, RL1

L1
describes the relaxation of the protons of ligand L1

in the free state and RTL1
L1

the relaxation of the protons of ligand L1 when
bound in the complex TL1. Analogously, RTL1

T describes the relaxation of the

28 Chapter 1

magnetization on TB is then transferred by dipole-dipole mechanisms to the
protons of bound ligand B (TB). Finally, the last chemical exchange link
allows transfer from bound ligand B to the unbound state (B). The ligand B
then possesses the magnetization acquired while it was in the complex (TB).
Initially, this magnetization arose from ligand A. This explains why cross-
peaks are can appear between the two ligand A and B in their free states
while there is never direct magnetization transfer between them.

18 Chapter 1

The R matrix is displayed with these conventions: RX
X represents the

relaxation for the ligand X (A or B) in the free form ; RTX
X represents the

protons relaxation of the compound X in the bound form TX; RTX
T,X , RTX

X,T

represent the cross-relaxation terms between the protons of the ligand X and
the protons of T in the complex TX; RTX

T represents the relaxation of the
target protons. The K matrix represents the kinetic in equilibrium of the
system. It has necessarily the same dimension of the R matrix; [X] is the
concentration of the chemical entities, ki are the chemical exchange constants
and I is the identity matrix. Each part of the matrix K represents one specie
of the system and therefore each term is a diagonal block matrix which has
the same size of the corresponding block in the relaxation matrix R.
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Spin di↵usion

All the transfers of magnetization by chemical exchange and dipole-dipole
mecanisms are described by the matrices K and R. Therefore, if in the
NOESY spectra we observe cross peaks between protons of the ligand A and
protons of the ligand B, we must see connection between them in the matrix
K + R:
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There are no terms in the matrix connecting the two block-sub-matrices,
k21[TB]I + RA

A and k12[TA]I + RB
B , correspoding to the protons of ligands

A and B in the free state. Nevertheless cross peaks can arise between theFigure 1.7: Illustration of the multi-step transfer of magnetization leading to INPHARMA

NOEs.

We have seen that the multi-step transfer of magnetization involves the
free states, the bound states and the intervening chemical exchange processes.
While in the free state the relaxation rates of the ligands are quite slow be-
cause of their short rotational correlation times. In the bound state, however,
the relaxation rates are fast because the ligands then tumble at the same
slow rate as the protein. Thus, it is the bound-form relaxation rates that
dominate the dipole-dipole-mediated transfer of magnetization. This transfer
of magnetization not only reflects the bound conformation of the ligands but
also their orientation in the binding pocket. Depending on the conformation
and the orientation of the two ligands in their bound states, we will observe
cross-peaks between di↵erent protons in the ligands (Fig. 1.8). Because the
protons of the protein are crucial to the transfer of magnetization between the
ligands, we must include them in the full relaxation matrix formalism. There-
fore, we use the complete formalism as described by equations 1.34, 1.37 and
1.38 . We can already anticipate that a structural model for the receptor is
required and specific conditions for the chemical and dipole-dipole relaxation
rates are necessary for the success of the method. We will explore the detail

d	  
H spin

H spin
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Model 2:

k12[TL1][L2] = k21[TL2][L1]

[TL1] + [TL2] + [T ] = [T ]tot

[TL1] + [L1] = [L1]tot (4.12)

[TL2] + [L2] = [L2]tot

Individual elements of the relaxation matrix have the following form:

Ri,i = ⇢i =
X

Hj2A

j 6=i

b2

d6
ij

· (J(0) + 3J(!) + 6J(2!))

Ri,j = �ij =
b2

d6
ij

· (6J(2!)� J(0))

J(!) =
2
5

✓
⌧c

1 + (!⌧c)2

◆
(4.13)

b =
1
2

· µ0

4⇡
~ �2

H

where ⇢i is the longitudinal relaxation rate of proton Hi, �ij is the cross-
relaxation rate of protons Hi and Hj , dij is the distance between protons Hi

and Hj in the same chemical species (ligand, target macromolecule or com-
plex) and “A” stand for the chemical species. All protons Hj are considered
in the calculation of the relaxation rates ⇢i and �ij , irrespectively of the value
of dij .

4.2.3 Analytical solution for a three spins system

A description of the transferred–NOE e↵ect for a two-spin system has been
given in great detail [54, 59, 60, 65]. In these studies the receptor was not
included in the calculation, namely it was assumed that it does not con-
tribute considerably to the process of magnetization transfer between the
ligand protons. However, it has been reported that the contribution of
the receptor cannot be neglected for an accurate prediction of transferred-
NOEs [4,5, 63,73,76,108].
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Spectra comparison 

NOESY PKA 30 μM   ligand1&2 150 μM & 450 μM  
 

PBS-buffer, 150 mM NaCl at 283 K and 900 MHz m= 600 msec 

NOE cross-peaks are observed for the 2/3, 2/6, 2/7, 2/8, 2/9, 3/4

and 3/5 pairs (Fig. 4). Regarding the fragments 4–7, there is very

good agreement between the competition experiments and the

NOESY experiments: inter-ligand NOEs are observed for pairs

of ligands that bind competitively to the same protein binding

pocket, indicating that the cross-peaks observed are

INPHARMA NOEs. Regarding fragments 8 and 9, the inter-

molecular NOEs observed with 3 are uniform throughout the

spectrum, indicating that there is no preferential binding mode

for both 8 and 9. In addition, the absence of competition

demonstrates that 8 and 9 bind GP without specificity, in

agreement with their highly hydrophobic character.

The detection of INPHARMA NOEs is favoured when the

inhibition constants KI of the two ligands are similar.11 A

numerical simulation shows that a ratio of the KI larger than 8

strongly affects the INPHARMA process.11 Here, no intermo-

lecular NOEs were observed for any of the fragments in the

presence of reference molecule 1. Yet, competition experiments

show that molecules 1, 2, 4 and 5 all bind in the same GP binding

pocket. The absence of inter-ligand NOEs with inhibitor 1 is

related to the KI of 1 (IC50 ¼ 1 mm). By comparison, the KI of 2 is

much higher (IC50 ¼ 100 mm). These results confirm that the

reference ligand should have a moderate affinity ranging from

10 to 500 mM, considering that a fragment with good ligand

efficiency will usually bind its protein target in this affinity range.

Fig. 4 NOESY spectra of the molecule pairs 2/5, 2/6, 3/4 and 3/6 in the

presence of the GP protein (10 mM) at 600 ms mixing time. Intermolec-

ular INPHARMA NOEs are labelled with a star. Concentration of

fragments 4, 5 and 6 is set to 1000 mM and the concentration of the

competitors 2 and 3 is set to 400 mM.

Fig. 5 NOESY spectra of the molecule pair 3/7 in the presence of the GP

protein (10 mM). Intermolecular INPHARMA NOEs are labelled with

a star. Concentration of fragment 7 is set to 1000 mM and the concen-

tration of the competitor 3 is set to 400 mM.Mixing time is 70 ms, 100 ms,

150 ms, 300 ms, 600 ms and 800 ms from the top to the bottom panels,

respectively.

Fig. 6 Schematic representation of the INPHARMA experiment. HP,

HR and HF represent a proton of the protein (blue), the reference

molecule (R, green) and the fragment (F, red).
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In the fragment-based drug design approach, methods for rapid identification of the ligand-binding site

are essential. The INPHARMA experiment, a ligand-observed NMR experiment based on the nuclear

Overhauser effect, is tested here with fragment-like molecules and the glycogen phosphorylase enzyme

that contain multiple binding sites. The results illustrate the potential of the method for the FBDD

process and demonstrate that the INPHARMA experiment is particularly useful to study the binding

specificity of the fragments and to assess the ligand binding mode in the presence of a reference ligand.

Introduction

Fragment-based drug design is now recognized as an attractive

method to design novel potent molecules.1–3 The first step of the

process consists of screening libraries of fragments, the physi-

cochemical properties of which are consistent with the rule of

three.4 Owing to their low chemical complexity, the fragments

usually bind the protein target with low affinity (high mM), but

exhibit high ligand efficiency (DG of binding per heavy atom)

as compared with larger elaborated drug-like ligands.5 The

fragments selected for follow-up are then optimized by addition

of chemical moieties or linked together with the aim of obtaining

a highly potent drug or inhibitor.6

The validation and optimization of the fragment require the

identification of its binding site on the protein surface. X-Ray

crystallography represents the method of choice, and provides

directly the binding mode of the ligand.7 In some cases, due to

poor fragment solubility, ligand multiple binding modes or

protein conformational changes, X-ray crystallography can be

unsuccessful. Protein-observed NMR experiments can be used,

but are limited to small protein targets (molecular weight below

50 kDa) that can be purified in large amount in labelled forms

(see the SAR by NMRmethod).6 If a well-characterised inhibitor

of the protein target is available, competition experiments can be

achieved with surface plasmon resonance (SPR), NMR or

biochemical assays.

Recently, a ligand-observed NMR experiment based on the

nuclear Overhauser effect was used to determine the relative

orientation of two competitive inhibitors in the protein binding

site.8 The method called INPHARMA is based on the observa-

tion of interligand NOE peaks occurring between two ligands

binding weakly and competitively to the same protein binding

pocket.8–13 If a reference ligand is known to bind to a binding site

with a weak affinity (high mM), the INPHARMA experiment can

be used to demonstrate that other ligands bind into the same

binding site. This method seems particularly powerful, but is

poorly used in FBDD. In this report, the INPHARMA tech-

nique is tested with fragment-like ligands in the presence of

a protein target that contains multiple binding pockets. The

protein model is the glycogen phosphorylase (GP) enzyme, the

rate-limiting enzyme of glycogen degradation, which is a thera-

peutic target in type 2 diabetes.14 The allosteric enzyme includes

four distinct binding sites: the active site, the inhibitor site, the

allosteric site and the new allosteric site.14 In a previous report,

a series of fragments resulting from the deconstruction of GP

inhibitors were tested against the GP enzyme.15 Here, competi-

tions and NOESY experiments involving fragments binding to

the GP protein are reported, demonstrating that the

INPHARMA method can be used qualitatively to investigate

and compare the ligand binding site and the binding mode in the

FBDD process.

Results

Competition STD and Waterlogsy NMR experiments

The reference molecules 1 (flavopiridol), 2 (caffeine) and 3 (7-

chloro-indole) and the fragments 4–9 selected for the study repor-

ted here are displayed inFig. 1.Molecules 1 and 2bind the inhibitor

site of the GP protein whereas molecule 3 binds the new allosteric

site of the enzyme.14,15 Fragments 4 and 5 share similar functional

groups with 2, fragments 6 and 7 are analogues to 3, and the highly

hydrophobic fragments 8 and 9 are frequent-hitter ligands.16,17

NMR STD18 andWaterlogsy19 experiments of compounds 4–9

in the absence and the presence of the competitors 1, 2 and 3 reveal
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the binding site of the fragments. Reduction of the STD and

Waterlogsy signals of compounds 4 and 5 is observed in the

presence of 1 and 2, but not in the presence of 3, indicating that

both fragments 4 and 5 bind the GP inhibitor site (Fig. 2). By

contrast, NMR signals of molecules 6 and 7 drop in the presence

of 3, but are not modified in the presence of 1 and 2, showing that

both 6 and 7 bind theGP new allosteric site. Regarding fragments

8 and 9, no competition is observed with any of the competitors 1,

2 and 3, suggesting that both 8 and 9 bind GP without selectivity,

in agreement with their hydrophobic character (Fig. 3).

NOESY experiments in the presence of two ligands

Artefacts in the transferred NOESY experiments arise usually

from the aggregation of the molecules. As a consequence, the

water solubility of both the fragments and the reference

molecules needs to be checked, using Waterlogsy experiments in

the absence of the protein.19 In addition, to confirm that the

intermolecular NOE cross-peaks form only upon ligand binding

to the protein, NOESY experiment of the ligand pair is recorded

as a control in the absence of the macromolecule.20,21 When

possible, the solubility of the compounds can be evaluated in the

presence of a homologous but not binding protein to address the

issue of the aggregation of fragments in the presence of proteins,

as published in SPR studies.

NOESY experiments have been recorded for the six fragments

4–9 in the presence of reference molecules 2 and 3, respectively.

All compounds exhibit intramolecular transferred NOEs upon

binding to the GP protein. In addition, intermolecular NOE

cross-peaks are observed between the two ligands for the

following pairs: 2/4, 2/5, 3/6, 3/7, 3/8, and 3/9. No inter-ligand

Fig. 1 Structures of the reference molecules 1–3 and the fragments 4–9.

Fig. 2 STDNMR spectra of fragment 5 (400 mM) in the presence of GP

(2 mM). Bottom panel: fragment 5; middle panel: fragment 5 +molecule 3

(2 mM); top panel: fragment 5 + molecule 2 (2 mM).

Fig. 3 STDNMR spectra of fragment 9 (400 mM) in the presence of GP

(2 mM). Bottom panel: fragment 9; middle panel: fragment 9 +molecule 3

(2 mM); top panel: fragment 9 + molecule 2 (2 mM).
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The mixing time of the INPHARMA experiment is a critical

parameter. Theoretical studies show that the optimal mixing time

depends on the correlation time and the internal dynamics of the

complex.11 Roughly, the larger the complex, the shorter the

mixing time for which the intensity of the INPHARMA has

reached its maximal value. In the literature, INPHARMANOEs

have been observed with mixing times varying from 70 ms to 600

ms.8–10,12,13 Here, NOESY spectra have been recorded with

mixing times ranging from 70 to 800 ms for the 3/7 pair. The

strongest INPHARMA peaks are still observable at 70 ms while

the NOE intensity decreases at 800 ms, suggesting that the best

mixing times range from 300 to 600 ms for the system studied

(Fig. 5).

Ligand binding mode

In the INPHARMA experiment, the binding mode of a fragment

F can be determined relative to the one of a reference ligand

R.8–10 The determination of the 3D protein–ligand structure

relies on computational calculations based on the full-relaxation

matrix approach.8,10 However, qualitative interpretation of

INPHARMA NOEs can be useful to investigate the binding

modes of ligands and compare them.12 As illustrated in Fig. 6, an

INPHARMA cross-peak observed between the proton HR of

molecule R and the proton HF of fragment F indicates that both

HR and HF protons are close to the same proton HP of the

protein receptor in the ligand–protein complexes. In the case of

non-specific binding, intermolecular cross-peaks are detected for

all protons of both the reference and the fragment, as we

observed for fragments 8 and 9.

As shown in Fig. 7, a strong INPHARMA peak is detected

between protons 50 of fragment 7 and proton 4 of molecule 3,

indicating that protons 50 and proton 4 are close to the same

protein protons in the complexes, suggesting that both molecules

3 and 7 interact into the GP new allosteric site with a similar

binding mode.

Fig. 7 INPHARMANOEs of molecules 3 and 7. The strong NOE 50/4 observed between protons 50 of compound 7 and proton 4 of molecule 3 suggests

a similar binding mode for the two molecules.

Fig. 8 Hypotheses for relative ligand binding modes of molecules 2

(grey) and 5 (green). Nitrogen and oxygen atoms are coloured in blue

and red, respectively. The strong INPHARMA NOE observed

between methyl protons of 2 and proton H1 of 5 supports hypothesis

1 only.
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In the fragment-based drug design approach, methods for rapid identification of the ligand-binding site

are essential. The INPHARMA experiment, a ligand-observed NMR experiment based on the nuclear

Overhauser effect, is tested here with fragment-like molecules and the glycogen phosphorylase enzyme

that contain multiple binding sites. The results illustrate the potential of the method for the FBDD

process and demonstrate that the INPHARMA experiment is particularly useful to study the binding

specificity of the fragments and to assess the ligand binding mode in the presence of a reference ligand.

Introduction

Fragment-based drug design is now recognized as an attractive

method to design novel potent molecules.1–3 The first step of the

process consists of screening libraries of fragments, the physi-

cochemical properties of which are consistent with the rule of

three.4 Owing to their low chemical complexity, the fragments

usually bind the protein target with low affinity (high mM), but

exhibit high ligand efficiency (DG of binding per heavy atom)

as compared with larger elaborated drug-like ligands.5 The

fragments selected for follow-up are then optimized by addition

of chemical moieties or linked together with the aim of obtaining

a highly potent drug or inhibitor.6

The validation and optimization of the fragment require the

identification of its binding site on the protein surface. X-Ray

crystallography represents the method of choice, and provides

directly the binding mode of the ligand.7 In some cases, due to

poor fragment solubility, ligand multiple binding modes or

protein conformational changes, X-ray crystallography can be

unsuccessful. Protein-observed NMR experiments can be used,

but are limited to small protein targets (molecular weight below

50 kDa) that can be purified in large amount in labelled forms

(see the SAR by NMRmethod).6 If a well-characterised inhibitor

of the protein target is available, competition experiments can be

achieved with surface plasmon resonance (SPR), NMR or

biochemical assays.

Recently, a ligand-observed NMR experiment based on the

nuclear Overhauser effect was used to determine the relative

orientation of two competitive inhibitors in the protein binding

site.8 The method called INPHARMA is based on the observa-

tion of interligand NOE peaks occurring between two ligands

binding weakly and competitively to the same protein binding

pocket.8–13 If a reference ligand is known to bind to a binding site

with a weak affinity (high mM), the INPHARMA experiment can

be used to demonstrate that other ligands bind into the same

binding site. This method seems particularly powerful, but is

poorly used in FBDD. In this report, the INPHARMA tech-

nique is tested with fragment-like ligands in the presence of

a protein target that contains multiple binding pockets. The

protein model is the glycogen phosphorylase (GP) enzyme, the

rate-limiting enzyme of glycogen degradation, which is a thera-

peutic target in type 2 diabetes.14 The allosteric enzyme includes

four distinct binding sites: the active site, the inhibitor site, the

allosteric site and the new allosteric site.14 In a previous report,

a series of fragments resulting from the deconstruction of GP

inhibitors were tested against the GP enzyme.15 Here, competi-

tions and NOESY experiments involving fragments binding to

the GP protein are reported, demonstrating that the

INPHARMA method can be used qualitatively to investigate

and compare the ligand binding site and the binding mode in the

FBDD process.

Results

Competition STD and Waterlogsy NMR experiments

The reference molecules 1 (flavopiridol), 2 (caffeine) and 3 (7-

chloro-indole) and the fragments 4–9 selected for the study repor-

ted here are displayed inFig. 1.Molecules 1 and 2bind the inhibitor

site of the GP protein whereas molecule 3 binds the new allosteric

site of the enzyme.14,15 Fragments 4 and 5 share similar functional

groups with 2, fragments 6 and 7 are analogues to 3, and the highly

hydrophobic fragments 8 and 9 are frequent-hitter ligands.16,17

NMR STD18 andWaterlogsy19 experiments of compounds 4–9

in the absence and the presence of the competitors 1, 2 and 3 reveal
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of the method in a following dedicated chapter.
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Figure 1.8: Qualitative representation showing distinction between two binding modes

with the INPHARMA method. Panels A and C show two di↵erent binding modes for one

of the two ligands. Panels B and D represent the expected NOESY spectra for the systems

depicted in A and C, respectively.
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