
Axel Brunger
Stanford University

PDB40 Symposium, Cold Spring Harbor Laboratory, 2011

Challenges For Structure Determination 
At Low Resolution



Letter 

PUBLIC ACCESS TO X-RAY D I F F R A C T I O N  DATA 

To the Editors: 
The undersigned have a long standing concern with the problem of public access to the results 

of  single crystal X-ray diffraction studies on biological macromolecules. The actual data from 
such research are the measured X-ray intensities, and the primary results are the lists of  atomic co- 
ordinates derived from those data. While many papers on various proteins and nucleic acids have 
been published describing and interpreting the results of  such a structure analysis, the actual data 
and results are often not made easily accessible, if at all. We are requesting that the journals which 
play a major role in the publication of  such structural studies adopt and enforce rules for docu- 
mentation similar to those which apply in all other areas of scientific research. Studies where the 
structural information has not been made available must be considered incomplete, as would any 
other piece of research where the data were not provided in published or deposited form. 

In the closely related field of small molecule crystallography there is no such problem. The actu- 
al X-ray data and the derived structural model are reported directly in the original article in hard 
copy form. Even for a small protein the amount of  data is so large that hard copy publication has 
occurred only in one or two instances in the early years, but computer readable storage and distri- 
bution as currently carried out so effectively by the Protein Data Bank at Brookhaven and its in- 
ternational associated groups is quite practical, and is certainly the preferred form of access to- 
day. We note also that a policy requiring coordinate and structure factor deposition would ensure 
the preservation of important and expensively determined data which otherwise are likely to be 
lost with the ever-changing personnel and computer installations in numerous laboratories 
around the world. 

There are standard procedures now for the refinement of  X-ray structures. Preparation of the 
data and results for the Protein Data Bank does not constitute a significant burden for authors. 
The remarks section of the Data Bank file provides plenty of  space for any qualifying or expand- 
ing remarks that the authors may wish to make. The standard author comment that a structure 
is not 'finished' or not 'ready' for filing is just nonsense. If  a structure is ready to be discussed in 
a paper, by definition it is ready for filing. Data and coordinate files can always be updated on the 
basis of future work, as has already happened many times. 

We request that you include in the Notice to Authors of  the journal a statement such as the fol- 
lowing or one of equivalent intent. 

'Authors of  papers describing new structure determinations must be prepared to submit to the 
Protein Data Bank all of the structural data required to validate the discussion, including both X- 
ray amplitudes and phases and the derived atomic coordinates. If  the paper discusses a protein 
structure only at the level of the main chain alpha carbon atoms, then only alpha carbon coordi- 
nates need be deposited. If  the discussion involves higher resolution data, for example all atoms 
in the active site of  an enzyme, then the full set of X-ray data and the coordinate list must be depo- 
sited. Following completion of  the editorial process and acceptance of  the paper, the manuscript 
will not be sent to the printer until confirmation has been received from the author, if not initially 
supplied, that the required information has been sent to the Protein Data Bank. 

I f  reques ted  by  the authors ,  the edi tors  will ask the D a t a  Bank not  to d is t r ibute  the in fo rma t ion  
unti l  a specified date.  F o r  coord ina te  lists this da te  m a y  no t  be more  than  one year  beyond  the ac- 
ceptance  da te  o f  the manuscr ip t .  F o r  the full s t ructure  ampl i tude  and  phase  da t a  the t ime interval  
before  d i s t r ibu t ion  may  no t  exceed four  years.  The release da te  specified by  the au tho r  will appea r  
in a foo tno te  to the pape r  a long with the s ta tement  tha t  the in fo rma t ion  has  been submi t ted  to the 
Pro te in  D a t a  Bank.  In the absence o f  a specified release date ,  it will be assumed that  the in forma-  
t ion is ava i lab le  immedia te ly  on appea rance  of  the pub l i ca t ion . '  

C o m p a r a b l e  letters have been sent to a number  o f  j ou rna l s  concerned  with mac romolecu l a r  
s t ructure.  W e  are aware  tha t  several  ed i tor ia l  boa rds  are consider ing this mat te r ,  and  tha t  a ma jo r  
effort on pol icy  deve lopment  is unde rway  by the In t e rna t iona l  U n i o n  o f  Crys t a l log raphy  and by  
cer ta in  o f  its adher ing  na t iona l  bodies .  W e  hope tha t  all will act posi t ively (and,  i f  possible,  uni-  
formly)  on this issue. 

A list o f  the signers o f  this let ter  follows. The or iginal  s ignatures  are on file in the office o f  the 
unders igned.  

Frederic M. Richards 
Yale University 

Department of Molecular Biophysics and Biochemistry 
260 Whitney A venue 

New Haven, CT 06511 
U.S.A. 
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The Low Resolution Problem

How can one obtain a “good” crystal 
structure at low resolution?

There are generally more independent reflections than 
torsion angles at 5 Å resolution

Problems: 
• poor observable to parameter ratio
• electron density maps may be difficult to interpret
• potential model bias

Need for powerful reciprocal and real space methods



Outline

• Overview of DEN-refinement

• MR for a new structure at 3 Å (high B-factors)

• Refinement at 7.4 Å resolution
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Target Function For Macromolecular Refinement

Etotal = Egeometric + wx-ray Ex-ray

chemical knowledge diffraction data

+ wmolecule Emolecule

macromolecular structure 
knowledge

improved model → improved phases → improved electron density maps
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METHODS  

 

We modified the deformable elastic network (DEN) approach 5 so as to accommodate 

multi-domain proteins in an automated fashion that avoids any need to define boundaries 

between domains.  This is done by using restraint distances between N randomly selected 

pairs of atoms in the reference model that are within a distance of 3 to 15 Å and that are 

separated by not more than ten residues along the primary sequence. N is chosen to be 

equal to the number of atoms, so the set of distance restraints is relatively sparse.  These 

specific parameters were chosen by trial and error by using the ribose binding protein test 

case described in ref.  5. There is a tradeoff: if the cutoffs are chosen too large, then the 

flexibility of the DEN is too limited and requires a too large a deformation of the network 

in order to achieve a good fit to the data. If the cutoffs are too small, too little information 

is added from the reference model. The reference model is obtained by comparative 

modeling 18 13 and  should have good local geometry.  

 

The elastic network energy term comprises a sum over all atom pairs i,j 

 EDEN(n) = dij ! dij
0(n)( )

N pairs i, j

!
4
       (1) 

where dij  is the distance between atom pairs i and j in the current atomic model, dij
0(n) is 

the corresponding equilibrium distance at DEN update step n, and dij
0(0) is the 

corresponding distance of the reference model.  The equilibrium distances dij
0(n) are 

updated every six torsion angle molecular dynamics steps (each with a time-step of 4 fs) 

by 

 dij
0(n +1) = 1!"( )dij0 (n) + " #dij + 1! #( )dij0 (0)[ ]    (2) 

where the parameter " specifies the speed at which the network adapts to the 

requirements of the other energy terms and the parameter # balances the influences of 

diffraction data and reference model 5.  Note, that #=0 corresponds to a non-deformable 

elastic network.  In principle " is an adjustable parameter, however, we found that the 

results are insensitive to the exact choice of ", therefore we do not include " in the 

Reference model ➔ selected inter-atom distances ➔sparse distance network d0
ij(n)

Schröder, Levitt, Brunger,  Nature 2010

DEN (Deformable Elastic Network) Restraints

p

Etotal = Egeometric + wx-ray Ex-ray + wDEN EDEN

• randomly selected atom pairs within a specified distance range, 
and separated by a specified interval in the primary sequence 

• typically ~ 1 distance restraint per atom



Implementation Of The DEN Method 

Target function:

During slow-cooling cycles, periodic updates of 
the DEN equilibrium distances are performed

 

γ: deformation factor (adjustable)
wDEN: weight for DEN restraints (adjustable)
κ: damping factor (usually set to 0.1)
dref

ij: distances from reference model
do

ij(n): current DEN restraint distances
dij: current distances of refinement model
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p

Several (typically 10) macrocycles consisting of:
• torsion angle refinement (slow-cooling molecular dynamics)
• default option: restrained grouped B-factor refinement
• default option: last two cycles are without DEN restraints

� 

Etotal = Egeometric + wa  EML + wDENEDEN

The peptide group shown in Figure 3.4A is said to 

be in the trans conformation because the two C! atoms 

are on opposite sides of the peptide bond (the C! atoms 

are said to be staggered).  The alternative, in which the 

C! atoms are on the same side of the peptide bond 

(Figure 3.4C), is referred to as the cis conformation, 
and is rarely  seen because it brings the R groups, some 
of which are quite bulky, into close contact.

3.2 The backbone torsion angles # (phi) and $ 

(psi) determine the conformation of the protein 

chain

Because of the planarity  of the peptide groups, a 
protein backbone only has freedom to rotate at the 
points where the peptide groups meet (Figure 3.5).  

These swivel points are at each C! atom of the peptide 

chain.  The C! atom is connected by single bonds to the 

carbonyl carbon (C) and the amide nitrogen (N) of the 

same residue.  Rotation about the N–C! and C!–C 

bonds define two torsion angles, denoted # and $, 

respectively. By  convention, positive rotation in # and 

$ corresponded to right handed rotations about the N–

C! and C!–C bonds. You can picture the sense of 

rotation by  imagining your right hand grasping a stick 
that corresponds to these bonds, with the N-terminal 
end of the stick closest to you, as shown in Figure 3.8. 
The direction in which your fingers would curl give the 

sense of positive rotations in # and $. 

Chapter 3. Principles of Protein Structure.                                                    Use restricted to students enrolled in Chem130/MCB100A, 
UC Berkeley, Fall 2006

Page 5                    © Garland Publishing, 2006. Distribution Prohibited.

Figure 3.5 The backbone torsion 
angles # and $.  This diagram 
illustrates the swivel points of the 
peptide backbone.

Figure 3.6 The definition of the backbone torsion 
angles # and $.  The # torsion angle corresponds 
to rotation about the N-C! bond.  The 
conformation shown here corresponds to a value 
of # = 180º, and has the Ca atom staggered with 
respect to the previous C! atom in the chain.  A 
value of # = 0º would have the two C! atoms 
eclipsed.  The $ torsion angle corresponds to 
rotation about the C!-C bond.  The conformation 
shown here is for $ = 180º, and has the nitrogen 
atom of the first residue staggered with respect to 
the nitrogen atom of the second residue.  A value 
of $ = 0º would have the nitrogen atoms eclipsed.

Multiple trials for each (γ, wDEN) parameter pair and temperature 
Trial with the best Rfree is used for subsequent steps



• DEN is a general refinement method that guides torsion angle 
molecular dynamics by restricting it to reasonable conformational 
changes (e.g., differences between homologous models or motions)

• DEN introduces information that is specific for the particular starting 
structure (e.g., homology model)

• Degree of deformation is determined by γ

• γ=0: no deformations of reference distances allowed

• γ=1: deformations track refined model (akin “jelly body”)

• 0<γ<1: deformations allowed according to some interpolation 
between current and reference distances

• Grid search for best (γ, wDEN) parameters and annealing temperature

How Does It Work? 



•General modes

•New refinement: initial model = reference model

•Re-refinement: initial model ≠ reference model

•Special options

•DEN-restraints active throughout 

•wDEN=0 ↔	 torsion angle simulated annealing (without DEN)

•Implementation in CNS 1.3 and Phenix.refine (development)

•Resource for grid search: SBGrid Science Portal (www.sbgrid.org)

Some Notes And Considerations

http://www.sbgrid.org
http://www.sbgrid.org


Outline

• Overview of DEN-refinement

• MR for a new structure at 3 Å (high B-factors)

• Refinement at 7.4 Å resolution



Structure Of Cgl1109 (JCSG HP3342) 
(A Putative Succinyl-Diaminopimelate Desuccinylase 

(dapE) From C. Glutamicum)

• Anisotropic diffraction data to ~ 3 Å resolution

• MAD data available, but experimental map was not easily 
interpretable

• Weak homology to known structures (1vgy with 25% identity)

• One of the cases used by DiMaio et al. (2011) 

• MR solution for both 1vgy and Modeller model of Cgl1109 
(Phaser: RFZ=3.2, TFZ=9.9, LLG=75, Rcryst=0.65)

Collaboration with D. Das, A.Deacon, J.Grant,            
T.  Terwilliger, R. Read, P. Adams, M. Levitt, G. Schröder



DEN Refinement 
+ Automated Model Building With AutoBuild

• Reference model = initial model = MR solution 
(search model: Modeller homology model)

• Standard DEN protocol: but restrained individual 
B-factor refinement

• AutoBuild with “morphing” and “rebuild in place”
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DEN + AutoBuild (Rfree=0.42) vs. final (orange)

Standard ref. + AutoBuild (Rfree=0.48) vs. final (orange) 

DEN (Rfree=0.44) vs. final (orange)  

Standard refinement (Rfree=0.52) vs. final (orange)

Larger Radius Of Convergence For DEN  Vs. Standard Refinement



DEN (blue) + AutoBuild (cyan)Standard ref. (blue) + AutoBuild (cyan)

DEN-Refinement Produced Better 2mFo-DFc Maps 
Than Standard Refinement

Orange: final model



DEN+Autobuild Map Showed How To Correct The Model

Magenta: model after first round of DEN+AutoBuild
Cyan: corresponding DEN+AutoBuild 2mFo-DFc map 
Orange: final model



 Final 2mFo-DFc

Final Model

Rfree 0.258

Rcryst 0.234
Ramachandran favored 92.7%
Ramachandran outliers 0.8%

Molprobity score 2.41 (96th percentile)



• Synergism between DEN-refinement and AutoBuild

• Improved model ➔ improved phases ➔ better starting point 
for AutoBuild

• Semi-automated completion of the structure with AutoBuild

Results For The Refinement Of Cgl1109  



Outline

• Overview of DEN-refinement

• MR for a new structure at 3 Å (high B-factors)

• Refinement at 7.4 Å resolution



Refinement Of Photosystem 1 (PSI) At 7.4 Å Resolution

• DEN-refinements using synchrotron (ALS) data of a PS1 crystal in harvesting 
buffer used for nano-crystal generation (Chapman et al., Nature, 2011),          
dmin ~ 5 Å

• Data truncated to 7.4 Å to make it comparable to FEL (LCLS) data of PS1

• Increasingly scrambled starting models (Cα rmsd to target 1JB0: 0, 2.3,...,4.4 Å) 

• Omitted three Fe-S clusters (for validation)

• Reference model = starting model

• Standard DEN protocol, except DEN active throughout, sparse random selection 
between all atoms,  and only overall B-factor refinement

Collaboration with Henry Chapman, Thomas White (CFELS, DESY), 
Petra Fromme, Raimund Fromme (Univ. of Arizona)



Increasingly Scrambled Starting Structures

Green:  PS1 (PDB ID1JB0)
Magenta: maximum scrambled structure 
(Cα rmsd: 4.4 Å, right most helix displaced by 5.4 Å)



Solutions were found for all starting structures

Molecular Replacement (7.4 Å Resolution)
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Comparison Of Refinement Protocols
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Results For Maximally Scrambled Starting Structure 

DEN (orange) vs. starting (magenta) DEN (orange) vs. target 1JB0 (green)

DEN-refinement shifted helices by 5.5 Å 

Mg ions are shown as spheres 



DEN 2mFo-DFc map (blue) 
vs. target 1JB0 (green)

target 2mFo-DFc map (blue) 
vs. target 1JB0 (green)

1.5 σ contour level

Mg ions are shown as spheres 

Results For The Maximally Scrambled Starting Structure 



DEN-Refinements With Two Helices Omitted 
(Chain F, Residues 103:126 - Yellow)

DEN mFo-DFc map (mesh) 
vs. target 1JB0 (green and yellow) 

3 (orange), 2.5 (blue), 2 σ (light blue) contour levels

DEN mFo-DFc map (mesh) 
vs. target 1JB0 (green and yellow) 

DEN-refinement starting from 1JB0 DEN-refinement starting from max. scrambled



standard refinement (teal) 
vs. target 1JB0 (green)

Mg ions are shown as spheres 

Results For The Maximally Scrambled Starting Structure:
Standard Refinement



standard refinement 2mFo-DFc map (blue) 
vs. target 1JB0 (green)

1.5 σ contour level

Mg ions are shown as spheres 

Results For Maximally Scrambled Starting Structure:
Standard Refinement



• moves closer to the true structure 

• recovers information not included in the refined 
model - more significant features in difference 
maps

DEN-Refinement At 7.4 Å Resolution Is Beneficial

Compared to overall rigid body, standard, or simulated 
annealing refinement, DEN-refinement 



• DEN-refinement is a general method that can produce 
better models than standard refinement or simulated 
annealing protocols

• DEN-refined model phases are a better starting point 
for (automated) model building

• Most benefit is for starting structures that are far from 
the true structure, low-resolution, or high B-factor cases

Overall Conclusions For DEN-Refinement
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