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Lysozyme, the first enzyme with a structure 
determined by X-ray crystallography



Chemical space

Possible compounds with <600 Da
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Bohacek RS et al Molecular Research Reviews 1,3-50 (1996)
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Chemical space is huge!

Mullard A Nature 549,445 (2017)
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Log scale!
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Atoms in the solar system

Stars in the universe

Neurons in the human brain

Mullard A Nature 549,445 (2017)



Needles in enormous haystacks



Finding that rare needle…
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Candidate



SHP836 - is a published ion channel inhibitor!

100,000 molecules screened 3 followup assays

Contrast with active site inhibitor



Drug discovery – HTS hit

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).
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Vast undersampling!



Fragment based drug discovery

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).
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Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize
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Less undersampling



High-throughput screening Fragment-based

Library size 1,000,000 – 10,000,000 <10,000

Molecular 
weight

>300 kDa <300 kDa

Screening More flexible Well characterized targets

Affinities µM mM

Optimization Fixing problems, improving 
affinity

Iterative improvement

Main 
downside

Attrition, can’t solve 
”challenging” targets

Biophysical methods are hard!

HTS vs Fragment based 



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize



Assessing drug-target interaction

High resolution X-ray (or Cryo-EM) structure

Renaud JP et al. Nature Reviews Drug Discovery 15,679-698 (2016) 



Assessing drug-target interaction

NMRX-ray
Cryo-EM

Renaud JP et al. Nature Reviews Drug Discovery 15,679-698 (2016) 



Assessing drug-target interaction

X-ray
Cryo-EM NMR

Surface
Plasmon

resonance

Thermal
unfolding

Isothermal
Titration

calorimetry

Mass
spectrometry

Deuterium
Exchange MS

Microscale
thermophoresis

Fluorescent or
Radioligand 

binding



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate
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Rationally
optimize



Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).

Increasing fragment potency
Fragment Growing Fragment Linking



Thermodynamics of binding

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).



Thermodynamics of binding

ΔG = ΔH - TΔS 

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).



Thermodynamics of binding

ΔG = ΔH - TΔS 

Fragments primarily
exploit enthalpy

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).



Fragments optimize binding  
interactions



Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).

Thermodynamics of linking

A B

C

ΔGA    ΔGB    ΔGC 



Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).

Thermodynamics of linking
ΔGsum = ΔGA + ΔGB + ΔGC 

A B

C



Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).

Thermodynamics of linking
ΔGsum = ΔGA + ΔGB + ΔGC  + ΔGother 

Often ΔS driven

A B

C



Discovery of vemurafenib

Bollag G et al. Nature Reviews Drug Discovery 11, 873-886 (2012) 

V600E



Vemurafenib (V600E mutated B-raf inhibitor)
20,000 fragments

150-350 kDa
<8 H-bonds

Soluble
Few rotable bonds

238 hits

200 µM @ 5 kinases

100 cocrystal
structures

1 scaffold

Fragment
growth



Vemurafenib (V600E mutated B-raf inhibitor)

Bollag G et al. Nature Reviews Drug Discovery 11, 873-886 (2012) 



Vemurafenib (V600E mutated B-raf inhibitor)

Bollag G et al. Nature Reviews Drug Discovery 11, 873-886 (2012) 



Vemurafenib (V600E mutated B-raf inhibitor)

Bollag G et al. Nature Reviews Drug Discovery 11, 873-886 (2012) 



And it works!



Vemurafenib improves overall survival



But nothing is ever easy…

After ipilimumab, 
dacarbazine, 
carboplatin/
paclitaxel/
interferon/IL2

+ 15 weeks of 
vemurafenib

+ 23 weeks of 
vemurafenib

Wagle N. J Clin Oncol. 29:3085-96 (2011)



But nothing is ever easy…

=> ~30% squamous cell-carcinomas



But nothing is ever easy…

=> ~30% squamous cell-carcinomas

Davis MJ & Schlessinger J. J Cell Biol. 199:15-19 (2012).



But what about ”challenging” targets?



Discovery of venetoclax

BCL-2 =>    apoptosis



BCL-xl is a classic “challenging” target

BCL-XL

BAD peptide



“SAR by NMR”
9373 fragments

660 cmpds

NMR to test sets of 10

NMR to retest
49 w/

Kd < 5 mM

Fragment 1

+3472 fragments

300 cmpds

24 w/
Kd < 5 mM

Fragment 2

NMR to retest

NMR to test sets of 5



Fragment Based Discovery by NMR

BCL-XL protein alone

+ Fragment 1

+ Fragment 2



Fragment Based Discovery by NMR

   Fragment 1    Fragment 2



Fragment Based Discovery by NMR

(300 µM) (6000 µM)
+ Fragment 1 + Fragment 2

Cmpd 25
(1.4 µM)



Fragment Based Discovery by NMR



Crystallography lead 
to combining ideas





Resistance to venetoclax is 
already emerging



Crystallographic fragment screening allows us to 
cover the PTP1B surface and chemical space to find 

ligands for these (and undiscovered!) cryptic sites

Blundell, Jhoti, Abell
Nat Rev Drug Disc, 2012

Subsequent fragment assembly can increase 
affinity



We beta-tested a new fragment-soaking 
pipeline at Diamond synchrotron

collaborators:

Frank von Delft
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>1500 individual 
compound soaks

and datasets!Collins…von Delft, Acta Cryst D, 2016

Daniel
Keedy

Justin
Biel



… ~150 datasets reveal well-justified all-atom 
ligand binding poses — and protein responses

Justin
Biel

Daniel
Keedy

Keedy…Fraser, eLife, 2018



Adams et al., Acta Cryst. D66, 213-221 (2010). 

What’s PHENIX for: Macromolecular crystallographic structure solution 



Fourier transforms 101

http://www.jezzamon.com/fourier/

http://www.jezzamon.com/fourier/


What is a protein 
structure?



What is a protein 
“structure”

• Is it a:

• pretty cartoon...

• space-filling set of spheres...

• picture of the protein in the crystal...

• computational picture of the protein...

• representation of atoms that satisfies experimental constraints...

• PDB formatted text file...

• model!!!



Moreover... a model of 
the crystal lattice...



ProteinDataBank Files are text: 
chemistry, sequence, position, certainty

ATOM      1  N   VAL A   2     -19.742  -2.254 -19.976  1.00 54.44           N 
ATOM      2  CA  VAL A   2     -19.867  -2.152 -18.529  1.00 54.48           C 
ATOM      3  C   VAL A   2     -19.073  -0.927 -18.101  1.00 41.86           C 
ATOM      4  O   VAL A   2     -19.367   0.178 -18.554  1.00 47.57           O 
ATOM      5  CB  VAL A   2     -19.341  -3.411 -17.836  1.00 68.76           C 

HEADER    HYDROLASE                               10-DEC-06   2O7A               
TITLE     T4 LYSOZYME C-TERMINAL FRAGMENT                                        
COMPND    MOL_ID: 1;                                                             
COMPND   2 MOLECULE: LYSOZYME;                                                   

REMARK   3  FIT TO DATA USED IN REFINEMENT (NO CUTOFF).                          
REMARK   3   R VALUE   (WORKING + TEST SET, NO CUTOFF) : NULL                    
REMARK   3   R VALUE          (WORKING SET, NO CUTOFF) : 0.090                   
REMARK   3   FREE R VALUE                  (NO CUTOFF) : 0.108                   

...

...

...
MASTER      287    0    3   10    0    0    0    6 1566    1   22   10           
END                                                                              





  Ser residue needs a different rotamer 

Balanced difference maps 



Refinement is the 
process of minimizing 

Fo-Fc
...need to balance prior knowledge and data

...an iterative process, difference maps 
minimized, and 2Fo-Fc maps improve 

(phases... we are coming to this)



Refinement target function 

  Structure refinement is a process of changing a model parameters in order 
to optimize a goal (target) function: 

T = F(Experimental data, Model parameters, A priori knowledge) 

-  Experimental data – a set of diffraction amplitudes Fobs (and phases, if 
available). 

-  Model parameters: coordinates, ADP, occupancies, bulk-solvent, … 
-  A priori knowledge (restraints or constraints) – additional information that 

may be introduced to compensate for the insufficiency of experimental data 
(finite resolution, poor data-to-parameters ratio) 

  Typically: T = TDATA + w*TRESTRAINTS 

-  EDATA relates model to experimental data 
-  ERESTRAINTS  represents a priori knowledge  
-  w is a weight to balance the relative contribution of EDATA and ERESTRAINTS 

  A priori knowledge can be imposed in the form of constraints so  
T = EDATA  





©Robert(M.(Stroud(2012( 10(

We rotate the crystal to place a different set of 
reflections on the detector



Ewald sphere 
construction

given:
wavelength

angle
lattice

distance from detector
orientation of lattice 
relative to detector

predicts:
which diffracted waves 

satisfy Bragg’s law



F(S)#=#Σj#fj#e(2πirj.S)#
##

Sca-ering#pa-ern#is#the##
Fourier#transform#of#the#structure##

Structure#is#the#‘inverse’#
Fourier#transform#of#the##
Sca-ering#pa-ern###

FT#

FT=1#

ρ(r)"="Σ"F(S)"e(&2πir.S)"



FT#1%

FT%

a%

b%
1/b%

A crystal only samples the parts of the 
transform that satisfy Bragg’s Law



Every&X(ray&reflec,on&(h,k,l)&has&a&contribu,ng&wave&from&all&atoms&.&
&
&
&

              ρ(x,y,z)&=&Σ&F(h,k,l)&e((2πi(hx+ky+lz))&&

 or    ρ(x,y,z)&=&Σ|F(h,k,l)|&e((2πi(hx+ky+lz)&+&φhkl)&&
&
Every&point&in&the&density&map&has&contribu,ons&from&every&reflec,on&
&
&

F(h,k,l)&=&Σj&fj&e(2πi&(hx+ky+lz))&

Fourier Transform



Crystallography reveals binding mode and 
conformational changes

1.25σ

Event 
72% bg sub



Fragments at the “mini-loop” cryptic site induce 
movement of the α6-α7 transition and N-terminus
Shifted

end of ordered protein /  
Start of quasi-disordered  

α7 helix

“Mini-loop”

N-terminus 
(Met1 ordered)

1.25σ

Event 
72% bg sub
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Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding
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