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Protein functions are 
exerted by ensembles

Kay Group Wright Group Kern Group

Proteosome DHFR CypA

What is the structural basis for “allosteric” 
chemical shift perturbations?

What is the structural basis for protein 
dynamics and how do they relate to catalysis?



How can we discover 
the “structures” of 
alternative states?



Computation, X-ray structure comparisons, 
and multiconformer X-ray models generate 

hypotheses about alternative structures

Rosetta CS guided fragment placement 
(Bouvignies, Vallurupalli...Baker, Kay, 

Nature 2011)

DHFR structures with different ligands 
(Boehr...Wright, Science 2006)

Electron density from a single X-ray dataset 
(Fraser...Alber, Nature 2009)

!

!

Multiconformer Contact Networks



Alber Figure 1

X-ray crystallography is 
an ensemble experiment

0.3 and 1σ



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

Alber Figure 1

0.3 and 1σ

Visualize primary 
conformation

Alternative 
conformations

Alternative conformations+Hydrogens+Noise

Ringer is an assay for 
electron density

20-40% of residues are 
(unmodeled) polysteric



What are the alternative 
conformations of CypA?

Dorothee Kern



X-ray crystallography is normally 
done at low temperature

loop 

Humid  
air stream 

loop~100K 288K

“off label” use of 
Proteros FMS
BL12.3.1@ALS

MiTeGeN



Coupled side chain motions at 
RT explain NMR relaxation signal

Major <=> Minor

0.3 and 1σ

288 K100 K



A 3rd-shell mutant with parallel 
reductions in dynamics and turnover

Table 3), characteristic of slow exchange, while for group II residues
the field-dependence is quadratic (,a.5 2.0), characteristic of fast
exchange. Quantitative analysis of the group I residues yields a rate
constant of conversion from the major to minor state (k1) for
Ser99Thr CYPA of 1.06 0.3 s21 at 10 uC, in contrast to ,60 s-1 for
wild-type CYPA4. In the slow exchange regime of Ser99Thr, k1 is well-
determined and the major peak represents the true chemical shift of
the major state (Fig. 3b).

Given the slower conformational transitions in Ser99ThrCYPA,what
is the effect of thismutationon catalytic turnover? In aprotease-coupled

enzymatic assay19, the Ser99Thrmutant showed a 300-fold reduction in
the catalytic efficiency of the cis-to-trans isomerization of the peptide
succinyl-AlaAlaProPhe-p-nitroanilide (AAPF) (Fig. 4a). This large
reduction in catalytic efficiency resembles the effects of the Arg55Lys
mutation,which removes the active-site residue thought to promote the
chemical stepof the reactionbutdoesnot perturb the enzymedynamics4

or global structure (Supplementary Fig. 9). To separate the energetic
contributions to the binding and isomerization steps, we measured the
dissociation constants of the peptide substrate for the CYPA variants
using NMR titration experiments. Peptide affinity (KD) was weakened
only 3–6 fold by the Ser99Thr (6.76 0.8mM) and Arg55Lys
(11.36 2.5mM)mutations (Fig. 4a, Supplementary Fig. 10), suggesting
that the major effect of these mutations is on the catalytic turnover
number (kcat) and not on the dissociation constant of all enzyme-
substrate forms (KM).

To independently quantify the mutational effects on the rate con-
stant of the isomerization step (kcat

isom), wemeasured catalysis of the
cis/trans isomerization directly by ZZ exchange spectroscopy20

(Fig. 4b). These experiments detect the overall rate of converting
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Figure 3 | The Ser99Thrmutation shifts the equilibrium towards theminor
wild-type conformation and slows motions in the dynamic network in free
CYPA. a, Significant 1H–15N chemical-shift differences between Ser99Thr
and wild-type CYPA (red) propagate through group I residues (Arg 55,
Phe 113 and Ser 99 shown as black sticks). b, Linear amide chemical shift
changes (arrows) between wild-type (black), Lys82Ala (red) and Ser99Thr
(blue) CYPA reflect the inversion of themajor/minor equilibrium due to the
Ser99Thrmutation. c, Residues undergoing slow (red) or fast (blue)motions
on the NMR timescale in Ser99Thr (right) coincide with previously
identified group I (red) and group II (blue) residues in wild-type (left) CYPA
(amides in grey are prolines or overlapped peaks). d, Temperature
dependence of the apparent 15N transverse relaxation rate (R2

eff) at
increasing refocusing field strength (nCPMG) for group I (left) and group II
(right) in Ser99Thr CYPA reveal that the mutation impedes group I
conformational dynamics (REX< k1 andREX increaseswith temperature). In
contrast, group II residues are unaffected by the mutation and display the
opposite temperature dependence characteristic of fastmotions on theNMR
timescale. Dispersion curves were normalized to the intrinsic transverse
relaxation rate (R2

0) at 30 uC.
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Figure 4 | Impeded motions in the dynamic network severely reduce the
catalytic power of a chemically competent enzyme. a, Mutations affecting
the enzyme dynamics (Ser99Thr) or the chemical step (Arg55Lys) each
drastically reduce kcat/KM (ref. 19) by reducing the bidirectional
isomerization step on the enzyme (kcat

isom) and not substrate affinity (KD) of
CYPA. b, 1H–1H NOE-exchange spectra at 0.2 s mixing time showing
isomerization of the peptideAAPF (1mM) by catalytic amounts of wild-type
(black), Ser99Thr (green) and Arg55Lys (blue) CYPA. Assignments and

dashed lines connecting exchange (off-diagonal) and auto peaks are included
for wild type. Much higher concentrations of the Ser99Thr and Arg55Lys
variants are needed relative to wild-type CYPA to obtain similar exchange
peaks, reflecting severely reduced catalytic activity. c, The cis- and trans-
peaks coalesce (asterisk) for wild-type CYPA at the same enzyme
concentration as themutant forms due to its much greater activity. The only
remaining off-diagonal peak is a P3a-A2a NOE characteristic of a cis-prolyl
peptide bond.
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Rate of catalysis for
Ser99Thr reduced ~60x

NMR dynamics for
Ser99Thr reduced ~60x



From a single crystal at room temperature... 

... the protein “moves” to connect 
X-ray crystallography, NMR, and catalysisFraser... Alber

Nature, 2009



...so...how general is this 
cryogenic vs. 

room temperature effect?



30 X-ray datasets at 
both temperatures

• Sequence identical pairs at cryogenic and 
room temperature from the PDB+our lab

• both at high resolution (at least 2.0Å)

• isomorphous and in the same state 
(ligands, etc)

• with reflection data available so that we 
can re-refine and sample electron density

>95% of the PDB is at cryogenic temperatures



Folds are identical at cryo 
and room temperature

mean = 0.33 Å

trypsinogen
1tgt:1tgc



For many residues, freezing simply 
reduces harmonic motions

0.99 
N106 - 2wt4 - 2wlt



-0.25 
V53 - 3btk - 2ftl

Different 
Rotamers

0.46 

S109 - 1do6 - 1dqi

Changes in 
occupancy

0.81 

L98 - 3k0n - 3k0m

Alternative
Conformations

...but for other residues, 
freezing changes the ensemble
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~35% of residues are remodeled
by freezing

29% of all 
buried residues

with Henry van den Bedem (JCSG)
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Lattice contacts increase and 
proteins shrink upon freezing



Freezing reduces packing defects

...which can be transiently filled by 
alternative conformations

CypA

Room temperature void

Cryogenic  void
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Cryogenic RosettaHoles2 Score

Proteins are “better” 
packed when frozen

Software and help from 
Will Sheffler and David Baker, UWashington



Cryogen

Freezing slowly shrinks 
proteins, remodels side chains, 

and improves packing

Removing evidence of 
internal motions for 

many proteins? Fraser... Alber
PNAS, 2011



How do we 
(automatically) 

fit all this heterogeneity?

Henry van den Bedem
(SLAC/JCSG)



Davis...Richardson, Structure, 2006

Describing heterogeneity 
requires both backbone and 

side chain movement



Describing heterogeneity 
requires both backbone and 

side chain movement

Figure 8.
Backrub backbone sampling improves side chain prediction, as shown in these examples. The
fixed backbone prediction is shown in red and the backrub prediction is shown in blue. The
starting PDB structure is shown in green and the target mutated PDB structure is shown in
purple. Nitrogen and oxygen atoms are shown in light blue and red, respectively. Examples
are sorted by the improvement in mutant residue CĮ/Cȕ RMSD from fixed backbone to backrub
protocols. The modeled mutation M153F in 1KYO and 1LOJ is the same, but 1KY0 has a
leucine at positions 118 & 121 whereas 1L0J has a methionine at positions 118 & 121. In both
cases, backrub sampling correctly shifts the backbone at residue 153 and better recovers the
target side chain. In the last five examples, backrub sampling increases the CĮ/Cȕ RMSD but
improves the side chain prediction. CĮ/Cȕ and side-chain RMSDs are listed in Table 1. Images
were created using ICM Browser.
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Davis...Richardson, Structure, 2006



qFit starts from a 
traditional (unique) model

• For each residue (individually):

• fit anisotropic B-factors for the 
backbone

• seed backbone conformations 
into anisotropic envelope

• sample a neighbourhood of 
rotamers

van den Bedem...Deacon, Acta Cryst D, 2009



compute the “optimal” fit to 
electron density in real space

from >500 potential conformations only 1-3 
conformations are assigned non-zero occupancy



and connect residues together... 
so they look like backrubs!
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van den Bedem...Deacon, Acta Cryst D, 2009

1-2% drop in Rfree 
(at high resolution)



How can this help 
Rosetta?

Tanja KortemmeNoah Ollikainen Colin Smith
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Use alternative conformations from RT X-ray and 
qFit to test sampling methods



...but these moves are in isolation... 
coupled moves are harder...



Which excursions 
from the “structure” 

work together?

Henry van den Bedem
(SLAC/JCSG)



Relief of steric clashes by alternative 
conformations identifies pathways

X-ray-based compliment to MD-based methods: 
RIP (Agard), MutInf (Jacobson), etc



Ser99

Phe113

Met61

Gln63

What does a pathway of clash/
relieve interactions between 

alternative conformations look like?



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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



What does a pathway look like?
63B 63A

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

90o



Pathways can be linked 
together in contact networks

113

61

63

111
55

57

99

115122

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



For 40 proteins, pathways and networks are:

• more common... 
(increased number of pathways)

• more “global”...
(increased network participation)

• and longer...
(increased average pathway length, 
network size)

...at room temperature 
(compared to paired cryogenic data)

Can we use knowledge of networks 
for engineering and design?



What is the structural basis for 
“allosteric” chemical shift 

perturbations upon mutation?

Gira Bhabha Peter Wright



NADP 10510298
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room temperature 
networks (1.35Å)DHFR G121V ∆δ network graph

Contact networks predict 
chemical shift perturbations

no networks connected to this area at cryo



Contact network suggests 
NADP  couples subdomains

DHFR G121V ∆δ + NADP DHFR G121V ∆δ - NADP
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• Ensemble properties extracted from 
X-ray crystallography can be used to study 
radiation damage, cryo-protection, pressure - 
and to test new sampling/scoring methods in 
Rosetta

• Contact networks observed in 
RT X-ray data complement 
NMR chemical shift perturbations and 
relaxation experiments

• Discrete heterogeneity at RT, and often not 
cryo, implicated in ligand binding/resistance 
mutations (Shoichet), catalysis (Wright, Kern), 
and allostery (Fletterick)

• Having a structural mechanism for protein 
dynamics can be useful for engineering 
biological functions

Structure
Ensemble:Function Studies

Implications
• Electron/density/contains/more/than/unique,/
individual/snapshots

• Electron/density/sampling/defines/ensembles/of/
structures

• Ensembles/provide/new/information/about/
recognition,/enzyme/catalysis,/and/allosteric/
regulation

1.0�T
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