
multitemperature data  
and diffuse scattering  

in X-ray crystallography
James S Fraser 

UCSF
@fraser_lab

Andrew  
VanBenschoten

Nick Sauter, Aaron Brewster, 
Paul Adams, Pavel Afonine 
(LBNL), Tom Terwilliger (LANL), 
Sacha Urzhumtsev (CNRS) 

Michael  
Wall (LANL)

Daniel  
Keedy

Robert Thorne  
(Cornell)

Henry van den Bedem  
(SLAC)



XFELs and structural biology: 
It’s about time!

We are transitioning from static structural biology….

…to dynamic structural biology



How are allosteric perturbations communicated 
intramolecularly to alter protein function?

x
Y



Proteins often populate  
multiple conformations in crystals



Conformational heterogeneity 
can be static or dynamic
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Temperature can shift the 
relative populations of 

confirmations in the crystal
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Temperature can shift the 
relative populations of 

confirmations in the crystal

Hypotheses: (1) shifting temperature exposes conformations near the “ground” state;  
(2) these new conformations are used by the protein in physiological mechanisms



Conformational dynamics are at the core of  
three critical problems in biology

We want to:

design macromolecules with new (unnatural) functions 

understand how mutations alter protein function in disease

discover small molecules drugs to modulate protein function
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Conventional X-ray experiments are 
performed at cryogenic temperatures

loop~100K
loop 

Humid  
air stream 

288K

“off label” use of 
Proteros FMS

BL12.3.1@ALS

MiTeGeN

...and data collection strategies to 
minimize radiation damage

Fraser…Alber, PNAS, 2011

now: XFELs!



Cryocooling contracts the lattice - and protein

Juers and Matthews, JMB, 2002
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between the two C, atoms on heating from LT to RT, while 
those above the diagonal correspond to a net thermal expansion 
of between 0.25 and 0.5 A. Crosses correspond to net thermal 
contraction (below the diagonal) or expansion (above the 
diagonal) of greater than 0.5 A (blank spaces denote differ- 
ences at  or below the %oise level” of the analysis, corre- 
sponding to a net movement between -0.25 and +0.25 A). 
Particular regions of the structure contribute more than others 
to the overall thermal expansion. The most striking region 
is the CD corner (residues 37-57), a protruding segment 
containing a number of positively charged amino acids, which 
moves as a unit away from the protein center. 

A summation of the interatomic distance changes over the 
secondary structure elements is given in Table 11. In a pre- 
liminary report (Hartmann et al., 1982), some of the helices 
were described as undergoing changes in length. The present, 
more comprehensive, analysis suggests that this effect is not 
a significant contribution to the total expansion. As sum- 
marized in Table 11, the smallest changes are within the in- 
dividual helices, indicating that the helices themselves do not 
undergo large changes in volume (this is confirmed by radius 
of gyration calculations for the individual helices, which show 
that the helix lengths do not change significantly). The bulk 
of the overall effect is due to the separation of secondary 
structure units as the temperature increases. 

Radius of Gyration. The radius of gyration and its three 
orthogonal components are measures of the size and shape of 
the molecule and can be used to characterize the expansion. 
The radii of gyration for the four RT structures and the two 
LT structures are given in Table IIIA, including all atoms in 
the calculation. The radius of gyration and its components 
increase by about 1% on going from LT to RT (this corre- 
sponds to a 3% increase in the volume of the corresponding 
ellipsoid). If the loop regions and the entire CD region of the 
molecule are excluded from the calculation (Table IIIB), the 
linear expansion is reduced only slightly, to 0.8%. This in- 
dicates that even though the motions of the loops and the CD 
region are the most noticeable features of the expansion (see 
Figure 4), the rest of the protein does expand. 

A structural picture of the overall expansion of the molecule 
emerges on calculating the radial distribution of atoms around 
a central atom in the protein, at both LT and RT. The 
normalized number density is calculated in shells around the 
atom closest to the centroid of the protein (the CBB atom of 
the heme) and averaged separately over the four RT structures 
and the two LT structures (Figure 5). Both distributions show 
about four to five peaks at distances from 5 to 15 A from the 
central atom, and the distribution is shifted outward by about 
0.5 A in the RT distribution relative to the LT distribution. 
The differences between these spherically averaged distribu- 
tions are enough to account for the increase in the radius of 
gyration, R,, of the protein. R,  for two spherical bodies with 
mass distributions given by the number densities in Figure 5 
is 21.25 A at LT and 21.46 A at RT. Because of spherical 
averaging, these values are not identical with those obtained 
by using the protein structure; however, the increase of 0.2 
A in R, is the same as that obtained by using the actual protein 
coordinates (Table IIIA). 

Surface/ Volume Analysis. Another way to investigate the 
expansion of the myoglobin molecule is to compute the volume 
of the protein at  low and high temperatures by means of 
accessibility to a small spherical probe (Lee & Richards, 1978, 
Connolly; 1983). Accessible surface calculations indicate a 
2-3% increase in total molecular surface area and volume of 
myoglobin on going from 80 to 300 K. The volume change 
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FIGURE 2: Three figures comparing C,-C, distances in an LT structure 
with the corresponding distances in an RT structure. All distances 
which deviate by less than 0.25 8, between RT and LT are excluded 
in the lots. The comparison is done in three ran es of distances: (top) 
5-10 1; (middle) 10-15 A; (bottom) 20-25 1. 
as the difference between an LT and an RT distance matrix. 
Eight such matrices are calculated for each pair of LT and 
RT structures, and the individual entries are averaged and 
plotted in Figure 4. 

In Figure 4, the open circles below the diagonal of the matrix 
represent a thermal contraction of between 0.25 and 0.5 A 

Frauenfelder et al, Biochemistry, 1987



Cryocooling causes local changes in  
structure and conformational heterogeneity

©          Nature Publishing Group1979

Juers and Matthews, JMB, 2002



Cryogen

Cryocooling slowly shrinks  
proteins, remodels side 

chains, and improves packing

Removing evidence of 
internal motions for 

many proteins Dramatization!!!



Room 
temperature 
data are more 
consistent than 
cryocooled data

Keedy…Fraser, Structure, 2014

difference maps (Figure 1), the RT models have slightly higher
average B-factors, indicating higher thermal mobility. The 05RT
structure (0.85 Å) has the greatest number of residues modeled
in multiple conformations. Collectively, these results confirm
that the protein is more flexible at RT than cryo and that this
flexibility is less discretely observable at slightly lower resolution.
To investigate the basis of these temperature-dependent

changes to side-chain ensembles in more detail, we compared
all-atom side-chain conformations represented in two ways: in
dihedral space by assigning each conformation to a rotamer
(Lovell et al., 2000) and in Cartesian space by calculating the
maximum rmsd across all alternate conformations for each res-
idue. Both methods reveal that cryocooling affects side-chain
conformations at a global level in the 2005 and 2013 crystals
similarly (Table S1 available online). For both structure pairs,
approximately two-thirds of the residues in DHFR are more
disordered at RT than cryo, and !25% adopt entirely new
rotamers. Furthermore, !20% of residues are more disordered

Figure 1. Cryocooling Induces Changes in
DHFR Structural Heterogeneity
The broad distribution of strong difference peaks

in the isomorphous Fo-Fo 13cryo-05cryo map, in

contrast to the relative flatness of the 13RT-

05RT map, emphasizes that cryogenic freezing

perturbed the two crystals differently, resulting in

widespread and unpredictable changes to dy-

namics. Both the 13RT-13cryo and 05RT-05cryo

difference density maps have significant peaks of

both signs (green, positive; red, negative), sug-

gesting that cryocooling idiosyncratically alters

the same protein’s structure and/or dynamics in

different crystals at the hands of different crystal-

lographers. All four maps are shown contoured at

0.4 e"/Å3 (Lang et al., 2014), which in these cases

corresponds to 2.61, 3.01, 2.43, and 4.55 s,

respectively. NADP+ in orange; folate in yellow.

Model shown is qFit model of first structure in

Fo-Fo subtraction.

at cryo than RT, and approximately
one-third of those adopt new rotamers.
These results together further support
the idea that cryocooling not only selects
subsets of pre-existing conformational
heterogeneity, which may represent
static disorder (Fenwick et al., 2014), but
also reshapes the free energy landscape
to favor a different set of conformations.
To explore the extent to which cryo-

cooling consistently perturbed the same
regions of DHFR, we examined the
colocalization of residues with altered
conformational heterogeneity. Many of
the same residues have altered rotamer
ensembles in both the 2013 and 2005
RT/cryo pairs (Figure 2). The overlaps in
which residues are consistently polymor-
phic by temperature are statistically
significant (Experimental Procedures),
which indicates that cryocooling consis-

tently affects specific regions in a reproducible manner. Despite
these consistencies, some of the detailed effects of cryocooling
differ between the two experiments. The differences in side-
chain andmain-chain rmsd between the 2013 RT and cryo struc-
tures correlate poorly with the corresponding differences in the
2005 structures (Figure 3). This result indicates that cryocooling
perturbs the local conformational heterogeneity of many regions
idiosyncratically, an interpretation that is further supported by
the presence of significant peaks in the cryogenic minus cryo-
genic isomorphous electron density map as compared to the
RT minus RT map (Figure 1).

Time-Averaged Ensembles Show that Loop
Heterogeneity Is Suppressed by Cryocooling
The multiconformer models from qFit may fail to capture larger-
scale conformational disorder present in the crystal, such as helix
winding/unwinding and loop opening/closing. To determine
if such larger-scale features are present and perturbed by

Structure

Crystal Cryocooling Alters DHFR Conformations

Structure 22, 1–12, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 3

Please cite this article in press as: Keedy et al., Crystal Cryocooling Distorts Conformational Heterogeneity in a Model Michaelis Complex of DHFR,
Structure (2014), http://dx.doi.org/10.1016/j.str.2014.04.016

Fo-Fo map

conformational 
change

conformational
ensemble change



The challenge is to deconvolute 
multiple conformations from an 

ensemble averaged density map



Alber Figure 1

Ringer is an assay for 
electron density

0.3 and 1σ Terry Lang

UC Berkeley

Tom Alber



Alber Figure 1

0.3 and 1σ

Side chains are built into  
high electron density regions



Alber Figure 1

0.3 and 1σ

Only 5% of residues are modeled 
in multiple conformations

...but electron density sampling  
reveals multiple peaks



Ringer peaks are 
rotameric (non-random)

~600 structures at 1.5Å or better



Most peaks represent 
hidden conformations

0.3 and 1σ χ1-χ2 correlation plot

Chi$squared,p,<<,10$5,

~600 structures at 1.5Å or better



Lang, Ng... Alber
Protein Science, 2010RINGER:

Alber Figure 1

0.3 and 1σ

Visualize primary 
conformation

Alternative 
conformations

Alternative conformations+Hydrogens+Noise

Ringer gives us confidence in 
signals at low electron density

Terry Lang

UC Berkeley

Tom Alber

Lang, Holton,Fraser, Alber
PNAS, 2014END/RAPID:

LBL/UCSF

James Holton



qFit automates 
multiconformer  
side chain and 

backbone 
modeling

Henry van den Bedem 
(SSRL) Daniel Keedyvan den Bedem…Deacon, Acta D, 2009;  

Keedy, Fraser, van den Bedem, PLOS CompBiol, 2015



Alternative conformations (refined occupancies)  
model anharmonic motions better than B-factors

Henry van den Bedem 
(SSRL)

2mFo-DFc mFo-DFc

+3.0σ
-3.0σ1.0σ

0.5σ Daniel Keedyvan den Bedem…Deacon, Acta D, 2009;  
Keedy, Fraser, van den Bedem, PLOS CompBiol, 2015
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model anharmonic motions better than B-factors

Henry van den Bedem 
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-3.0σ1.0σ
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Keedy, Fraser, van den Bedem, PLOS CompBiol, 2015
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~35% of side chain conformations are 
changed by cryocooling

29% of all  
buried residues

with Henry van den Bedem 
(JCSG)

Fraser…Alber, PNAS, 2011



Coupled side chain motions explain NMR relaxation, 
enabling design of mutations to demonstrate  

dynamics-function link
Major <=> Minor

0.3 and 1σ
288 K100 K

Fraser…Kern, Alber, Nature, 2009



Conformational differences between  
room temperature and cryogenic temperatures using SFX at XFELs

Liu…Cherezov, Science, 2013



Can temperature perturbation expose the  
protein conformations 

used by design, disease, and drugs?

Conformational dynamics are at the core of  
three critical problems in biology

Protein Design Resistance Mutations Cryptic Allosteric Sites



We want to:

design macromolecules with new (unnatural) functions 

understand how mutations alter protein function in disease

discover small molecules drugs to modulate protein function

Hypotheses: (1) shifting temperature exposes conformations near the “ground” state;  
(2) these new conformations are used by the protein in physiological mechanisms



Designed proteins  
(e.g. Ubiquitin variants to inhibit USP7)  

are currently too dynamic

Justin Biel (Fraser Lab/UCSF); Jacob Corn (Genentech)
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After directed evolution, dynamics are reduced….

Justin Biel (Fraser Lab/UCSF); Jacob Corn (Genentech)
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How different are dynamics of designed, artificially 
evolved, and natural proteins?

Justin Biel (Fraser Lab/UCSF); Jacob Corn (Genentech)
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Designed mutant Affinity enhanced mutant

0.25 e-/Å3



We want to:

design macromolecules with new (unnatural) functions 

understand how mutations alter protein function in disease

discover small molecules drugs to modulate protein function

Hypotheses: (1) shifting temperature exposes conformations near the “ground” state;  
(2) these new conformations are used by the protein in physiological mechanisms



Why are these two 
resistance mutations in 
TEM-1 incompatible?

+/- inhibitor

WT R164S G238S R164S/G238S



Different resistance mutants cannot be combined 
due to dynamics

Eynat Dellus-Gur, Dan Tawfik (Weizmann)

suggests a 
method discover 

combination 
therapies with 

huge barriers to 
resistance

omega loop 
preorganized no yes no

238 loop in unique 
conformation yes no no

169 N interaction 
with 239-O yes yes no (E171 - non-native)

N169 side chain 
ordered for catalysis yes yes partial occupancy

R164S G238S R164S/G238S

APO

EC25

N170

N170

Ω-loop

Ω-loop

238-loop

238-loop

238-loop major

Ω-loop

238-loop

Ω-loop

238-loop

N170

N170238-loop minor

238-loop major

238-loop minor
E171

E171

Dellus-Gur…Fraser, Tawfik, JMB, 2015



We want to:

design macromolecules with new (unnatural) functions 

understand how mutations alter protein function in disease

discover small molecules drugs to modulate protein function

Hypotheses: (1) shifting temperature exposes conformations near the “ground” state;  
(2) these new conformations are used by the protein in physiological mechanisms



Cryptic allosteric fragment sites are quenched 
by cryocooling

Marcus Fischer, Brian Shiochet (UCSF)

Active site heterogeneity 
differs between  

cryo and room temperature

Fischer, Coleman, Fraser, Shoichet 
Nature Chemistry, 2014

Cryptic site:

changes small molecules discovered by  
in silico docking procedures

Fischer, Shoichet, Fraser 
ChemBioChem, 2015



M2 Channel water density is temperature sensitive - 
ordered around drug binding sites and pH sensitive

Rahel WoldeyesJessica Thomaston 
(DeGrado Lab)Thomaston…Woldeyes, Fraser…DeGrado, PNAS, 2015



Low-occupancy features present at room temperature  
are dynamically accessed conformations and  

can provide new mechanistic insights

2mFo-DFc 
Electron Density

0.3 1σ



Temperature can shift the 
relative populations of 

confirmations in the crystal

Does this happen collectively?   
How complex is the energy landscape?



CypA conformational heterogeneity is sensitive to 
temperature changes

Matt Warkentin,  
Robert Thorne (Cornell)

Daniel Keedy



CypA conformational heterogeneity is sensitive to 
temperature changes

Matt Warkentin,  
Robert Thorne (Cornell)

Daniel Keedy





Different regions of the protein have their disorder 
arrested at different temperatures

(one reason why it has been 
challenging for us to extrapolate 
from 100K to 293K X-ray Data)



Is the response to temperature 
correlated across the CypA 

“dynamic network”?



CypA temperature response does not favor  
a single coupled transition

ms

ps-ns



NMR relaxation dispersion experiments may sense 
population shuffle upon Phe113 rotameric switch



63B 63A

99A 113B 113A
61A 61B 90o

Population shuffle:  alternative conformations do not 
segregate neatly into A/B - through “clash-relief” pathways



Residues connect through “clash-relief” 
pathways

63B 63A

99A 113B 113A
61A 61B 90o
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90o

Residues connect through “clash-relief” 
pathways
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qFit19 to optimally fit up to four alternative conformations per 
residue into electron density features, derived from experimen-
tal X-ray data, that are consistent with anharmonic disorder  
(Fig. 1a). CONTACT analyzes the repulsive van der Waals inter-
actions across all alternative conformations in the qFit multicon-
former model (Supplementary Fig. 2). The goal of this analysis 
is to define contact networks of conformationally coupled resi-
dues, in which movement between alternative conformations of 
one residue likely influences the conformations of all other resi-
dues in the contact network. Software for running CONTACT 
is available at http://smb.slac.stanford.edu/CONTACT and as  
Supplementary Software.

CONTACT first identifies ‘pathways’ of van der Waals over-
laps. Each residue (for example, residue i) in turn is moved to an 
alternative conformation, and overlaps of van der Waals radii with 
any neighboring residues (for example, residue j) are identified 
(Fig. 1b). If neighboring residue j can be moved to an alternative 
conformation to reduce the steric overlap (or ‘clashes’) with resi-
due i, the pathway is continued to neighboring residues of residue j 
(for example, residue k, l and so on) until no new clashes are intro-
duced. The relative frequency with which residues can or cannot 
reduce steric overlap is also recorded (Supplementary Fig. 3).

Pathways can include overlapping or nearly overlapping sets of 
residues using different combinations of alternative conforma-
tions. Thus, pathways that share common members indicate con-
formational coupling even if the residues are not directly linked 
in a single pathway. Any pathways that share residues are grouped 
into a single contact network (Fig. 1c). A pathway is therefore a 
single sequence of residues that can be moved between alternative 
conformations such that van der Waals overlaps are reduced after 
each move. A contact network is a set of residues that are linked 
by common pathways.

CONTACT identifies multiple pathways in cyclophilin A
To test whether CONTACT can automatically identify contact 
networks of residues from experimental X-ray data, we first 
examined the human proline isomerase cyclophilin A (CYPA). 
Previous NMR experiments have demonstrated that CYPA under-
goes conformational exchange both during its catalytic cycle and 

in the absence of substrate28. Room-temperature X-ray electron 
density maps revealed extensive alternative side-chain confor-
mations for residues extending from the active site into the core, 
providing a structural rationale for the collective motion inferred 
by NMR4.

A large contact network of nine residues connects the hydro-
phobic core of the protein to the active site (Fig. 1d). This contact 
network (‘red’, as depicted in Fig. 1) generally agrees with findings 
obtained from a visual analysis of room-temperature X-ray data in 
providing a structural mechanism for collective conformational 
exchange detectable by NMR relaxation dispersion experiments28. 
Consistent with the idea that perturbations in the contact network 
will stabilize alternative conformations of other residues in the 
contact network, a mutation (S99T) of a core residue leads to 
chemical shift changes that spread across the red contact network 
and results in a second-order rate constant (kcat/Km) that is ~0.3% 
that of wild type4.

Notably, the red contact network consists of many independ-
ent pathways that connect contact-network residues as reflected 
in the weights of the edges of the network graph (Fig. 1c). The 
large number of pathways suggests that the transition between 
the major and minor forms of the enzyme can occur by multiple 
structurally distinct mechanisms. The idea of multiple transition 
paths in CYPA is supported by recent NMR studies that incor-
porate evidence from the conformational dynamics of several 
mutants29. The contributions of these transitions are difficult to 
separate in the collective exchange fitting procedures of the NMR 
experiment29. Major- and minor-form end states distinguished 
by alternative side-chain conformations may dominate the con-
formational dynamics in the crystal4 and solution28; however, 
CONTACT identifies multiple plausible transition paths.

Analysis of long-range perturbations in G121V ecDHFR
Dihydrofolate reductase (DHFR) is a model system for studying 
the relationship between conformational dynamics and catalytic 
activity30. The solution-state dynamics of the ecDHFR are domi-
nated by the interconversion of the Met20 loop between closed 
and occluded conformations, which allows optimal substrate flux 
through the catalytic cycle31. We obtained X-ray diffraction data 

Figure 1 | Mechanisms for conformational 
exchange in cyclophilin A. (a) X-ray electron 
density map contoured at 1  (blue mesh) 
and 0.3  (cyan mesh) of CYPA fit with 
discrete alternative conformations using qFit. 
Alternative conformations are colored red, 
orange or yellow, with hydrogen atoms added  
in green. (b) Visualizing a pathway in CYPA: 
atoms involved in clashes are shown in spheres 
scaled to van der Waals radii, and clashes 
between atoms are highlighted by dotted lines. 
This pathway originates with the OG atom of 
Ser99 conformation A (99A) and the CE1 atom 
of Phe113 conformation B (113B), which clash 
to 0.8 of their summed van der Waals radii.  
The pathway progresses from Phe113 to Gln63, and after the movement of Met61 to conformation B introduces no new clashes, the pathway is 
terminated. A 90° rotation of the final panel is shown to highlight how the final move of Met61 relieves the clash with Gln63. (c) Networks identified 
by CONTACT are displayed as nodes connected by edges representing contacts that clash and are relieved by alternative conformations. The node number 
represents the sequence number of the residue. Line thickness between a pair of nodes represents the number of pathways that the corresponding 
residues are part of. The pathway in b forms part of the red contact network in CYPA. (d) The six contact networks comprising 29% of residues are 
mapped on the three-dimensional structure of CYPA.

Ser99
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c d
57
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122
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115
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Phe113

Met61

99A 113B 113A

63B 63A

61A 61B 90°

Residues linked together in 
CONTACT networks

Sensitive to: ligands, mutations, temperature 
Predictive of: chemical shift perturbations, collective motions

van den Bedem...Fraser, Nature Methods, 2013
Henry van den Bedem  

(SLAC)
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Visualizing networks of mobility  
in proteins
Mark A Wilson

An algorithm called CONTACT identifies correlated side-chain motions 
in proteins from X-ray crystallographic data, providing insights into 
dynamics and function.

Most proteins have well-defined three dimen-
sional structures that are intimately connected 
to their biological functions. Although the 
central relationship between protein struc-
ture and function has been appreciated for 
over six decades, structural biologists have 
more recently recognized that dynamic excur-
sions from this average structure also have a 
critical role in protein function. For example, 
phenomena such as allostery and promiscu-
ous ligand binding can only be understood in 
light of the ability of proteins to sample mul-
tiple conformations. X-ray crystallography is 
the premier technique for macromolecular  
structure determination but has tradition-
ally and erroneously been viewed as provid-
ing only a ‘static snapshot’ of molecules. In 
this issue of Nature Methods, van den Bedem 
et al.1 report an exciting new method (con-
tact networks through alternate conformation 
transitions or CONTACT) for determining 
correlated displacements of amino acid side 
chains from X-ray crystallographic data in an 
automated fashion. For the first time, highly 
detailed maps of correlated side-chain motions 
in proteins can be created, providing a direct 
view of the dynamical paths that allow distant 
sites on a protein to communicate with each 
other and modulate protein function.

X-ray crystallography is used to measure 
the scattering of X-rays by large numbers of 
(nearly) identical molecules in a crystal over 
the minutes to hours required to collect a 
complete data set. The diffracted X-rays are 
measured and used to calculate an electron 

density map, which is the true result of an 
X-ray crystallographic experiment (not the 
structural models that are built to interpret the 
map and to make attractive figures). Because 
any change in the location of an atom in the 
crystal will result in changes in the diffracted 
X-rays, the electron density map contains 
information about the probability that each 
atom in the molecule is located in a particular 
region of space. This map is therefore a rich 
repository of information about the full extent 
of atomic displacements in a protein and  
is a far cry from the ‘static snapshot’ view of 
X-ray crystallography.

Crystallographers have long known that 
they must account for atomic mobility in their 
models to obtain the best fit to the measured 
data. When electron density maps provide 
clear evidence that amino acid side chains exist 
in multiple conformations, crystallographers 
build these conformations into the structural 
model. Like many aspects of model building, 
this process relies heavily on high-quality data 
but also on less objective factors such as the 
astuteness of the model builder and the often 
subjective interpretation of weak features in 
maps. As a consequence, most manually built 
alternate conformations are conservative  
representations of the data that underestimate 
the true extent of conformational plasticity  
in proteins.

Recent studies have shown that this con-
servative model building, coupled with the 
now nearly ubiquitous collection of data  
at cryogenic temperatures, has resulted in a 

substantial underreporting of alternate amino 
acid conformations. Collection of diffraction 
data at room temperature reveals many mobile 
residues that occupy a single conformation at 
unphysiological cryogenic temperatures2. The 
combination of room temperature data collec-
tion and knowledge of the preferred confor-
mations of amino acid side chains now allows 
crystallographers to detect and accurately 
build alternative conformations into maps 
where even experienced practitioners may 
have had difficulties in the past3. Although 
these previously developed methods allow 
one to identify mobile residues, they cannot  
be used to determine whether the motion of 
one residue influences that of another. This 
issue of correlated motion is at the heart of 
functional protein dynamics, because correla-
tion extends the length scale of mobility from  
a few ångstroms to, potentially, the entire 
length of the molecule. To illustrate the impor-
tance of correlated motions, consider the fact 
that they are an absolute prerequisite for every 
model of allostery, where binding of ligands  
at one site on a protein influences the activity 
of distant sites.

To address this problem, van den Bedem  
et al.1 combined the fully automated detec-
tion and modeling of alternative conforma-
tions with an important physical insight: 
atoms cannot get closer to each other than the 
sum of their van der Waals radii. Therefore, 
if the experimental data indicate that two 
amino acids are sampling conformations that 
would clash with each other if simultaneously 
occupied, their motions must be correlated 
to avoid this clash (Fig. 1). The method of 
van den Bedem et al.1, CONTACT, identifies 
all sets of spatially correlated residues in the 
structural model and then constructs net-
works from them. These networks are candi-
date pathways through which motion at one 
site can influence other distant sites and thus  
affect protein function.

Validating a network model of correlated 
motion is challenging, and van den Bedem 
et al.1 chose two well-established systems to 
show that their method works. The first was 
cyclophilin A, where CONTACT provided an 
unprecedentedly detailed view of networks 
of correlated amino acids that agree with and 
help rationalize prior studies4. The second  
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An algorithm called CONTACT identifies correlated side-chain motions 
in proteins from X-ray crystallographic data, providing insights into 
dynamics and function.

Most proteins have well-defined three dimen-
sional structures that are intimately connected 
to their biological functions. Although the 
central relationship between protein struc-
ture and function has been appreciated for 
over six decades, structural biologists have 
more recently recognized that dynamic excur-
sions from this average structure also have a 
critical role in protein function. For example, 
phenomena such as allostery and promiscu-
ous ligand binding can only be understood in 
light of the ability of proteins to sample mul-
tiple conformations. X-ray crystallography is 
the premier technique for macromolecular  
structure determination but has tradition-
ally and erroneously been viewed as provid-
ing only a ‘static snapshot’ of molecules. In 
this issue of Nature Methods, van den Bedem 
et al.1 report an exciting new method (con-
tact networks through alternate conformation 
transitions or CONTACT) for determining 
correlated displacements of amino acid side 
chains from X-ray crystallographic data in an 
automated fashion. For the first time, highly 
detailed maps of correlated side-chain motions 
in proteins can be created, providing a direct 
view of the dynamical paths that allow distant 
sites on a protein to communicate with each 
other and modulate protein function.

X-ray crystallography is used to measure 
the scattering of X-rays by large numbers of 
(nearly) identical molecules in a crystal over 
the minutes to hours required to collect a 
complete data set. The diffracted X-rays are 
measured and used to calculate an electron 

density map, which is the true result of an 
X-ray crystallographic experiment (not the 
structural models that are built to interpret the 
map and to make attractive figures). Because 
any change in the location of an atom in the 
crystal will result in changes in the diffracted 
X-rays, the electron density map contains 
information about the probability that each 
atom in the molecule is located in a particular 
region of space. This map is therefore a rich 
repository of information about the full extent 
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is a far cry from the ‘static snapshot’ view of 
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they must account for atomic mobility in their 
models to obtain the best fit to the measured 
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clear evidence that amino acid side chains exist 
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build these conformations into the structural 
model. Like many aspects of model building, 
this process relies heavily on high-quality data 
but also on less objective factors such as the 
astuteness of the model builder and the often 
subjective interpretation of weak features in 
maps. As a consequence, most manually built 
alternate conformations are conservative  
representations of the data that underestimate 
the true extent of conformational plasticity  
in proteins.

Recent studies have shown that this con-
servative model building, coupled with the 
now nearly ubiquitous collection of data  
at cryogenic temperatures, has resulted in a 

substantial underreporting of alternate amino 
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system was Escherichia coli dihydrofolate 
reductase (DHFR), where computational and 
solution NMR spectroscopy data had indicated 
distributed motions of potential functional 
importance and for which several mutants 
with altered catalytic properties are available5. 
Contrary to expectation, CONTACT found 
a larger network of correlated residues in a 
catalytically crippled N23PP,S148A mutant of 
E. coli DHFR than in the wild-type enzyme, 
which may indicate an increased sampling 
of catalytically compromised conformations. 
Although the debate about the role of dynam-
ics in E. coli DHFR catalysis is not yet settled6,7, 
the CONTACT analysis adds valuable new 
information to the ongoing investigation of 
this interesting system.

Happily for future methods developers, 
there is an opportunity to improve the mod-
eling of mobility in crystallographic data.  
Out of necessity, van den Bedem et al.1 used a 
stringent steric overlap criterion for determin-
ing which residues are correlated. However, 
more subtly correlated motions will be missed 
with this approach and are difficult to experi-
mentally characterize. A possible solution to 
this is the use of X-ray diffuse scattering data, 
which contain information about all correlated 

motions in the crystal. The value of diffuse 
scattering data has been known for decades8,9, 
but, owing to multiple technical challenges, 
these data are still routinely discarded10. 
Future improvements in this direction will 
allow the full extent of X-ray diffraction from 
crystals to be collected and analyzed, thus  
providing a fully integrated view of the  
connection between protein structure and  
correlated motions.
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Figure 1 | Using clashes to determine correlated motions. (a–d) Two neighboring leucine side chains 
are labeled residues 1 and 2. CONTACT analyzes the electron density map (blue) to identify neighboring 
residues that sample alternate conformations, such as these. Scenarios where the side chains sample  
the conformation are shown in the darker, heavier line. The region in which atoms from each residue 
would sterically conflict is shown with the red arcs. Because these two residues must avoid this clash, 
they can only simultaneously sample the dark-lined conformations shown in a–c. In d, simultaneous 
sampling for the dark lined conformations is prohibited, with red arcs indicating a clash. Therefore, 
the allowed motions of these side chains (green arrows in a–c) must be correlated. Experimentally 
determining the occupancies of the alternate conformations for both residues could be used to 
discriminate between scenarios shown in a–c.
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Diffuse scattering can distinguish 
different models of coupled heterogeneity
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Welberry et al, Acta B, 2011

called variational scattering which has a cloudy appearance of
scattered intensity over broad regions of reciprocal space.
Pioneering work on this type of scattering was carried out by
Caspar et al. (1988) who treated this scattering using a
description involving the ordered unit-cell content (structure
factor), a displacement factor and a truncation function which
took into account the range over which correlated motions
occur.

The second type (II) can be attributed to correlated motions
that occur at length scales larger than the unit cell. In this case
the diffuse scattering is more structured (often in the form of
streaks) and appears close to Bragg peaks. In an early paper
diffuse scattering of this kind (in orthorhombic lysozyme) was

interpreted by Doucet & Benoit (1987) in terms of correlated
rigid-body motions of molecules along rows within the crystal.

Further studies have been carried out on a number of
different systems including yeast initiator tRNA (Kolatkar et
al., 1994), tetragonal lysozyme (Pérez et al., 1996), tropo-
myosin (Chacko & Phillips, 1992) and calmodulin (Wall et al.,
1997). Most recently methods have developed that use elastic
network models to describe the motions in proteins (Riccardi
et al., 2009).

In this paper we report on some very distinctive diffuse
scattering that has been observed in a routine Bragg intensity
data collection from a crystal of the N-terminal fragment of
the Gag protein from Feline Foamy Virus. A single frame of
data is shown in Fig. 1(a) and a magnified region taken from
this is shown in Fig. 1(b). The enlarged image shows that the
form of the scattering is of diffuse rings that surround the
Bragg positions. An initial assessment of the scattering is that
it is quite distinct from either the type I or type II scattering
described above.

At the present time an analysis of the Bragg reflection data
has not yet yielded a crystal structure solution. It seems a
distinct possibility that the presence of the disorder that is
giving rise to the diffuse scattering may be a major contri-
buting factor in preventing structure solution using the Bragg
reflections. One of the aims of this paper therefore is to
determine the origins of the diffuse scattering with a view to
providing additional input to the structure solution strategy.

As a consequence, in trying to understand the origin of
these distinctive effects, we do not at this stage have recourse
to an average structure which can be used as a starting point
for model building.

2. Experimental data collection

The crystal was grown from the N-terminal 154 residues of the
Gag protein from the Feline Foamy Virus. This protein has a
molecular weight of 19 kDa and forms a tight dimer in solu-
tion. X-ray diffraction data were collected on a Rigaku
Micromax-007HF with an R-axis-IV detector using Cu K!.
213 individual 0.5! oscillation frames were recorded, which
represents a total crystal rotation, !, of 106.5!. Each frame
comprised 3000 " 3000, 100 " 100 mm pixels. The Bragg
reflection data obtained from these frames were indexed and
scaled in the space group P6122 with the dimensions a = b = 73
and c = 109 Å (see Table 1 for data collection statistics). Cell
content analysis establishes the presence of a single monomer
in the asymmetric unit with a Matthews coefficient, Vm, of
2.22 Å3 Da#1 and 44.6% solvent. The crystallographic c axis
was found to be inclined to the rotation spindle axis by
approximately 66!.

Individual reciprocal lattice sections were reconstructed
from the primary oscillation frames using the software
XCAVATE (Estermann & Steurer, 1998). After the initial
inspection to confirm that the raw diffuse data displayed
sixfold symmetry this symmetry was used to populate regions
of the patterns not recorded and to improve the overall signal
to noise by averaging.
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Figure 1
(a) A single frame of data collected from a crystal of N-terminal fragment
of the Gag protein from Feline Foamy Virus. (b) An enlargement of the
rectangular region highlighted in (a) showing the diffuse circular features
that occur in the vicinity of the Bragg peaks. A movie showing the
complete sequence of raw data frames is included in the supplementary
material.
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Long (microsecond) molecular dynamics simulations 
of crystals provide mechanisms for diffuse scattering
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Agreement of anisotropic features is currently moderate, 
improvements needed for sampling and scoring?
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New data sets are needed to  
advance diffuse scattering
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TLS models are poor at explaining diffuse 
intensities, but liquid like motions are better

Whole molecule Phenix TLSMD



Temperature perturbations expose the  
coupled protein conformations 

used by design, disease, and drugs

Conformational dynamics are at the core of  
three critical problems in biology

Protein Design Resistance Mutations Cryptic Allosteric Sites
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