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Organization of the talk 
• Hybrid Methods. 
• What is there in one method that cannot 
be done by other method 
• Are these methods competing with each 
other or complementary or 
supplementary or a combination of them. 



Hybrid Methods 
 



Why Hybrid Methods? 

•  Combining data from many methodologies 
is crucial to our understanding of molecular 
function. 



•  Structure and dynamics of more and more 
complex systems to better understand their 
biological function 

•  Each individual technology in the structural 
biology toolbox approaches its limitations.  

 
•  These limitations include size of the system, 

timeline of motions, spatial and/or temporal 
resolution and ensemble averaging.  

Hybrid Methods in Structural Biology (C2):   http://www.keystonesymposia.org/15C2 



•  Further, each individual method perturbs the system in 
a different way to enable or facilitate its analysis. Eg: 
the introduction of spin labels to perform EPR 
experiments, the reconstitution of membrane proteins in 
micelles for NMR spectroscopy, the introduction of 
entire domains to stabilize proteins in certain 
conformations for crystallization, or a simplified force 
field in computation.  

•  As systems become more challenging, the perturbations 
tend to get more drastic, complicating the interpretation 
of results.  

Hybrid Methods in Structural Biology (C2):   http://www.keystonesymposia.org/15C2 



Flow 

•  Russel etal., 2009,COSB 



bacterial flagellum Nuclear Pore Complex actin filaments 

GroEL HIV  ATP Synthase 

•  Russel etal., 2009,COSB 
Examples of dynamic macromolecular processes 



What is there in one method 
that cannot be done by  

other method ? 



•  Visualise large molecular assemblies 
•  Information 30Å to below up to 2 Å resolution? 
•  Cryo-EM preserves aqueous environment (no 

staining) 
•  Experimentally more tractable (No crystals !!) 
•  Can resolve images (direct measurement of 

phases) or diffraction patterns 
•  Can provide a 3D volumetric reconstruction 
•  Suitable for the study of membrane proteins eg 

bacteriorhodopsin (1990) 

Cryo Electron Microscopy 



Cryo Electron Microscopy 

•  Single particle reconstruction – multiple 
orientations of the same particle found in 
the specimen (viruses, ribosome…) 

 
•  Electron tomography – 3D reconstruction of 

a single particle,  organelles, whole cells. 



Negative Stain andVitreous Ice 

•  High contrast image 
•  No special temperature control       
•  Essentially no radiation damage 
•  Particle distorted 
•  Image = stain “shell” around the 

particle 
•  Low resolution method: 20-15 Å 
•  Great choice for initial sample 

screening 

•  Low contrast image 
•  Sample maintained at cryogenic temperature 

(85 ˚K) 
•  High radiation damage 
•  Particle undistorted 
•  Image is of the actual particle 
•  Higher resolution obtained:15- 3.0Å(1.8 Å?) 
•  Best choice for reconstruction 

uranyl acetate vitreous ice layer 

 Cryogenic Specimen  Specimen in Stain 

Individually and Combining Both 



Conventional belief and todays Reality:  
•  Till 2010 it was speculations for better 

than 2.5 Å resolution (though 4 Å 
virus structures were seen).(blobology) 

•  The latest in 2015 is 2.2 Å resolution cryo-
EM structure of β-galactosidase in 
complex with a cell-permeant inhibitor.
(Bartesaghi A et al., Science. 2015 Jun 
5;348(6239):1147-51. doi: 10.1126/
science.aab1576. Epub 2015 May 7.   From 
Subramaniam S Lab. 

Cryo EM and protein protein 
Interactions 



Fig. 1 Cryo-EM density map of the β-Gal–PETG complex at 2.2 Å resolution.  

Alberto Bartesaghi et al. Science 2015;348:1147-1151 

Published by AAAS 

Cryo EM and protein – drug interactions studies 



Fig. 2 Visualization of tightly bound water molecules in the structure of the β-Gal–PETG 
complex.  

Alberto Bartesaghi et al. Science 2015;348:1147-1151 

Published by AAAS 



Fig. 3 Active-site structure in PETG-liganded E. coli β-Gal.  

Alberto Bartesaghi et al. Science 2015;348:1147-1151 

Published by AAAS 



Fig. 4 Illustration of map quality at the level of amino acids.  

Alberto Bartesaghi et al. Science 2015;348:1147-1151 

Published by AAAS 



The  Chaperonins 
 

A Classic example of cryoEM 
solution state over 
crystallography – 

complementarity over Hybrid 
method 



What are Molecular Chaperones 
Properties 

•  is to stabilize unfolded proteins  
•  unfold them for translocation across 

membranes or for degradation 
•  and/ or to assist in their correct folding and 

assembly 

A large group of unrelated protein  
              families whose role : 

Historically they were identified as Heat Shock 
Proteins (Hsp’s) expressed under stress 
conditions and Classified as HspMW 
Hsp25, Hsp60, Hsp70, Hsp90, Hsp100 etc. 



Chaperonins 

•  Group I   14 subunits (eubacteria, 
mitochondria, chloroplasts) 

•  Group II   16 or 18 subunits (higher 
organisms as compared to Group I, 
eucaryotic CCT, thermosomes, TF55) 

A class of chaperones (Hsp60)  large double ring 

Capping by GroES (Hsp10) No separate Capping 

Two Heptameric ring 
-Identical subunits 

8(CCT)/9(thermosome) ring 

-Non Identical subunits 
promiscuous Some are more specialised 

                              – CCT-actin/tubulin 

Group I Group II 



Low affinity High affinity 

ATPana ATPana ADP ADP 

Normal acceptor state for polypeptide 

Ranson et al., NSMB 2006   showed that a series of rigid 
body movements in trans ring lead to disruption in intra-ring 
contacts, expansion of entire ring and opening of both the 
nucleotide pocket and the substrate-binding domains, 
admitting ATP and new substrate protein. 

E461 

A109 

X-ray structures appears identical (Chaudhry etal., EMBOJ 2003) 

Ranson et al., NSMB 2006  



Macromolecular X-ray Crystallography 
•  Oldest technique 
•  Majority of the depositions 
•  A number of Nobel prizes 
•  International Union of Crystallography (IUCr) .. Acta .. 
•  Method based on scattering from electrons – hydrogen 

atoms usually not seen (sometimes modeled in ultra high 
resolution maps) 

•  In fact modeling in is an issue 
•  Atoms of are distinguishable eg O, N, C in ultra high 

resolution map 
•  Influence of crystal packing !! (concentration is 

physiological) 
•  Environment in crystal highly aqueous  (Water channels) 
•  Produces structure (/s) in one of the energy minimized 

state of the protein 



In contrast with 
Crystal structure of Xylanase at 0.89 Å, 1.11 Å and 1.8 Å 

Natesh, R. 2001. Ph.D. thesis. Indian Institute of Science, Bangalore. 



  
  
 
  
 

Natesh, R. 2001. Ph.D. thesis. Indian Institute of Science, Bangalore. 



Natesh, R. 2001. Ph.D. thesis. Indian Institute of Science, Bangalore. 



Natesh, R. 2001. Ph.D. thesis. Indian Institute of Science, Bangalore. 



Hybrid Methods 
 



Combination of X-ray Protein 
Crystallography and SPCryoEM  

Complementary:  Can tackle complex problems 
That are impossible otherwise by only one method 



From Atomic resolution small picture(100 
to 200 kDa) to Pseudo Atomic Model Big 
picture (200 to several Mega Daltons). 

PX and SPCryoEM 

High-resolution subdomain crystal 
structures can be fitted to SPCryoEM 
maps to get pseudo Atomic models. 





Low-resolution phase information from 
SPCryoEM maps can be used to phase low-
resolution crystallography maps  
 
                                  and  
 
Phase extension can be carried out in steps 
to obtain phases for high-resolution 
crystallographic data. 



•  Cryo-electron microscopy (cryo-EM) 
and macromolecular crystallography 
(MX) both allow the creation of three-
dimensional images of biological 
macromolecules.  

•  EM data usually provide access to three-
dimensional reconstructions of large 
biological complexes at low resolution. 

•  MX usually delivers atomic or quasi-
atomic resolution structures (1–3 Å) 



!

 PX SPCryoEM 

Specimen Highly ordered crystals 

(Protein conformation exist in 

crystalline lattice) 

 

No need for crystal 

(The protein complexes 

are frozen in time and 

space in solution state 

in vitrified water/buffer) 

Size No size restriction.  Generally the 

smaller the protein size, the better is 

resolution 

> 200 kDa, preferably > 

400 kDa. 

Quantity 10 mg/ml ~100 to 1000 fold less 

protein sample required 

than X-ray 

crystallography 

Sample  Homogenous sample.  Heterogeneous 

sample impossible 

Homogenous Preferred 

for high resolution.  

Heterogeneous sample 

acceptable.   

The only structural 

biology method that can 

provide 3D structures 

from heterogenous 

populations. 



What is there in one 
method that cannot be 
done by other method 



•  Two limiting factors of MX, which are 
not encountered in EM are :  

•  Production of high diffraction-quality 
crystals          and 

•   the “phase problem”. 





Electron Crystallography 
•  It can complement X-ray crystallography for 

studies of very small crystals (<0.1 
micrometers) of proteins, such as membrane 
proteins, that cannot easily form the large 3-
dimensional crystals required for that 
process.  

•  Protein structures are usually determined 
from either 2-dimensional crystals (sheets 
or helices), polyhedrons such as viral 
capsids, or dispersed individual proteins.  



•  Electrons can be used in these situations, 
whereas X-rays cannot, because electrons 
interact more strongly with atoms than X-
rays do. Thus, X-rays will travel through a 
thin 2-dimensional crystal without 
diffracting significantly, whereas electrons 
can be used to form an image.  

•  Conversely, the strong interaction between 
electrons and protons makes thick (e.g. 3-
dimensional > 1 micrometer) crystals 
impervious to electrons, which only 
penetrate short distances. 

wikipedia.org 



Crystallography Phase problem 
over come in EM 

•  One of the main difficulties in X-ray 
crystallography is determining phases in the 
diffraction pattern. Because of the 
complexity of X-ray lenses, it is difficult to 
form an image of the crystal being 
diffracted, and hence phase information is 
lost.  

wikipedia.org 



•  Fortunately, electron microscopes can resolve 
atomic structure in real space and the 
crystallographic structure factor phase information 
can be experimentally determined from an images 
Fourier transform.  

•  The Fourier transform of an atomic resolution 
image is similar, but different, to a diffraction 
pattern—with reciprocal lattice spots reflecting the 
symmetry and spacing of a crystal. 

wikipedia.org 

Translated into Fourier lingo, the availability of images 
means that the ‘Phase Problem’ known in X-ray 
crystallography does not exist in EM 



•  Aaron Klug was the first to realize that the 
phase information could be read out directly 
from the Fourier transform of an electron 
microscopy image that had been scanned 
into a computer, already in 1968. For this, 
and his studies on virus structures and 
transfer-RNA, Klug received the Nobel 
Prize for chemistry in 1982. 



Structure 
solution 

Phase 
Exten- 
sion 

CryoEM 
Data 
6 to10 Å 

Protein 
Crystallography  
Data 1.5 to 3 Å 

Hoppe’s words, EM is a ’PhaseMeasuring Diffractometer’. Angew. Chem. Int. Edit.,(1983), 22, 456–485. 

EM images as model  for MR à E J Dodson, (2001), Acta crystallographica Section D, 57, 1405–1409. 



GroEL by hybrid method  EM 
and computational analysis 

•  A recent study of dynamics of GroEL describes a 
flexible fitting of crystal structure of individual 
components (one constituent fragment of GroEL 
(Figure) into the CryoEM reconstructions. 

•  Applying computational analysis to a large SP 
CryoEM dataset of a GroEL ATPase mutant, 
Clare et al [1] were able to determine six distinct 
3D reconstructions representing different 
GroELATP states. Hence, by going hybrid one 
can see large macromolecular in action [2]. 

    [1] Clare et al., 2012, Cell. 
   [2] Natesh, 2014, Resonance. 



Clare et al., 2012, Cell. A true marriage of flexible fitting and cryoEM reconstruction 



Flexible fitting and CryoEM 
Flexible fitting of elongation factor 
EF-G into cryo-EM density. Cryo-
EM density (pink). When the crystal 
structure of EF-G was fitted as a rigid 
body into the cryo-EM density (left 
panel), the left-most domains 
remained outside. When these 
domains were allowed to move 
flexibly with respect to the rest of the 
model, a much better fit was obtained 
(bottom). Figure courtesy of D. 
Belnap, using Chimera (Pettersen et 
al., 2004). 

Steven & Baumeister, 2008, JSB. 



•  Lau and Rubinstein’s single particle 
analysis by cryoEM revealed the 
subnanometer structure of an intact ATP 
synthase, and docking of crystal structures 
provided key insights into the protein 
interactions within the catalytic cytoplasmic 
domain, as well as how these components are 
structurally coupled to the membrane 
embedded ring subcomplex 

ATP Synthase 

Lau and Rubinstein, 2012, Nature  



This is exemplified in the recent work of  
Lau and Rubinstein on the Thermus thermophilus ATP synthase. 

Lau and 
Rubinstein, 
2012, 
Nature  



Cryo-EM and NMR - Hybrid 
•  Hybrid approach for determining the 

structures of supramolecular assemblies. 
•   Cryo-electron microscopy (cryo-EM) data 

define the overall envelope of the assembly 
and  

•  rigid-body orientation of the subunits    
while solid-state nuclear magnetic 
resonance (ssNMR) chemical shifts and 
distance constraints define the local 
secondary structure, protein fold and inter-
subunit interactions. 

Demers  et al., 2014, Nature Communications  



Small-angle X-ray Scattering SAXS 

•  Reveals shape and size of macromolecules 
in the range 5-25nm 

•  Handles partially ordered systems 
•  No need for crystalline sample; larger 

molecules than NMR, but at lower 
resolution 

•  Leading to hybrid techniques 

http://en.wikipedia.org/wiki/Small-angle_X-ray_scattering 
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