
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Beyond the Model and Into the Map: A Protein Abstract

Permalink
https://escholarship.org/uc/item/95j6g0mt

Author
Fraser, James Solomon

Publication Date
2010
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/95j6g0mt
https://escholarship.org
http://www.cdlib.org/


 

Beyond the Model and Into the Map: A Protein Abstract 
 
 

By 
 

James Solomon Fraser 
 

A dissertation submitted in partial satisfaction of the 
 

requirements for the degree of 
 

Doctor of Philosophy 
 

in 
 

Molecular and Cell Biology 
 

in the 
 

Graduate Division 
 

of the 
 

University of California, Berkeley 
 
 
 

Committee in charge: 
 

Professor Tom Alber, Chair 
Professor Michael Eisen 
Professor John Kuriyan 

Professor David Wemmer 
 
 
 

Fall 2010 



 

 



 1 

Abstract 
 

Beyond the Model and Into the Map: A Protein Abstract 
 

By 
 

James Solomon Fraser 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Tom Alber, Chair 
 

Proteins populate structural ensembles.  Defining these ensembles and understanding the role of 
the interconversions between structures is a grand challenge of structural biology.  My work 
addresses that challenge through the development and application of new methods to reveal 
sparsely populated structures.  Quantitative electron-density map interpretation, implemented in 
Ringer, provides an objective, systematic method to identify previously undiscovered alternate 
side chain substates that mediate conformational transitions in proteins. 
 
Next, I applied these methods to study the role of the interconversions of an enzyme, the human 
proline isomerase CypA, between two conformations during its catalytic cycle. Using the dual 
strategies of ambient-temperature X-ray crystallographic data collection and automated electron-
density sampling, I defined the previously undiscovered minor state as a network of alternate 
side chain conformations. A conservative mutation outside the active site inverts the equilibrium 
between the substates and  causes large, parallel reductions in the conformational interconversion 
rates and the catalytic rate. 
 
The temperature dependent differences in electron density observed with CypA led me to 
critically examine the assumption that crystal freezing does not significantly bias protein 
structure.  I found extensive remodeling of the crystal lattice upon freezing.  Crystal freezing also 
leads to improved packing through reduction of small voids and a reduction in protein volume. I 
used real-space electron density sampling to show that these voids can be transiently populated 
by alternate conformations in the room temperature ensemble. This work shows how crystal 
freezing biases our understanding of protein packing and can lead to differences in the spatial 
distribution of the dynamic features of protein side chains. 
 
These studies highlight the importance of conformational diversity in protein function.  By 
looking beyond the model and into the map, we can find that polysteric regions often populate 
conformations that resemble the structures populated along reaction or evolutionary trajectories. 
Thus, understanding polysterism yields insights into where a protein might visit during its 
reaction cycle and where it has been during its evolution. 
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Chapter 1 

A Protein Abstract 

1.1 Prelude 

In the late 1970s through 1988, Bill James revolutionized the scientific study of baseball 
statistics through the publication of a series of books called The Baseball Abstract.  It wasn’t so 
much that he changed the way statistics were collected (although, in time, he did), but rather, he 
changed the questions that were asked of them. Similarly, ensemble views of protein structure 
don’t change the way structural data are collected, but they do offer the opportunity to change 
the types of questions that we can ask about mechanism, evolution, and function. Often we lack 
the tools to get the answers to our most interesting questions. In baseball, Bill James provided 
methods to translate traditional statistics into what really mattered, Wins. But methods were 
lacking for evaluating the importance of defense and pitch-by-pitch location. The technology to 
answer these questions came more than a decade later with Zone Ratings and PitchFx – but the 
goal remained the same: to translate these measures into Wins. The modern biophysical toolkit 
includes sophisticated NMR techniques and high-resolution electron density maps. The goal 
remains the same as it has always been: to translate measures of dynamics and structure into 
what really matters, insight into protein evolution and function. Here, I discuss the evolution of 
these methods and the types of questions we aim to answer. The integration of diverse 
biophysical data will help us to better represent, understand, and manipulate proteins. 
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1.2 Introduction 

The analysis of protein structure begins, inevitably (usually it ends here, too, for which reason 
many people think that is all there is to the subject) with the evaluation of deposited models from 
the Protein Data Bank (PDB). Certainly there is much to be learned from these models.  There is, 
perhaps, even more to be gained by comparing different models, especially those of homologs or 
of the same protein bound to different ligands. Each of these analyses takes us a step closer to 
our goal: understanding “the wiggling and jiggling” of the atoms in a model of protein dynamics. 
Progress towards this goal depends critically on our ability to monitor structures and the 
transitions between them. To be sure that our observations are accurate, we need to understand 
the limits and errors inherent in our methods. Once we have defined structures, we must know 
which transitions are coupled to each other; this links structure to thermodynamics and provides 
molecular mechanisms for transitions. Moreover, just because we can observe a structure or 
transition does not mean it is important. Some wiggles and jiggles may be evolutionary accidents 
or thermodynamic curiosities. If, however, we get the details right and understand the methods 
properly, there is great promise in integrating protein structure and dynamics: the promise to 
reveal new insights about protein evolution and function; the promise to manipulate structures, 
transitions, and functions; and the promise to create new structures, coupled motions, and, 
ultimately, working proteins.   

This work is at the interface of enzymology and biophysics, an interface that has helped to 
develop many of our most profound ideas about the relationship between protein function and 
flexibility. These ideas have permeated our understanding of allostery, ligand binding 
interactions, protein design and evolution. The potential importance of protein flexibility was 
first promoted through Koshland’s induced fit hypothesis (Koshland, 1958). He proposed that the 
enzyme surface could be changed to a specific catalytically competent structure through 
interactions induced by the binding of the substrate. In this model, structural rearrangements 
strictly follow ligand addition. These ideas remained controversial during the time of the 
determination of the first enzyme structure, lysozyme (Blake et al., 1965; Ringe and Petsko, 
2008). Indeed, early proposals of the catalytic and inhibitor binding mechanisms of lysozyme did 
not invoke any protein rearrangements (Johnson and Phillips, 1965). However, moderate 
resolution inhibitor-bound structures of lysozyme revealed several small (0.5-2 Å) 
rearrangements of the protein side chains and backbone. As more protein structures, and 
especially structures of the same protein in different functional states, emerged, more dramatic 
examples of loop and subdomain rearrangements further validated the induced fit model.   

The central idea of the induced fit model – that proteins moved between discrete structures that 
changed only after perturbation – was strongly supported by X-ray crystallography. 
Crystallography, by its very nature, captures molecules that are homogenous in composition and 
conformation. The lack of conformational diversity within early protein models was a by-
product, at least partially, of the limited diffraction of the crystals. Large regions of disordered 
solvent molecules were recognized as a likely origin of resolution limits (Matthews, 1968).  
Solvent was also predicted to introduce a corresponding heterogeneity in proteins. These 
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observations introduced a paradox – in order to resolve heterogeneity, we need high-resolution 
diffraction, but heterogeneity limits diffraction.  

To resolve this apparent contradiction, pioneering studies of Frauenfelder, Petsko, Phillips and 
co-workers used an indirect readout of heterogeneity at moderate resolutions: B-factors (also 
called Debye-Waller factors, temperature Factors, atomic displacement parameters, and thermal 
parameters). The B-factor fits the decay of electron density surrounding the modelled mean 
position of an atom. Using atomic B-factors, they calculated the magnitudes of the spatial 
distribution of protein atomic movements without resolving independent discrete conformations. 
Frauenfelder and Petsko used crystals of myoglobin and variable diffraction temperatures to 
discover differences between the mobility of core and surface atoms (Frauenfelder et al., 1979). 
Their analysis suggested that conformational substates, particularly at side chains, exist within 
the crystal and that temperature can be used to manipulate the magnitude of motion within these 
substates. Phillips and co-workers showed a conservation of the distribution of B-factors 
between homologous proteins crystallized in different space groups (Artymiuk et al., 1979). 
They suggested that mobility was conserved through evolution and that regions of high mobility 
near the active site might play a significant part in biological activity. These groundbreaking 
papers, published back-to-back, heralded a new idea: there are interconverting structures, 
revealed by deeply considering experimental data, beyond the singular model of the protein. 

Eventually, the idea that a protein might interconvert between related structures (or substates) 
without any external perturbation (such as ligand binding) and the integration of ensemble views 
from protein folding called for a “new view” of protein function to improve induced fit theory 
(James and Tawfik, 2003). In the “new view”, the conformational changes of ligand binding are 
selected from a large ensemble. As with many “new” ideas, this idea was recycled from a great 
thinker of the past, Linus Pauling (Pauling, 1940). The pre-existing ensemble has 
thermodynamic advantages over the induction of entirely novel structures (Alber et al., 1983) 
and reconciles a more comprehensive model of allostery with structural biology (Monod et al., 
1965).  Since changes do not strictly follow ligand binding, as in induced fit, polysterism – the 
existence of a single protein in more than one conformation, independent of any conformational 
changes induced by ligand binding – is a prerequisite of the pre-existing equilibrium of the “new 
view”. Alternate conformations in high-resolution electron density maps (Teeter, 1984), 
comparisons of structures (Zhang et al., 1995), and combinations of crystallography and pre-
steady-state kinetics (James et al., 2003) have all been used to directly demonstrate polysterism 
in protein crystals. While crystallography has remained valuable for independently revealing the 
interconverting structures, evidence for importance of the conformational transitions has come, 
primarily, from solution methods. 

The rapid progress in solution NMR methods provided support and impetus for the “new view”. 
NMR provided indications of internal mobility first through aromatic ring flips (Wuthrich and 
Wagner, 1978). Modern relaxation-based methods have opened up the field of protein dynamics 
at a wide range of time scales (Mittermaier and Kay, 2006). Order parameters of fast (ps-ns) time 
scale dynamics can lead to many degenerate models of motion (Li and Bruschweiler, 2009). 
These measurements are limited to backbone amides and specific side chain residues and do not 
provide any information about coupling or correlated motion between sites (Trbovic et al., 2009). 
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Intermediate time scale motions revealed by CPMG (Carr Purcell Meiboom Gill, R2) or R1! 
relaxation dispersion methods yield information about two- or three-state differences in chemical 
shift, population, and exchange rates (Palmer and Massi, 2006). However, since distinct states 
are inferred due to differences in chemical shift, many types of motion can be invoked to explain 
the signal. Further, movement of surrounding residues, rather than the residue being probed, can 
drive the chemical shift differences.  The simultaneous fitting of relative population, exchange 
rates, and chemical shifts is generally underdetermined for an individual residue. This is 
normally overcome by implying a collective motion for a group of residues and jointly 
constraining their relative populations and interconversion rates (Mittermaier and Kay, 2006). 
Dispersion methods, therefore, can identify groups of residues that likely experience a collective 
exchange between states, but these methods do not provide a reference to a causal structural 
mechanism of the dynamic signal. 

To provide structural interpretations of these NMR dynamic measurements, ensemble calculation 
methods have begun incorporating dynamic restraints, in addition to traditional (NOE, scalar 
coupling, etc) restraints, to be satisfied over a group of structures (Lindorff-Larsen et al., 2005).  
Residual Dipolar Coupling (RDC) restraints have recently emerged as a popular method of 
providing both structural and dynamic information in these calculations, but it is often difficult 
tell whether the back-calculated ensemble-average RDCs truly capture the behaviours causing 
the signal (Baldwin and Kay, 2009; Lange et al., 2008). Additionally, many ensemble motions 
may give rise to the same averaged RDC signal and no information of coupled motions is 
recovered.  As we rely increasingly on knowledge-based potentials, such as Rosetta, to 
structurally interpret NMR observations (Cavalli et al., 2007; Raman et al., 2010), we need to 
critically evaluate how these potentials may bias the calculated ensembles (Chapter 4). All-atom 
molecular dynamics simulations, especially those at long time scales (µs-ms)  (Klepeis et al., 
2009), can be leveraged to overcome many of these biases and reveal structural transitions in 
atomic detail (Karplus and Kuriyan, 2005). 

Despite these challenges, integration of biophysical methods has provided spectacular insights 
into protein function, particularly enzymatic catalysis. For example, comprehensive 
crystallography of the dihydrofolate reductase (DHFR) catalytic cycle by Kraut and co-workers, 
led to an increased understanding of the catalytic mechanism and importance of conformational 
changes, even when interpreted in an induced fit framework (Bystroff and Kraut, 1991; Sawaya 
and Kraut, 1997). Subsequent NMR experiments, primarily from Peter Wright’s group, showed, 
with reference to the crystal structures, that diverse conformational fluctuations, including 
hydrophobic core rotamer exchange (Schnell et al., 2004) and loop motions (Boehr et al., 2006), 
are pre-existing in each functional state and may help to drive the catalytic cycle (Boehr et al., 
2010). Significant questions remain about the relationship between these conformational 
transitions and catalysis. Particularly, to what extent does substrate binding occur only to specific 
conformations of the ensemble? Does binding to high-affinity forms act like an equilibrium sink, 
or do weak interactions with low-affinity forms facilitate structural transitions to catalytically 
competent structures? Although we do not have a comprehensive theory of the relationship 
between dynamics and function, small-molecule inhibitors of DHFR that break the coupling of 
dynamic features represent a promising new therapeutic strategy (Mauldin et al., 2009).   



 

 5 

Work with other enzymes further demonstrates the power of defining the pre-existing ensemble 
to understand enzymatic catalysis (Henzler-Wildman and Kern, 2007; Henzler-Wildman et al., 
2007a; Henzler-Wildman et al., 2007b). However, improved methods are still needed to discover 
sparsely populated structures, to understand the mechanisms of conformational interconversions, 
and to translate these discoveries into testable hypotheses about protein function and evolution.  
In this work, I discuss the development of a new method, Ringer, to reveal structures hidden in 
electron density maps (Chapter 2). Using the proline isomerase cyclophilin A (CypA), I use 
Ringer to discover minor structures and mutations based on this analysis to test the importance of 
conformational interconversions to catalysis (Chapter 3). Unexpectely, the hidden structures of 
CypA were revealed only in room-temperature electron density maps due to the compression of 
the protein by conventional cryogenic data collection methods. This restriction of the 
conformational distribution at low temperatures may be a general property of proteins that biases 
our understanding of protein packing and structural diversity (Chapter 4). I conclude with a brief 
discussion of how coupled dynamic networks within proteins constrain both sequence and 
structural flexibility throughout evolution (Chapter 5). These studies point to a future where we 
discard the static PDB model as the sine qua non of protein structure, integrate more methods 
with more dimensions, and create A Protein Abstract. 
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Chapter 2 

Automated Electron-Density Sampling Reveals Widespread Polysterism in 
Proteins 

2.1 Abstract 

Although proteins populate structurally diverse ensembles, X-ray diffraction data are 
traditionally interpreted using a single model built into the resulting electron density. To search 
for evidence of polysterism (alternate conformations) in protein crystals, we developed a 
program, Ringer, which systematically samples electron density around the dihedral angles of 
protein side chains. In a diverse set of 402 structures, Ringer identified weak, non-random 
electron-density features that suggest of the presence of hidden, sparsely populated 
conformations for >18% of initially uniquely modeled residues. Although these peaks occur at 
electron-density levels traditionally regarded as noise, statistically significant (p < 10-5) 
enrichment of peaks at successive rotameric ! angles validates the assignment of these features 
as unmodeled conformations. Weak electron density corresponding to alternate rotamers also 
was detected in an accurate electron density map free of model bias. These results show that the 
signal in high-resolution electron density maps extends below the traditional 1 " cutoff. 
Traditional "-scaled maps present significant limitations for direct interpretation of the 
occupancy of newly discovered alternate conformers. These limitations can be overcome by 
outputting electron density maps on “volume-scale” and empirically correcting for the missing 
F(000) reflection. We introduce examples of absolute map scaling, an approach that will be 
critical to enable quantitative comparisons between maps from non-isomorphous crystals. 
Overall, we find that crystalline proteins are more polysteric than current crystallographic 
models. Ringer provides an objective, systematic method to identify previously undiscovered 
alternate conformations that mediate conformational transitions in protein folding and function. 
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2.2 Introduction 

Understanding structural ensembles and dynamic properties of a protein can yield valuable 
insights into the forces governing folding (Vendruscolo, 2007), ligand binding (Frederick et al., 
2007), catalysis (Boehr et al., 2006; Fraser et al., 2009), signalling (Li et al., 2008), and evolution 
(Tokuriki and Tawfik, 2009). Recent developments in NMR spectroscopy have provided new 
insights into the relationship between structure, function, and dynamics (Mittermaier and Kay, 
2006). X-ray crystallography complements these techniques by providing detailed structural data 
on the nature of the conformational transitions between discrete alternative conformations. The 
interpretation of protein motions from crystal structures is traditionally limited to direct 
observation of conformational differences in independent molecules within the same asymmetric 
unit (Henzler-Wildman et al., 2007) or independent crystal structures (Best et al., 2006; Zhang et 
al., 1995). However, there is evidence that protein crystals retain much of the solution state 
dynamics and can provide information about the spatial distribution of protein motions. For 
example, proteins in crystals exchange hydrogens with solvent (Niimura et al., 2006), undergo 
reversible conformational changes (Rasmussen et al., 1992), and catalyze chemical reactions as 
complex as DNA polymerization (Johnson and Beese, 2004).  

In contrast to this evidence for flexibility, ~95% of residues in the crystal structures in the 
Protein Data Bank (PDB) are modeled by a single conformation. Indirect evidence from B-
factors or ultra-high resolution structures has suggested that polysterism of protein side chains, at 
the level of discrete rotameric states, should approach or even exceed 50% of all residues 
(Frauenfelder et al., 1979; Wang et al., 2007).  However, crystal structures are typically built by 
modeling a single conformation into electron density maps contoured at 1 standard deviation (!) 
greater than the mean electron density of the unit cell. This 1 ! level is the commonly accepted 
boundary between the signal from the molecule and the noise in the disordered solvent region of 
the electron density map (Jensen, 1997). At high resolution, discrete disorder can be modeled 
explicitly with the placement of alternate conformers into the electron density. To describe 
localized harmonic motions, atoms are assigned B-factors (also known as atomic displacement 
parameters, Debye-Waller factors, temperature factors, or thermal factors) that represent a 
Gaussian spread of the electron density of the modeled atoms. To represent large-scale and 
collective motions, refinement may also include grouped anisotropic B-factors (Winn et al., 
2003). Because they combine contributions from motions, static disorder and model errors into a 
Gaussian decay of calculated electron density surrounding the mean positions of atoms, B-
factors can disguise discretely disordered alternate side-chain and main-chain conformations 
(Davis et al., 2006; Kuriyan et al., 1986; Shapovalov and Dunbrack, 2007).   

To account for structural diversity, recently developed methods leverage unsupervised automatic 
refinement programs to build many models simultaneously into the electron density (Furnham et 
al., 2006; Levin et al., 2007). These methods, however, are subject to model bias and local errors 
in individual models (Terwilliger et al., 2007). A computational method that explores large 
numbers of side chain conformations to more fully explain electron density has also been 
described (van den Bedem et al., 2009). Despite the addition of numerous atoms to the structural 
model, these methods generally afford only limited improvements in the Rcryst and Rfree values. 
Concerns that the reduced ratio of experimental observations to refined parameters can lead to 
models that are over-fitted when compared to individually refined structures, especially at 
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moderate or low resolution, have historically limited the adoption of multi-copy refinement 
methods (Chen and Chapman, 2001). Moreover, these broadened ensembles still do not capture 
the full range of structures accessible to proteins as evidenced by independent crystal structures 
or solution NMR experiments.   

To determine if electron density maps contain signals for small populations of alternate side-
chain conformations, we developed a computational method, Ringer. Ringer automatically 
samples electron density around the side-chain dihedral angles of a protein model and identifies 
peaks that correlate with structural features. Using Ringer, we uncovered evidence suggesting 
unmodeled alternate conformations in over 18% of side chains in a diverse set of 402 high-
resolution structures. Evidence for small populations of alternate rotamers was also detected in 
an unusually accurate, experimentally phased electron density map, indicating that the signals 
from these low-occupancy conformers do not arise from phasing artifacts or model bias. These 
alternate structures can provide a spatial distribution of the dynamic features of proteins. In 
general, these results indicate that systematic sampling of weak electron density features reveals 
conformational diversity that has been overlooked by traditional model building and refinement 
practices. These newly characterized conformations can be used to provide insights linking side-
chain dynamics with protein function.  Furthermore, this work suggests that electron density 
should be interpreted directly, replacing models or ensembles, to quantify and visualize the 
distribution of the dynamic features of proteins.  

2.3 The Ringer procedure 

We developed the program Ringer to systematically sample electron-density maps in rings 
around each side chain dihedral angle (Figure 2.1a). Sampling positions for C, O, N, and S were 
defined using idealized bond lengths and angles that extend between the third and fourth atoms 
of the dihedral angle (e.g. between the ! and the " atoms for #1). Preliminary analysis of high-
resolution structures revealed three general trends in the Ringer plots of electron density versus # 
angle: residues with a single peak in the electron density (Figure 2.1b.I), residues with multiple 
peaks that are already modeled as multiple conformations (Figure 2.1b.II) and residues with 
multiple peaks in the electron density that are modeled as a single conformation (Figure 2.1b.III). 
The second and third highest peaks of uniquely modeled residues generally occur at electron 
density levels below 1 $. We sought to establish whether this range of electron density, often 
disregarded as noise, contained meaningful information about alternate conformations. 

2.4 Ringer peaks are common at low electron density levels 

To assess the generality and significance of the weak secondary peaks of uniquely modeled 
residues, we ran Ringer on 402 high-resolution (!1.5 Å) crystal structures from the Protein Data 
Bank. To reduce the effects of model bias, we calculated omit electron-density maps (Vellieux 
and Dijkstra, 1997). We used Ringer to sample the electron density at the dihedral angles of 
~67,000 side chains that are unbranched at #1 (i.e. Ser, Gln, Asn, Glu, Asp, Arg, Lys, Met, Cys, 
Leu, Phe, Tyr, Trp, and His). Because we identify alternate conformations based on electron-
density peaks other than the modeled the primary peak, we excluded from this analysis !-
branched residues (Ile, Val and Thr) that show two intense #1 Ringer peaks. We also excluded 
residues that are currently modeled in multiple conformations (5.1% of the side chains). Of the 
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uniquely modeled residues analyzed, 31.6% had more than one peak at greater than the mean 
electron density for each map (0 !). These secondary and tertiary peaks of uniquely modeled 
residues generally occur at electron density levels below 1 ! (Figure 2a).  

2.5 Alternate conformers are enriched over hydrogen at greater than 0.3 !  

Although Ringer samples the electron density at distances corresponding to the heavy-atom 
(non-hydrogen) bond lengths (e.g. 1.53 Å for a sp3 C-C bond), the weak electron-density features 
may arise from noise, alternate conformers, and/or hydrogen atoms (with a C-H bond distance of 
approximately 1 Å). To distinguish these possibilities, we established a characteristic level of 
electron density that maximized detection of heavy atoms and minimized the signal from 
hydrogen atoms. To estimate the electron density contributed from hydrogen atoms and noise, 
we analyzed Ringer peaks of the 8565 alanines in the test set. The peaks from alanine residues 
generally occurred at low ! values when sampled by Ringer at ideal carbon-carbon bond lengths 
and angles (Figure 2.2a).  

Since the electron density surrounding alanine residues only contains density contributed by 
hydrogens or noise, we reasoned that heavy (C,N,O,S) atom contributions predominate at 
electron density levels where the discovery rate of unmodeled secondary peaks for unbranched 
"1 residues exceeds the discovery rate of primary alanine peaks. The ratio of alanine peaks to "1 
secondary peaks is consistent from 0.1 to 0.2 !. However, at electron density levels !0.3 !, the 
frequency of "1 peaks is enriched over alanine (Figure 2.2b) and continues to rise as the 
electron-density level increases. These results suggest that secondary Ringer peaks #0.3 ! are 
likely the result of the heavier atoms of alternate side-chain conformations. 

Applying this new threshold to the uniquely built side chains in the test set of 402 structures, we 
found 11.8% of residues display "1 secondary peaks !0.3 !, suggesting the widespread presence 
of small populations of alternate conformers. Sampling around "2, "3, and "4 reveals secondary 
peaks for 12.5%, 18.1%, and 26.0% of side chains, respectively (Table 2.1). In total, Ringer 
discovers at least one secondary peak !0.3 ! for 18.5% (12,476/67,487) of all uniquely modeled 
side chains analyzed in the test set.  

2.6 Ringer peaks occur at low energy positions 

If these peaks represent minor conformers rather than noise, then the distribution of peaks in 
dihedral space should be non-random.  Specifically, the distribution should be biased towards 
low-energy rotational isomers (rotamers) (Janin et al., 1978; Lovell et al., 2000; Ponder and 
Richards, 1987). Indeed, the distribution of secondary "1 peaks !0.3 ! is strongly enriched at the 
rotameric angles of 60°, 180°, and 300° (Figure 2.3a). The tertiary peaks show a similar 
distribution but at a lower rate of discovery (Figure 2.3a). To assess the significance of this 
distribution, we compared the angular difference from of each secondary peak to the nearest 
ideal rotameric angle to a random distribution (Figure 2.3b). This analysis showed that secondary 
"1 Ringer peaks were enriched at " angles within 30° of ideal rotameric angles. We observed a 
similar trend for peaks at the other three side-chain dihedral angles ("2-"4; data not shown). 
Thus, both the comparison to alanine residues and the rotameric angular distributions suggest 
that Ringer peaks !0.3 ! may reflect contributions from alternate conformations of side chains.  
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2.7 Longer residues have correlated Ringer peaks at !1 and !2 

The conclusion that the alternate !1 Ringer peaks represent alternate rotamers predicts that 
sampling around successive ! angles of an unmodeled conformer should show peaks for the 
remainder of the side chain. Accordingly, peaks at subsequent dihedral angles should also be 
enriched at rotameric angles. To test these predictions, we analyzed ~6,500 non-aromatic side 
chains that are unbranched at !1 and have a heavy atom at the " position (i.e. Arg, Asn, Asp, 
Gln, Glu, Leu, Lys, and Met). We placed a simulated C# atom at the secondary !1 peak and used 
this simulated C# atom to define a new !2 sampling radius (Figure 2.4a). Using this strategy, 
83% of secondary !1 peaks !0.3 $ had a peak at the derived !2 angle and bond length. The !1-
!2 correlation forms a “checkerboard” pattern consistent with rotameric distributions of bonded 
side chain heavy atoms (Figure 2.4b, p-value < 10-5). A similar test for alanine peaks revealed no 
significant association between !1 primary peaks and !2 peaks extending from simulated C# 
atoms (data not shown). The enrichment of weak electron density features at these specific 
angular positions suggests that the Ringer plots detect populations of unmodeled alternate 
conformations.  

2.8 Ringer peaks reflect signal rather than Fourier errors or model bias 

To confirm that secondary peaks detected by Ringer derive from alternate conformers and are 
not the consequence modeling and refinement procedures, we analyzed an unusually accurate 
experimental electron density map of the 33-residue, designed coiled coil, RH4B (PDB ID 2O6N 
(Sales et al., 2007)). The electron density map was calculated at 1.1 Å resolution using multiple 
wavelength anomalous diffraction (MAD) data collected from a Yb3+ derivative with an average 
phasing power >7. Because this map is accurately phased, the electron density directly reveals 
the underlying conformational distribution and avoids model bias from a specific structure. 
Ringer identifies rotameric peaks !0.3 $ for 16 residues (Figure 2.5). This systematic 
identification of weak electron density features in an accurate, experimentally phased map 
supports the conclusion that the peaks are due to signal from low populations of alternate 
conformations rather than errors from model bias.   

To explore the influence of truncating the Fourier transform, we calculated an electron density 
map (Fcalc%calc truncated at 1.1 Å) directly from coordinates of an RH4B model that lacks 
alternate conformations. The Ringer plots showed no evidence for alternate conformations in this 
calculated map (data not shown). These results indicated that the weak density signal alternate 
side-chain conformations rather than truncation effects.  

2.9 Discovery of alternate conformers depends on resolution 

To explore the resolution-dependence of the Ringer peak discovery rate, we designed a test set of 
structures from 0.6 to 3.0 Å resolution. The discovery rate of unmodeled electron density 
features remains high throughout this data set (Figure 2.6a). However, as resolution decreases, 
the percentage of identified peaks that occur in rotameric positions also decreases (Figure 2.6b). 
These results suggest that Ringer can be applied to identify unmodeled electron density features 
in a wide range of resolutions, but, as expected, the correlation of these features with alternate 
conformations gradually decreases beyond ~2.0 Å. This resolution dependence is consistent with 
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other methods that rely on electron density sampling (Shapovalov and Dunbrack, 2007) or 
multiconformer re-building (van den Bedem et al., 2009).  

To further evaluate the sensitivity of Ringer, we analyzed a test set of perfectly phased, noise-
free, simulated electron density maps in which we set the occupancy, B-factor and resolution. In 
this set, a side chain in the structure of ubiquitin was computationally mutated to an ensemble 
containing primary and secondary conformations. The occupancy for the conformations was 
explored in 10% increments between 10–50% over a range of resolution from 0.8–2.8 Å. The B-
factors of the altered residue were set to 15 or 30 Å2.  This procedure was repeated for all side 
chains sampled by Ringer. For both B-factors tested, Ringer identified peaks !0.3 ! for all 
residues with 10% occupancy at 2.0 Å or higher resolution (data not shown). At 2.8 Å resolution, 
Ringer detected all side chains at 50% occupancy. These results coincide with the expectation 
that higher resolution data are needed to detect increasingly smaller populations of conformers. 

2.10 From relative to absolute scaling of electron density maps 

Ideally, Ringer plots would establish the occupancy of newly discovered features. Furthermore, 
we would like to be able to compare electron density between different crystal systems.  Both of 
these goals are hampered by adherence to traditional !-scaled maps. The convention of ! scaling 
was adopted because it is useful during the early stages of model building. Initial maps are noisy 
due to large phase errors due to inaccurate heavy-atom constellations or poor molecular models. 
As model building and refinement proceed, the conversion to !"level from the number of 
electrons in a voxel (electron density in e-/Å3) changes. Consequently, at later stages of 
refinement, non-random features are present at ! levels that formerly represented noise. In 
standard practice, however, electron-density maps are interpreted at the same 1 ! level 
throughout refinement. Since the physical relationship between electron density and ! is a 
moving target, it is difficult to justify interpretation of density based solely upon that threshold. 
These caveats also apply to the 0.3 ! threshold advocated above for Ringer peak interpretation. 

Difficulties in translating ! levels to a physically meaningful electron density maps (scaled in 
absolute e-/Å3) are compounded when comparing maps from different experiments.  The !  level 
is most obviously dependent on the volume occupied by disordered solvent, which contributes 
many voxels with very little electron density. The disordered solvent volume varies from 20-80% 
in protein crystals. In maps with large relative solvent volume, ! values for ordered protein 
atoms are systematically higher than for those with smaller relative solvent volume. To 
overcome this bias, we initially output and analyze a map scaled to Fcalc: a “volume-scale” map.   

In the volume-scale output, the relative differences between electron densities (for example, the 
density at the peak of a carbon with a B-factor of 20 versus the density at the peak of an oxygen 
with a B-factor of 20) are consistent between any two maps. However, the absolute values are 
different because the F(000) reflection, which is neither measured nor refined, is not included in 
the Fourier transform from structure factors to map. The absence of an F(000) reflection 
manifests in a constant offset between the relative volume-scale map and an absolute-scale map. 
To convert between volume scale and an absolute scale, we need to estimate F(000). 
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There are at least three ways to estimate F(000).  First, F(000) can be obtained from the 
refinement process itself. This approach is implemented without bulk solvent correction in 
Resolve (Terwilliger, 2004), but is lacking in the commonly used programs REFMAC (Winn et 
al., 2003) and phenix.refine (Adams et al., 2010). A refined Fcalc(000) will take into account all 
bulk-solvent and atomic contributions, but is not normally output since it lacks a corresponding 
Fobs term to which it should be compared. If implemented in phenix.refine, with its robust bulk 
solvent scaling, this would surpass the less direct methods described below. However, due to 
limitations in internal handling of Fourier series, this is not currently possible in phenix.refine 
(Nat Echols, personal communication).  

A second approach to derive F(000) is to sum the total number of electrons in the unit cell based 
given the composition of the protein, the ordered water, and the electron density of the mother 
liquor. For example, after correcting for missing reflections and phase error, Brian Matthews and 
coworkers used this technique to establish that a large cavity in T4 lysozyme was devoid of 
solvent (Liu et al., 2008). However, given the difficulty in establishing the composition of the 
mother liquor in most deposited structures, this approach is not tractable for data mining the 
PDB.     

Here, we introduce a scalable method that establishes a relationship between atomic scattering 
and ideal density. Using the standard library values of electron density dependent on atom type 
and the refined isotropic-equivalent B-factor, we can calculate the absolute expected electron 
density (Rho_calc) at the atom center (Bailey, 1994). We evaluate the electron density of a 
2mFo-DFc map at atomic peaks of backbone atoms (Rho_obs) and compare it to the calculated 
absolute density (Rho_calc) (Figure 2.7a). Since the volume-scale maps should be offset by a 
quantity proportional to F(000), the slope comparing the two Rho values should be 1; however, it 
is generally between 0 and 1. This inconsistency arises because of incompleteness in Fobs, figure-
of-merit-scaling of the map, and the linear approximation in estimating the atomic centre from 
the surrounding grid. Incompleteness can be accounted for by sampling a map where missing 
Fobs are filled with Fcalc. Figure-of-merit-scaling can be accounted for in two ways: a) removing 
the weights during map calculation or b) normalizing each grid point by the average figure-of-
merit. The linear approximation for estimating the atomic peak height is map-grid resolution 
dependent and improves as sampling approaches the limit of infinite grid points.  However, 
increasing grid sampling leads to increasing maps sizes that are computationally intractable. In 
the future, we may attempt to remove this bias by estimating the atomic peak electron density 
using spline rather than linear fits.   

Applying this empirical absolute scaling procedure to our test set of ~400 structures results in 
F(000) estimates that are universally positive and comparable to those derived from Resolve. 
However, the correspondence between calculated F(000) and our estimates remains to be 
examined quantitatively. This method is appealing for practical map interpretation since it 
guarantees that the peak height of an isolated atom of a given B-factor yields the same absolutely 
scaled density in any map regardless of solvent content or resolution.  It is also clear that the 
F(000) correction does not yield a positive density for all grid points. These negative values are 
likely caused by the limitations of Fourier series at finite resolution and noise in the maps. 
Because electron density must be non-negative, however, it is likely reasonable to set these 
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values to zero. Using this method, we determined 0.3 ! represents a range of density with an 
average density of 0.72 e-/Å3 (Figure 2.7b).  

Using a consistent electron-density threshold in different crystal systems improves the detection 
of interpretable Ringer peaks (Figure 2.8). Thus, an absolute map scale will improve the 
discovery of alternate conformations, guide the direct interpretation of occupancy from the map, 
and help set standards regarding the border between signal and noise in electron-density maps.   

2.11 Collapsing the Ringer plot enables quantitative comparisons  

In subsequent chapters, we use Ringer to qualitatively (Chapter 3) and then quantitatively 
(Chapter 4) compare the underlying conformational distributions of proteins from different 
experiments. The use of the harmonic B-factor approximation leads to misrepresentation of the 
conformational distribution during refinement (Kuriyan et al., 1986). Similarly, judging 
conformational diversity based on the weighted RMSD of ensemble models can under-represent 
the harmonic contributions within a rotameric well (Levin et al., 2007). Here, we propose a 
quantity, S2

cryst, which combines contributions from within- and between-well motion to enable 
comparisons of the side chain conformational distribution of deposited protein crystal structures. 
An order parameter (S2) can be calculated from any probability distribution function and varies 
between 0 (random isotropic motion) and 1 (zero entropy – fully ordered). Ringer outputs the 
electron density by dihedral angle--essentially, this is a real space probability distribution 
function. S2

cryst draws from the analysis of MD trajectories (Best et al., 2005) and NMR 
ensembles (Lindorff-Larsen et al., 2005) to calculate a crystallographic order parameter than can 
be compared directly to the solution NMR order parameter based on model-free analysis of the 
spectral density function (Lipari and Szabo, 1982) (Figure 2.9a). Our procedure is insensitive to 
backbone and out-of-plane motion and relies critically on scaling to set the zero-point of 
probability distribution function. However, S2

cryst accurately summarizes a range of side-chain 
rotamer distributions and is consistent between data collected at different limiting resolutions 
(Figure 2.9b).  

To compare two structures without reliance on correct scaling of electron density, we compute 
the correlation coefficient of electron densities by dihedral angle (Figure 2.9c). For example, 
residues that have a low correlation coefficient, but small "S2

cryst, suggest that the extent of 
mobility remains constant, but the dominant conformation has changed. 

2.12 Discussion 

In contrast to traditional crystallographic models, which generally represent proteins in “unique” 
conformations, direct sampling of the electron density by Ringer reveals evidence for small 
populations of alternate conformers. When applied after refinement and model-based phase 
improvement is normally considered complete, Ringer discovers polysterism at over 3.5 times 
the frequency that is currently modeled in the PDB. Multiple conformers are found for >18 % of 
unbranched residues in a test set of 402 high-resolution structures, in addition to the 5.1 % that 
are already modeled. It should be emphasized that the 0.3 ! cutoff applied here to identify 
alternate conformations is an operational threshold rather than an absolute lower electron density 
threshold. Among the reasons for this characterization are that the noise level in electron density 
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maps varies with phase accuracy and that 0.3 ! represents a different absolute electron density in 
different structures (Figure 2.7c). Additionally, since backbone shifts can accommodate 
additional alternate conformations that fall outside the Ringer sampling radius, the degree of 
polysterism detected by Ringer above 0.3 ! may represent a lower estimate of the alternate 
structures that have escaped detection in high-resolution X-ray crystal structures.  

The alternate conformers revealed by Ringer have remained hidden because they occur at 
electron density levels (0.3-1.0 !) that are generally ignored during model building. Although the 
1 ! approximation represents a reasonable operational cut-off for early stages of model building, 
it generally represents increasing electron density levels during later rounds of refinement.    
Moreover, complex combinations of overlapping multiple conformations may escape visual 
recognition during later stages of refinement – instead, these patterns are often interpreted at high 
contour as a single model. Because most unsupervised modeling programs generally fit to higher 
values of electron density, even these methods may miss conformations detected by Ringer. 
Notably, qFit rebuilds into electron density derived from finished models and works at lower 
electron density levels than other common programs (van den Bedem et al., 2009). From a 
statistical perspective, adding multiple conformers produces only small reductions in R-factors 
(Kuriyan et al., 1991; Levin et al., 2007), leading to concerns that the increased ratio of 
parameters to observations may not be justified and raising the question of how to validate each 
specific alternative model. However, the statistical enrichment of rotameric non-hydrogen Ringer 
peaks, the "1- "2 correlation of minor peaks around long side chains, and the discovery of 
rotameric peaks in a wide range of maps provide a consistent interpretation of these weak 
features in terms of alternate rotamers missed by traditional, subjective model-building practices. 
Thus, unlike automated refinement methods, Ringer provides direct evidence that there is 
additional signal in high-resolution electron density maps that is not captured by current 
modeling practices.  

Ringer enables automated, systematic identification of regions of conformational polymorphism. 
In contrast to manual methods, the program rapidly analyzes every residue in a model and 
applies consistent, objective criteria throughout the map to discover potentially polysteric side 
chains. Peaks detected by Ringer currently require manual inspection and building of alternate 
conformers. Corroboration of individual alternate conformers should be obtained from Fo-Fc 
difference density (Fraser et al., 2009), coupled backbone shifts (Davis et al., 2006), and 
connected electron density corresponding to the entire side chain (Figure 5). Non-rotameric 
peaks, which can arise from coupled main-chain shifts (Davis et al., 2006) or high-energy 
conformations, can be difficult to build by visual inspection. We suggest using Ringer iteratively 
with model building and occupancy refinement. Side-chain conformations added to the model to 
fit Ringer peaks should be validated by small improvements in map quality and interpretability, 
real space correlation coefficients between Fc and Fobs,, the consistency of B values or R/Rfree 
values. New methods of displaying weak electron density and refining occupancies may be 
necessary for both manual and automatic building of accurate ensembles. The high prevalence of 
side-chain polysterism also may require new methods of displaying protein models to adequately 
visualize the alternate structures in intuitive and informative ways.   
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Ringer is best used as an assay for “post-refinement” electron density to systematically detect 
low-occupancy structural features. The hidden conformational substates identified using Ringer 
provide clues to the functional roles of protein structural polymorphism and to assess the 
response of protein side chain distributions to perturbations including ligand binding, 
temperature changes and mutations. In CaM, for example, Ringer identifies side chains that 
undergo conformational population inversions and side-chain rigidification upon peptide 
binding, linking the structure to dynamic properties (Lang et al., 2010). Similarly, in human 
proline isomerase, Ringer was used to define the nature of a coupled conformational switch in 
the free enzyme that defines motions that occur during turnover (Fraser et al., 2009). In both 
cases, the alternate conformations identified by Ringer provide structural insights not available 
from any other experimental technique. 

The energetic consequences of shifts in the populations of alternate conformations depend 
critically on coupling. Independent conformers, for example, would contribute significantly to 
the residual entropy of the folded state (DuBay and Geissler, 2009; Sturtevant, 1977) . In 
contrast, dynamic contributions to catalytic turnover, allosteric regulation and signal 
transmission in proteins are contingent on the coupling of side-chain conformations over 
significant distances (Hardy and Wells, 2004). Ringer does not by itself define the 
interdependence of alternate conformations. Additional criteria – such as steric compatibility, 
similar occupancies across a network or information from other methods – are required to assess 
the coupling of alternative conformations. Nonetheless, by providing evidence for the structures 
of alternate conformations, the residue-specific identification of alternate rotamers derived from 
Ringer analysis of electron-density maps has the potential to illuminate the atomic motions that 
govern macromolecular functions.  

2.13 Methods 

Data sets 

Unless otherwise stated, PDB files and structure factors were downloaded from the PDB web-
site (www.pdb.org) based on a) the availability of the experimental X-ray amplitudes, b) 
resolution !1.5 Å, c) R-factor !0.22, d) lack of homology to other proteins in the test set and e) 
absence of nucleic acids. We were able to convert reflections and calculate omit maps (Vellieux 
and Dijkstra, 1997) for a total of 402 structures. For test structures >1.5 Å resolution, PDB files 
and structure factors were filtered to remove metalloproteins. The remaining structures were 
clustered by homology and selected for uniqueness. Representatives were chosen randomly to 
give an average of 44 structures for each resolution bin.  

Electron density maps 

To calculate electron-density maps, the structure factors were converted into MTZ format. If 
structure amplitudes (Fo) were deposited, they were used directly. Otherwise, the structure 
intensities were converted into structure amplitudes. The deposited models were used to 
calculate the structure factors (Fc) and phases to generate a 2Fo-Fc Bhat omit map with a grid 
spacing of one-third the resolution or finer (Vellieux and Dijkstra, 1997) as implemented by the 
CCP4 suite of programs (Bailey, 1994). 
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Ringer 

Ringer analyzes crystallographic electron density using atomic coordinate files in standard PDB 
format. The electron density maps can be computed from structure factors deposited in the PDB 
(as in this study), downloaded from the Uppsala Electron Density Server (Kleywegt et al., 2004), 
or calculated in the course of crystallographic refinement. Ringer reads electron density maps in 
CCP4, X-PLOR, and CNS file formats. The maps are then expanded to ensure they cover the 
entire model. In Sigma scaling, voxel electron density values in the maps are scaled to maintain a 
mean electron density of 0 ! and a standard deviation of 1 !. This scaling includes all voxels in 
the electron density and emulates the standard scaling in the commonly used modeling program, 
Coot (Emsley and Cowtan, 2004). For absolutely scaled maps, a volume-scale electron-density 
map is read into Ringer. The electron density level at each uniquely modeled backbone atom 
centre is calculated through an 8 point linear fit of the surrounding grid points. Given the total B-
Factor from the PDB, the absolute density is calculated based on the CCP4 scattering library 
definitions (Bailey, 1994). The fit of all atom observed rho versus calculated rho, yields a scaling 
slope and intercept that is applied to all grid points. 

Each " angle is defined based on the modeled side chains. The "1 angles are built starting at the 
backbone nitrogen. For residues with alternate conformations included in the model, the user has 
the option either to sample using the higher-occupancy conformation or to exclude the side chain 
from the analysis (skip_multi_conf). The bond length and angle used for moving the 
terminal atom (atom_sample_type) is controlled by one of three options defined by the user 
to be constant, experimental, or dynamic. For “constant” sampling, " angles are sampled with a 
bond length of 1.53 Å and angle of 111.1°. For “experimental” sampling, the heavy atom used to 
sample the map is placed at the bond length and angle found in the model. For “dynamic” 
sampling, the terminal heavy atom is placed at the bond length and angle defined in the AMBER 
parm99 parameter set (Cornell et al., 1995). With all sampling options, dihedral angles that 
terminate in hydrogens are sampled with a standard sp3 carbon bond length of 1.53 Å and angle 
of 111.1°.  

The dihedral angles are systematically sampled by absolute torsion angle in user-defined 
increments (chi_sample_degree). The electron density at each point is extrapolated from 
the map electron density in Cartesian space by trilinear interpolation. The electron density (in 
units of !) is plotted versus the sampled " angles for peak identification. We typically used 10° 
increments as this was the coarsest sampling that still captured the critical features of the electron 
density plots (data not shown).  

Peaks are identified as the maxima in the plots of ! vs. " angle above the user-defined lower cut-
off (lower_sigma_cutoff). Unless otherwise stated, we used 0.3 !. The peaks in order of 
height are called primary, secondary, tertiary, et cetera. The user has the option to write out the 
results to generate the Ringer plots for specific residues (write_sigma_plot and 
plot_residue) and the list of the identified peaks (write_peak_list).   

 The identified peaks are divided into " angle-based categories: "1 = Ser, Gln, Asn, Glu, 
Asp, Arg, Lys, Met, Cys, Leu, Phe, Tyr, Trp, and His; "2 = Gln, Glu, Arg, Lys, Met, and Ile; "3 
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= Lys, Arg, and Met; !4 = Lys and Arg. Because Ringer identifies alternate conformations based 
on density peaks beyond the primary peak, only unbranched torsion angles are chosen for each ! 
angle category. Arg, Asn, Asp, Gln, Glu, Leu, Lys, and Met residues were used for !1/!2 
“checkerboard” correlation analysis. Unless otherwise stated, rotameric conformations have ! 
angles of 60°, 180°, or 300° ± 30°. Ringer is implemented in Python and depends on the freely 
available software, Chimera (Pettersen et al., 2004). Data were generated using Chimera version 
1.3. 
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2.14 Tables 

Table 2.1 In a test set of 402 high-resolution structures, many uniquely modeled side chains 
have secondary peaks 

Chi 

Angle 

Total #  

Side Chains 

% with 

2° peaks 

% with 

rotameric 

2° peaks 

!1 58,608 11.8% 9.7% 

!2 26,712 12.5% 9.6% 

!3 11,554 18.1% 13.0% 

!4 10,051 26.0% 17.3% 

The fraction of uniquely modeled side chains with secondary electron-density peaks "0.3 #. Rotameric peaks are 
within 30° of ! values of 60°, 180°, or 300° 
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2.15 Figures 

Figure 2.1 Ringer systematically samples electron density in real space 

A, Ringer computes electron density (1.0 !, solid; 0.3 !, mesh) around idealized dihedral angles 
(cyan ring) extending from the modeled side chain (red). Shown here is Lys86 from a putative 
tyrosine phosphatase from Rhodopseudomonas palustris (PDB ID 2HHG). B, Ringer identifies 
several types of conformational polymorphism in the 1.0-Å-resolution electron density of oxy-
myoglobin (PDB ID 1A6M (Vojtechovsky et al., 1999)).  Left: the model is superimposed on the 
electron density map displayed at the standard cutoff (1.0 !, solid) and the mean electron density 
(0.0 !, mesh).  Right: plots of electron density (!) as a function of "1 angle. (I) Asp27: a single 
peak in the electron density distribution around a uniquely modeled residue. (II) Glu4: multiple 
peaks from multiple conformations (red, major; green, minor) in the model.  (III) Asn132: 
multiple peaks in the electron density interpreted with a unique conformation in the model. 
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Figure 2.2 Analysis of a test set of 402 high-resolution structures suggests a lower threshold 
for defining side-chain electron density  

A, Distribution of Ringer peak heights at the C-C bond length for primary (solid), secondary 
(short dash), and tertiary peaks (dash) for residues that are unbranched at !1. In comparison to 
the alanine primary electron density peak heights (dot), also sampled at C-C bond length, the 
secondary and tertiary peaks of longer side chains are enriched above 0.3 ". B, Lower electron-
density threshold that enriches for heavy-atom over hydrogen contributions at the C-C bond 
length. Discovery rate, calculated as the ratio of the number !1 secondary electron density peaks 
(normalized by the total number of !1 side chains) to alanine primary electron density peaks 
(normalized by the total number of alanines), is plotted versus the lower electron density cutoff 
(").   
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Figure 2.3 Weak electron-density features are enriched in rotameric positions 

A, Distribution of secondary peaks (solid line) !0.3 ! versus "1 angle shows a trimodal 
distribution strongly enriched for preferred rotameric positions. The distribution of tertiary peaks 
(dotted line) !0.3! shows a similar tri-modal distribution. In contrast, the distribution of 
quaternary peaks, which cannot physically correspond to chemical features of the side chains, is 
random (data not shown). B, Percent of the total secondary peaks within the indicated angular 
difference from ideal rotameric values. Peaks are enriched over a random distribution (dashed 
line) up to 30° from the rotameric values. 
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Figure 2.4 Ringer detects peaks at correlated !1 and !2 angles 

A, Peaks in electron density (1.0 ", solid; 0.3 ", mesh) are identified by sampling !1 (cyan ring) 
and then sampling !2 (purple ring) at idealized bond lengths from the !1 secondary peak (orange 
sphere). B, A histogram of secondary !1 peaks and primary !2 peaks built from the unmodeled 
!1 peaks. Cross-peaks are significantly enriched in rotameric positions (p-value < 10-5). 
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Figure 2.5 Ringer detects evidence for minor unmodeled conformations in an electron 
density map calculated with accurate experimental phases 

Ringer plots of electron density (!) versus "1 angle for three representative residues in the 
RH4B coiled coil (PDB ID 2O6N (Sales et al., 2007)). The orange line indicates 0.3 !. The 
experimental, MAD-phased electron density at 1 ! (solid) and 0.3 ! (mesh) is shown with the 
modeled conformations (red) for residues A, Gln5, B, Lys7, and C, Glu20. Structures of the 
minor rotamers (orange) have been added manually and are not the result of refinement. 
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Figure 2.6 Resolution dependence of Ringer peak detection at the 0.3 ! threshold 

A, Percent of unique residues unbranched at "1 with secondary peaks !0.3 ! over a range of 
resolutions (white). For reference, the percent of residues with modeled alternate conformations 
is indicated in black. B, The percentage of secondary Ringer peaks within 30° of rotameric 
angles over a range of resolutions.  
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Figure 2.7 Moving from volume scale to absolute scale 

A, Electron density for atomic centre fit from a linear fit of surrounding grid points (Rho_obs) 
plotted against the calculated density given the atom type (blue and green for carbon, red for 
nitrogen and cyan for oxygen) and B-factor (Rho_Calc(B)) for a 2mFo-DFc map calculated after 
refinement of 1BZR.  The best-fit line (purple) has a slope of 0.75 and an intercept of 0.3 (which 
corresponds to the density correction for F(000)). B, A histogram of absolutely scaled electron 
density that corresponds to 0.3 sigma across ~400 maps.  The average is 0.72 e-/ Å 3, which 
should reliably distinguish hydrogen from a fraction of a heavier atom such as carbon. 

A)       B) 
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Figure 2.8 Absolute map scaling improves Ringer sensitivity 

A, Sampling alanine and unbranched residues using absolutely scaled maps yields the electron 
density threshold that enriches for heavy-atom over hydrogen contributions at the C-C bond 
length (compare to sigma scaled maps in Figure 2.2b). This suggests that non-hydrogen peaks 
are enriched above 0.5 e-/Å 3 and that sensitivity of detection is increased. B, Distribution of 
secondary peaks (as in Figure 2.3a) at different electron density thresholds (in e-/Å 3) versus !1 
angle shows a trimodal distribution strongly enriched for preferred rotameric positions at both 
positive and negative electron density levels, suggesting that the F(000) compensation may be 
underestimated. \C, A histogram of secondary !1 peaks and primary !2 peaks (as in Figure 2.4b) 
built from the unmodeled !1 at positive electron density (in e-/ Å 3) suggests increased recovery 
of features compared to "-scaled maps. 

Electron Density (e-/Å 3) 
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Figure 2.9 Order parameters from electron density maps enable quantitative comparisons 
of the magnitude of polysterism for all residues 

a, A comparison of order parameters (S2) calculated from the Lipari-Szabo model free 
formalism, molecular dynamics trajectories and electron density maps.  b, S2

cryst
 derived from 0.8 

and 1.5 Å maps of alpha-lytic protease reveal a strong correlation of the spatial distribution 
independent of resolution. Several residues have S2

cryst < 0.7, suggesting rotameric 
interconversion. c, Two ringer plots can be compared to derive a correlation, shown here for 
Gln223 of alpha-lytic protease (correlation coefficient 0.88).  
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Chapter 3  

Hidden Alternate Conformations of Proline Isomerase Essential for Catalysis 

3.1 Abstract 

A longstanding challenge is to understand at the atomic level how protein dynamics contribute to 
enzyme catalysis. Traditionally, X-ray crystallography is used to provide snapshots of 
conformational substates sampled during enzymatic reactions (Henzler-Wildman and Kern, 
2007), while NMR relaxation methods reveal the rates of interconversion between substates and 
the corresponding relative populations (Henzler-Wildman and Kern, 2007; Mittermaier and Kay, 
2006). To understand the role of intrinsic conformational transitions on the efficiency of the 
catalytic cycle of an enzyme, it is necessary to simultaneously reveal the detailed atomic 
structures of the rare states and compare the conformational transitions of the free enzyme with 
those that occur during the catalytic cycle. Here we introduce dual strategies of ambient-
temperature X-ray crystallographic data collection and automated electron-density sampling to 
structurally unravel interconverting substates of the human proline isomerase, cyclophilin A 
(CypA). A conservative mutation outside the active site was designed to stabilize features of the 
previously hidden minor conformation. This mutation not only inverts the equilibrium between 
the substates, but also causes large, parallel reductions in the conformational interconversion 
rates and the catalytic rate. These studies introduce crystallographic approaches to define 
functional minor protein conformations and, in combination with NMR analysis of the enzyme 
dynamics in solution, show how collective motions directly contribute to the catalytic power of 
an enzyme. 
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3.2 Introduction 

It has become widely accepted that not only the chemical steps of an enzymatic reaction, but also 
protein conformational rearrangements contribute to the overall rate acceleration of enzymes 
(Boehr et al., 2006; Eisenmesser et al., 2005; Hammes-Schiffer and Benkovic, 2006; Henzler-
Wildman and Kern, 2007; Schramm and Shi, 2001). For human CypA, a peptidyl prolyl cis/trans 
isomerase, previous NMR relaxation-dispersion experiments revealed that millisecond time scale 
motions during catalysis occur in a “dynamic network” that could be described as a two-state 
interconversion between enzyme conformations bound to the cis- and trans- Pro substrates. 
Further, the free enzyme samples the same two conformational states on a similar time scale, but 
with the equilibrium shifted far toward one substate.   

Although these “major” and “minor” conformations are sampled during turnover, studies 
aimed at modeling the catalytic mechanism of CypA (Agarwal, 2004; Hamelberg and 
McCammon, 2009; Li and Cui, 2003; Trzesniak and Van Gunsteren, 2006) have focused on the 
substrate peptide and have not provided an explanation for the experimental observation of either 
the intrinsic or catalytic motions of the enzyme (Eisenmesser et al., 2002; Eisenmesser et al., 
2005). The structural origin of dynamic motions discovered by NMR relaxation-dispersion 
methods are normally rationalized by backbone or subdomain rearrangements (Henzler-Wildman 
and Kern, 2007). However, for the core and active site residues of CypA (group I in Eisenmesser 
et al., 2005), it is unlikely that backbone motion is responsible for this observed chemical shift 
differences between the major and minor states of the free enzyme.   Moreover, superposition of 
48 CypA crystal structures, including complexes with model peptides, inhibitors, and 
physiological substrates such as the HIV capsid protein (Howard et al., 2003; Ke and Huai, 
2004), shows no structural heterogeneity that could explain the measured differences in chemical 
shifts between the two conformations of the active site and core residues detected by NMR 
experiments (Figure 3.1).  In contrast, the surface loops of CypA (group II in Eisenmesser et al., 
2005) have significant conformational diversity in the different structures (Figure 3.1).  This 
result suggests that group II dynamics can be explained by conventional coordinated backbone 
motion, but that the structural basis for the interconversion between the major and minor 
conformation of group I is not driven by backbone heterogeneity. 

3.3 Differences in spatial distributions of residues between temperatures 

In search of the structure of the catalytically essential, minor conformer of free CypA detected in 
solution, we initially took a standard approach by extending the resolution of the crystal structure 
from 1.6 Å (PDB:2CPL) to 1.2 Å under cryogenic conditions (-173 ˚C) (Table 3.1). This high-
resolution structure, however, yielded no evidence for alternate conformations of the residues 
within dynamic network. In addition to using standard refinement and modeling approaches, we 
developed a new method, Ringer (Lang et al., 2010), that systematically samples the electron 
density around each dihedral angle to discover additional unmodeled side-chain conformers. In a 
test set of 402 structures determined at 1.5 Å resolution or higher, ~12% of the residues with 
unbranched side-chains have unmodeled secondary electron-density peaks in the range of 0.3–
1!, below the normal model-building threshold of 1!. Strikingly, these peaks are significantly 
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enriched at dihedral angles corresponding to low–energy rotameric positions, supporting the 
interpretation that the peaks reflect true minor populations.  

Applying the Ringer method to the CypA 1.2 Å resolution electron density identified 
discrete side-chain heterogeneity for active site residues Met61 and Arg55 (Figure 3.2). 
However, these alternate conformations were insufficient to explain the extension of the dynamic 
network away from the active site, particularly to the buried residues Leu98 and Ser99, which 
showed the largest differences in NMR chemical shifts between the major and minor conformers 
(Eisenmesser et al., 2002; Eisenmesser et al., 2005).  

To address this discrepancy between the X-ray and NMR analyses, we collected diffraction 
data at ambient temperature to explore the possibility that the low temperature of X-ray data 
collection might alter the conformational distribution in the crystal (Halle, 2004; Rasmussen et 
al., 1992). Using a temperature- and humidity-controlled goniometer head (Kiefersauer et al., 
2000), high-resolution (1.39 Å) data were collected from a single large CypA crystal at 15 ºC. 
The influence of radiation damage was limited by using short exposures and by moving the X-
ray beam to an unexposed spot on the crystal every 10 frames.  

Ringer plots of the electron density obtained at 15 ºC indeed uncovered 0.3-1 ! features for 
alternate rotamers of several residues including Leu98 and Ser99, in addition to the side-chain 
heterogeneity observed at cryogenic temperatures (Figure 3.3a). The fact that several alternate 
conformers were observed only in the electron density obtained at room temperature underscores 
that crystal freezing can alter conformational distributions.  

When modeling the minor conformation of Ser99, it became apparent that the side-chain 
hydroxyl group would clash with the side chain of Phe113. Inspection of the electron density 
surrounding Phe113 revealed an alternate conformation below the 1! threshold. To confirm this 
interpretation, we examined Fo-Fc difference density maps calculated without bias from model 
rebuilding and discovered features corresponding to the Leu98, Ser99 and Phe113 alternate 
conformers (Figure 3.3b,c; Figure 3.4). Ringer did not identify the Phe113 alternate rotamer due 
to a concomitant shift in the protein backbone that places C" within the envelope of the major 
conformer. We further confirmed the placement of this alternate conformation in an automated 
and unbiased fashion through refinement with the multiconfomer refinement program qFit (van 
den Bedem et al., 2009). Refinement revealed a network of alternate side-chain rotamers 
covering the entire active site and extending into the buried regions of the dynamic network 
previously detected in solution by NMR (Figure 3.3d).  

The room-temperature diffraction data analysis provides a potential structural explanation 
for the large chemical-shift differences between the conformational substates in free CypA 
calculated previously from the relaxation dispersion data. While there are only small backbone 
adjustments, the alternate side-chain conformations, particularly of Phe113, are predicted to 
dramatically alter the magnetic environment of the surrounding residues. Only a coupled switch 
of rotamers is consistent with the steric repulsion of major and minor rotamers, such as a clash of 
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the hydroxyl group of Ser99 in the minor rotamer with the side chain of Phe113 in the major 
conformer (“in” position) (Figure 3.3b). These observations afford a possible structural rationale 
for the collective nature of the conformational exchange observed by NMR.  

3.4 A mutation to probe the importance of conformational equilibria 

To critically test the model that both conformers are essential for catalysis, we designed a 
mutation distant from the active site to stabilize structural features unique to the minor CypA 
conformer. Ser99, a buried residue in the dynamic network located over 14 Å from the catalytic 
Arg55, was replaced by Thr to fill the space occupied by both Ser99 conformation. This 
conservative change (replacing a Ser99 !H with a methyl group) was designed to stabilize 
Phe113 in the “out” position by emulating the steric clash between the minor Ser99 conformation 
and the Phe113 “in” position. The crystal structures of the Ser99Thr mutant solved at 1.6 Å and 
2.3 Å resolution in two distinct crystal forms indeed showed Thr99 mimicking the alternate 
Ser99 conformations and Phe113 detected only in the exposed “out” rotamer (Figure 3.5). This 
change in rotamer populations was buttressed by 3-bond J-coupling solution NMR experiments 
showing that the dominant Phe113 "1 angle changed from +60º in wild-type CypA to -60º in the 
Ser99Thr mutant (Table 3.2). In the high-resolution crystal structure of the Ser99Thr variant, 
Met61 is seen in the minor rotamer of the wild-type enzyme, Leu98 populates both rotamers seen 
in wild-type CypA, and the conformation of Arg55 was altered due to intermolecular contacts in 
the crystal. In contrast, in the 2.3 Å-resolution structure of the Ser99Thr mutant determined using 
crystals that are roughly isomorphous to those of wild-type CypA, the electron density for Arg55 
is consistent with either of the two similar rotamers observed in the wild-type enzyme (Figure 
3.6). These results corroborate the conclusions that Ser99, Phe113, Met61 and possibly Arg55 
are conformationally coupled (Figure 3.5) and that the Ser99Thr mutation severely reduces the 
population of the major conformation seen in wild-type CypA.  

Connecting this interpretation of the crystal structures to the solution behaviour of the 
enzyme, NMR measurements detected amide chemical-shift differences between wild-type and 
Ser99Thr CypA in most active-site and core residues of the dynamic network (Figure 3.7a,b). 
Although it is tempting to speculate that the Ser99Thr mutation “traps” the minor state of wild-
type CypA based on our crystallographic data (Figure 3.5), NMR relaxation-dispersion analysis 
(Loria et al., 1999) of the mutant enzyme revealed conformational exchange in both regions that 
showed collective motions in the wild-type enzyme (Figure 3.7c). These regions include residues 
coupled to the active site (group I) and residues in the 65-85 loops (group II)(Eisenmesser et al., 
2005). In addition, for most of the group I residues, the peaks in Ser99Thr CypA shift relative to 
wild-type in the same direction as peaks in the previously characterized Lys82Ala variant, which 
displays a small increase in the population of the minor state (Eisenmesser et al., 2005). The 
Ser99Thr mutation, however, causes much larger shifts (Figure 3.7b), suggesting that the 
populations are inverted. Together with our crystallographic and NMR J-coupling data, these 
results show that the conservative Ser99Thr mutation remote from the active site shifts the 
structural equilibrium strongly towards a conformation that recapitulates key features of the 
previously undefined minor state of wild-type CypA.  
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In addition to this dramatic shift in the relative populations of the two substates, the 
Ser99Thr mutation also specifically slows the motions of only group I residues by at least two 
orders of magnitude pushing them in to the slow NMR time regime.  Relaxation-dispersion data 
at a single magnetic field strength or temperature is not sufficient to identify slow exchange 
(Millet et al., 2000). Here, however, the slow dynamics of group I are easily identified by the 
characteristic increase in dispersion amplitude with increasing temperature, while the fast 
dynamics in the group II loop region, unaffected by the mutation, are characterized by the 
opposite trend (Figure 3.7d; Figure 3.8; Figure 3.9). This analysis is further buttressed by the 
static magnetic-field dependence of the apparent REX-enhancement as determined by the ! value 
(Millet et al., 2000): at 25 ˚C  the REX of group I residues is independent of the static magnetic 
field strength (!=0.16, Table 3.3), characteristic of slow exchange, while for group II residues 
the field-dependence is quadratic (!=2.0), characteristic of fast exchange. Quantitative analysis 
of the group I residues yields a rate constant of conversion from the major to the minor state (k1) 
for Ser99Thr CypA of 1.0+/-0.3 s-1 at 10 ˚C, in contrast to ~60 s-1 for wild-type CypA. We note 
that in the slow exchange regime of Ser99Thr, only k1 is well determined and the major peak 
represents the true chemical shift of the major state (Figure 3.7b). However, analysis of 
relaxation data does not provide much information about the chemical shift or population of the 
minor state. The absence of the minor peak, in light of the estimated line-broadening, suggests an 
upper limit for this species of about 10%.  

3.5 Parallel effects on dynamics and catalysis 

Given the slower conformational transitions in Ser99Thr CypA, what is the effect of this 
mutation on catalytic turnover? In a protease-coupled enzymatic assay (Kofron et al., 1991), the 
Ser99Thr mutant showed a 300-fold reduction in kcat/KM of the cis-to-trans isomerization of the 
peptide succinyl-AlaAlaProPhe-p-nitroanilide (AAPF) (Figure 3.10a; Table 3.4). This large 
reduction in catalytic efficiency resembles the effects of the Arg55Lys mutation, which removes 
the active-site residue thought to promote the chemical step of the reaction but does not perturb 
the enzyme dynamics or global structure (Figure 3.11). To separate the contributions of the 
binding and isomerization steps, we measured the dissociation constants of the peptide substrate 
for the CypA variants using NMR titration experiments. Peptide binding (KD) was weakened 
only 3-6 fold by the Ser99Thr (6.7+/-0.8 mM) and Arg55Lys (11.3+/-2.5 mM) mutations (Figure 
3.10a; Figure 3.12; Table 3.4) suggesting that the major effect of these mutations is on kcat and 
not on KM.  

To independently quantify the mutational effects on the isomerization step (kcat
isom), we 

measured catalysis of the cis/trans isomerization directly by ZZ-exchange spectroscopy (Farrow 
et al., 1994) (Figure 3.10b-d). These experiments detect the overall rate of converting the entire 
substrate pool from the cis- to the trans-Pro conformation and vice versa. The Ser99Thr and 
Arg55Lys mutations reduce overall turnover by similar amounts compared to wild-type CypA 
(Figure 3.10b,c). Quantitative fitting of these exchange data (Farrow et al., 1994) (Figure 3.10d) 
indicates that the Ser99Thr mutation severely reduces the rate of the bidirectional isomerization 
step on the enzyme (1.9x102+/-20 s-1 for Ser99Thr compared to 1.3x104+/-800 s-1 for wild-type 
CypA). Strikingly, this reduction (~70-fold) parallels the upper bound for the reduction in the 
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rate constant of the conformational transition of group I residues to the minor conformation 
(~60-fold) in the free enzyme (Figure 3.7c,d).  

3.6 Discussion 

The similar reductions in rates of motions in the free enzyme and the rate of substrate turnover 
strongly suggest that the slowed fluctuations due to the Ser99Thr mutation underlie the reduction 
of the catalytic rate. These effects of this “molecular traffic-jam” mutation, which is remote from 
the active site, support the idea that the coupled motions of the dynamic network tied to the 
rotation of Phe113 play a key role in turnover. The conformational transition of Phe113 observed 
here suggests that the side chain rotation directly and distinctly impacts cis- and trans- forms of 
the proline-substrate during catalysis. Indeed, smaller (Zydowsky et al., 1992) or larger 
(Eisenmesser et al., 2005) replacements for Phe113 substantially decrease CypA activity, 
suggesting the wild-type enzyme occupies a narrow structural optimum for catalysis. Both the 
interaction of the Arg55 side chain with the substrate (Hamelberg and McCammon, 2009; Li and 
Cui, 2003), which facilitates the chemistry, and side-chain motions throughout the dynamic 
network, which enable facile interconversion of conformational states, are necessary for catalysis 
(Figure 3.10). Therefore, neither the dynamics nor active-site chemistry for lowering the 
transition state energy for the catalyzed reaction are sufficient to promote efficient turnover.  

Only by collecting X-ray diffraction data at ambient temperature did we observe agreement 
between the conformational substates detected using NMR and X-ray crystallography. This 
finding underscores pioneering studies by Petsko, Frauenfelder and coworkers demonstrating 
that the conformational distributions in crystals of myoglobin (Frauenfelder et al., 1987; 
Frauenfelder et al., 1979) and ribonuclease (Rasmussen et al., 1992; Tilton et al., 1992) are 
restricted at cryogenic temperatures. Unlike these classic studies, which accessed the manifold of 
crystal structures indirectly through reductions in protein volume, inhibition of ligand binding 
and reductions in crystallographic B-values at cryogenic temperatures, here we use Ringer to 
directly sample the electron density. This automated, systematic approach reveals alternate 
conformational substates. Our results emphasize that the common practices of crystal freezing 
and building models by visual inspection of electron density at the 1! threshold, rather than 
sampling the conformational distribution in the crystal through analysis of electron density, can 
eliminate information about functionally critical conformations. 

Our complementary results from NMR and X-ray crystallography for CypA demonstrate a 
general strategy to discover structural ensembles of interconverting substates, to identify which 
regions of enzymes couple to active sites, and to evaluate the roles of hidden, higher energy 
conformations in catalysis by other enzymes (Beach et al., 2005; Boehr et al., 2006). Particularly 
by identifying structurally remote residues that couple to the active site, defining the multiple 
conformations that contribute to function can afford a deeper understanding of the effects of 
sequence variation in disease and evolution (Tokuriki and Tawfik, 2009). Such knowledge may 
enable progress not only in understanding and manipulating the mechanisms of numerous 
macromolecular systems, but also in defining the manifold of conformations accessible to 
inhibitors and therapeutics (Lee and Craik, 2009). 
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3.7 Methods 

Crystallography  

The standard purification (Eisenmesser et al., 2005) was augmented with a Superdex S75 column 
(GE Healthcare) equilibrated in 20 mM HEPES pH 7.5, 100 mM NaCl and 0.5 mM TCEP. 
Orthorhombic (wild-type, Ser99Thr and Arg55Lys) crystals with P212121 symmetry were grown 
by hanging-drop vapour diffusion by mixing an equal volume of well solution (100 mM HEPES 
pH 7.5, 22% PEG 3350, 5 mM TCEP) and protein (wild-type CypA at 60 mg/mL and mutants at 
40 mg/mL). Trigonal (P3221) crystals of Ser99Thr CypA were grown similarly from 1.8 M DL-
malic acid. For cryogenic data sets (collected at 100 K), crystals were flash frozen in liquid 
nitrogen with well solution plus 15% xylitol as a cryoprotectant for the orthorhombic crystals 
and 10% glycerol for the trigonal crystals. Wild-type CypA cryogenic x-ray data were collected 
at Beamline 9-1 at the Stanford Synchrotron Radiation Laboratory. Ser99Thr and Arg55Lys 
cryogenic data sets were collected at Beamline 8.3.1 at the Lawrence Berkeley National 
Laboratory Advanced Light Source (ALS).   

Room-temperature X-ray data were collected at 15 ˚C with 96% humidity using the Rigaku 
free mounting device (Kiefersauer et al., 2000) at ALS Beamline 12.3.1. To limit the effects of 
radiation damage while maintaining high signal-to-noise, we collected short exposures (0.1 s) for 
180º with 1º oscillations. A large crystal (1 mm x 0.5 mm x 0.3 mm) was translated halfway 
through this rapid collection protocol. Following this initial low-exposure pass, an additional 
complete data set of 90º with longer exposures (1 s) was collected while translating the crystal 
every 10 frames. During data processing, we ensured that radiation damage had not degraded the 
data quality by subdividing the data into subsets of 45 frames and confirming that unit cell 
parameters, scale factors and !-square statistics were consistent throughout the dataset 
(Southworth-Davies et al., 2007). Due to the short total exposure time (108 s), the limited 
exposure of each spot on the crystal, the size of the crystal and the finite rate of crystal damage, 
the data were not significantly influenced by radiation damage. 

Reflections were processed using HKL2000 (Otwinowski and Minor, 1997). Structures 
were solved using PHASER(McCoy et al., 2007) through phenix.automr (Adams et al., 2002) 
with 2CPL chain A as the search model. To corroborate the features of residues 98, 99 and 113 
observed in the initial electron density, reflections were processed using MOSFLM, through 
ELVES (Holton and Alber, 2004), and XDS, through XIA2 (Kabsch, 1993), and the structures 
were additionally solved using 1RMH chain A as the search model. The features described in the 
text were consistent across electron-density maps calculated from data processed with all three 
programs and both molecular-replacement search models. During inspection of plots of electron 
density versus dihedral angle, Ringer peaks above 0.3" were used to guide placement of 
alternate conformers. This modeling process was performed iteratively using both conventional 
and simulated-annealing composite omit maps. 

Coordinates, atomic displacement parameters, and occupancy (where appropriate) were 
refined using phenix.refine (Adams et al., 2002) with manual rebuilding using COOT (Emsley 
and Cowtan, 2004). Validation was performed using MOLPROBITY (Davis et al., 2007) and 
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PROCHECK (Laskowski et al., 1993). Data collection, processing, refinement, and validation 
statistics are listed in Table S1. Structural figures were prepared using PyMol (Delano, 2008).  

Ringer  

Ringer (Lang et al., 2010), analyzes electron density in real space around the dihedral angles of 
the modeled side chains to discover unmodeled alternate conformers. For each residue, each 
side-chain dihedral angle is rotated in 10° increments, and the electron density value calculated 
using a cubic spline interpolation is tabulated at the position of the rotated atom. In sp3 geometry, 
for example, the sampled position is 1.53 Å away and oriented 111.1° from the preceding side-
chain carbon atom. In regions of electron density that are not occupied by modeled atoms, 
Ringer peaks >0.3! are significantly enriched at rotameric positions, and "1 peaks are strongly 
correlated with rotameric "2 peaks in long side chains, providing evidence that these features 
correspond to alternate conformers13. The contour level of 0.3! provides an initial working cut-
off to detect alternate rotamers in high-resolution electron density maps. Alternate conformers 
are modeled after inspection of the electron density maps for continuous or correlated electron 
density for the side chain and subsequently refined.  

Comparison of crystal structures 

Forty-eight CypA structures with 100% sequence identity were superimposed using Theseus 
(Theobald and Wuttke, 2006) and analyzed for backbone root-mean-square-deviation (RMSD) to 
establish regions of conformational heterogeneity or flexibility.  

NMR methods 

Unless otherwise specified, NMR samples consisted of 1 mM wild-type or mutant CypA in 50 
mM Na2HPO4 pH 6.5, 0.02% NaN3, 1 mM DTT, 10% D2O.  Constant-time relaxation dispersion 
spectra (Loria et al., 1999; Mulder et al., 2001) were collected in an interleaved manner on 
Varian INOVA 500 and 600 spectrometers and a Bruker AVANCE-800 equipped with a 
cryoprobe, processed using NMRPipe (Delaglio et al., 1995) software, and analyzed using 
NMRView (Johnson and Blevins, 1994) and custom scripts from the Kern Lab. Errors in peak 
intensities were estimated using the variance for non-exchanging peaks, signal to noise, and 
duplicate points. Errors for the fits were estimated using 200 Monte-Carlo simulations. CPMG 
relaxation dispersion data collected at 25 ˚C  at 500, 600, and 800 MHz not only constrained the 
fitted parameters but also provided # values for all residues (Millet et al., 2000). 

Dispersion curves were fit to the full Carver-Richards equation (Davis et al., 1994) 
confirming the results for wild-type CypA, where the exchange is in the intermediate to fast time 
regime (Eisenmesser et al., 2005). In contrast for Ser99Thr CypA, global fits of all dispersion of 
group I residues at all temperatures, assuming temperature independent !", unambiguously 
revealed exchange in the slow exchange regime (REX ~ k1, rate constant for efflux from the 
major state). Both numerical fitting and estimation of the amplitude of dispersion resulted in a 
same rate constant k1 at 10 ˚C within experimental error. We note that in the slow exchange 
regime of Ser99Thr, CPMG relaxation data and fitting them to the Carver Richards equation is 



 43 

not robust to determine chemical shift differences or populations. However, k1 is well 
determined in the slow time regime by the value of Rex.  

Chemical shift differences between mutant and wild-type backbone amides or side-chain 
indoles (Trp121) were considered significant when !! was greater than 0.05 ppm in the 1H 
dimension or 0.25 ppm in the 15N dimension. Three-bond J couplings were assessed using 
difference spectra (Hu et al., 1997). Dissociation constants for AAPF were obtained by titrating 
the peptide into a solution of 0.2 mM CypA at 6 ˚C and fitting the resulting chemical shifts to 
single-site exchange.  

The enzyme-catalyzed cis/trans isomerization rates at 6 ˚C in 100 % D2O were measured 
using 1H-1H NOESY spectra of 860 µM AAPF and fitting the data to equations for ZZ exchange 
(Farrow et al., 1994).  The bidirectional kcat 

isom was calculated from the fitted exchange rate 
using the KD measured in titrations and using populations for the cis and trans isomer 
determined from the intensities of the peaks in a NOESY spectrum with a mixing time of zero.  
The fits of the data for all three enzyme forms yielded the corresponding exchange rates (kex), 
but the same R1 values for the auto-peaks within experimental error. The bidirectional kcat 

isom 
was calculated from this kex using the following equations: 
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where visom is the reaction velocity, KM is the Michaelis-Menten constant, and [S] and [E] 
are substrate and enzyme concentrations, respectively.  For fast dissociation relative to the rate of 
the isomerization, KM " KD, so 

  

This yields a bidirectional  kcat 
isom  when one uses the KD averaged for the cis and trans 

isomers obtained from the titration experiments.  

Coupled enzymatic assay 

Kcat/KM for the enzyme catalysed cis-to-trans isomerization of AAPF was measured at 10˚C 
using the standard protease coupled assay (Kofron et al., 1991). 
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3.8 Tables 

Table 3.1 Data collection and refinement statistics 

 WT-Cryo WT-Room S99T-Room S99T-trigonal-
cryo 

S99T-
orthorombic-
cryo 

R55K-cryo 

Space Group P212121 P212121 P3221 P3221 P212121 P3221 

Cell Dimensions 

a, b, c (Å) 

42.4, 51.7, 88.6 43.1, 52.6, 89.3 60.4, 60.4, 95.5 59.7, 59.7, 94.3 42.5, 52.1, 89.1 64.2, 64.2, 93.6 

Resolution (Å) 50-1.25 

(1.29-1.25) 

50-1.39 

(1.44-1.39) 

50-1.55 

(1.61-1.55) 

50-1.65 

(1.71-1.65) 

50-2.31 

(2.39-2.31) 

50-2.42 

(2.51-2.42) 

Rsym 0.042 (0.564) 0.049 (0.525) 0.102 (0.441) 0.077 (0.410) 0.092(0.193) 0.131 (0.572) 

I/! 38.3 (3.6) 33.8 (1.9) 21.0 (3.0) 24.8 (2.9) 11.8 (3.7) 16.4 (3.9) 

Completeness (%) 99.7 (99.1) 99.2 (92.3) 90.8 (55.0) 99.2 (92.1) 87.3(48.4) 100 (100) 

Redundancy 7.4 (7.1) 7.4 (2.9) 13.3 (5.6) 7.4 (4.2) 3.3 (1.9) 9.8 (9.3) 

Reflections 54749 (5385) 41145 (3767) 27237 (1609) 23875 (2180) 7936 (430) 8900 (853) 

Rwork/Rfree (%) 12.9/14.9 12.2/16.0 10.7/14.8 14.7/17.6 17.6/24.7 17.7/23.6 

No. atoms       

• Protein 2740 3040 2447 2447 2482 2477 

• Water 269 132 119 218 95 59 

Average B-factors       

• Protein 
(Å2) 

13.66 23.68 20.14 15.24 27.61 33.96 

• Water 
(Å2) 

28.91 37.28 33.34 29.79 32.15 34.83 

R.M.S deviations       

• Angles 
(º) 

1.307 1.264 1.310 1.445 1.569 1.762 

• Bonds 
(Å) 

0.010 0.011 0.011 0.014 0.016 0.019 

Beamline SSRL 9-1 ALS 12.3.1 ALS 12.3.1 ALS 8.3.1 ALS 8.3.1 ALS 8.3.1 

Data collection 

 temperature 

100K 288K 288K 100K 100K 100K 

PDB code 3K0M 3K0N 3K0O 3K0P 3K0Q 3K0R 

The highest resolution shell is shown in parentheses. 
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Table 3.2 Aromatic 3-bond J (3J) couplings in CypA 

 WT Ser99Thr 

Residue 3JC’Cg (Hz) 3JNCg (Hz) 3JC’Cg (Hz) 3JNCg (Hz) 

Phe25 3.62 ± 0.11 0.78 ± 0.29 3.75 ± 0.09 0.75 ± 0.27 

Tyr79 3.31 ± 0.12 1.01 ± 0.32 3.39 ± 0.08 0.67 ± 0.34 

Phe88 3.64 ± 0.14 0.77 ± 0.31 3.28 ± 0.16 0.54 ± 0.36 

His92 3.64 ± 0.18 0.97 ± 0.36 3.91 ± 0.17 1.23 ± 0.33 

Phe113 1.12 ± 0.63 0.91 ± 0.32 2.77 ± 0.23 0.81 ± 0.41 

Phe145 3.35 ± 0.12 0.89 ± 0.24 3.49 ± 0.09 0.25 ± 0.76 

 

3J couplings between backbone atoms and Cg29, showing a change in Phe113 rotameric state (highlighted in bold) 

between WT and Ser99Thr.  Only residues with full data for both variants are shown.  All experiments were 

performed at 25 ˚C, except WT Phe113 3JC’Cg, taken at 5 ˚C due to resonance overlap. 
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Table 3.3 Relaxation dispersion parameters for Ser99Thr CypA 

Residue 10˚C REX (/s)a 20˚C REX (/s) a 25˚C REX (/s) a 30˚C REX (/s) a a (25˚C)b 

90 1.7 ± 0.9 2.2 ± 0.4 2.1 ± 0.4 2.1 ± 0.3 0.3 

92 0.8 ± 1.1 2.9 ± 0.7 4.1 ± 0.6 5.2 ± 0.5 0.0 

99 N/Dc 3.2 ± 0.5 4.3 ± 0.4 5.5 ± 0.4 0.0 

113 1.1 ± 0.7 2.8 ± 0.5 3.9 ± 0.4 3.6 ± 0.4 0.1 

114 1.4 ± 0.7 2.2 ± 0.5 2.0 ± 0.4 N/Dc 0.5 

119 0.8 ± 0.3 2.9 ± 0.2 3.3 ± 0.2 2.8 ± 0.2 0.9 

120 0.9 ± 0.4 3.3 ± 0.5 4.6 ± 0.3 5.7 ± 0.4 0.3 

122 0.6 ± 0.7 3.4 ± 0.3 4.7 ± 0.5 6.4 ± 0.5 0.0 

123 0.6 ± 0.4 3.1 ± 0.5 4.3 ± 0.3 5.4 ± 0.3 0.0 

126 N/Dc 3.8 ± 0.5 4.0 ± 0.4 4.4 ± 0.4 0.2 

127 0.8 ± 0.4 3.2 ± 0.9 5.5 ± 1.0 6.9 ± 1.1 0.0 

128 1.5 ± 2.0 2.1 ± 1.1 5.1 ± 1.1 7.6 ± 1.2 0.0 

k1 (REX)d 1.0 ± 0.4 2.9 ± 0.5 4.0 ± 1.1 4.7 ± 2.0 

k1 (fit)e 1.00 ± 0.20 2.96 ± 0.18 4.98 ± 0.65 8.22 ± 0.49 

 

Relaxation parameters for group I residues in Ser99Thr CypA that were used in global fitting. a apparent REX 

estimated from relaxation-dispersion curves at 600 MHz. b a19 calculated from apparent REX at 800, 600, and 500 

MHz. c Not determined due to resonance overlap or excessive noise. d k1 calculated as average of apparent REX of all 

group I residues. e k1 fitted globally from group I relaxation-dispersion data using the full Carver-Richards equation. 
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Table 3.4 Kinetic constants for the reaction of CypA variants with the subtrate N-succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide (AAPF). 

 kcat/KM (s-1M-1) KD (mM) kcat
isom (s-1) 

WT 1.4x107+/-0.1 x107 1.8+/-0.14 1.3x104+/-800 

Ser99Thr 4.5x104 +/-0.4x104 6.7+/-0.8 1.9 x102+/-20 

Arg55Lys 1.4x104+/-0.2x104 11.3+/-2.5 3.8 x102+/-90 
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3.9 Figures 

Figure 3.1 Crystal structures of CypA differ in loops but not in residues coupled to the 
active site 

a, Backbone RMSD from a structural superposition of 48 CypA crystal structures in a, sausage 
representation of with thickness is proportional to backbone RMSD and b, as a function of 
residue number. The color-coding used is based on previous NMR relaxation dispersion 
experiments (Eisenmesser et al., 2005): group I (red), group II (blue), residues that do not display 
REX (yellow), and prolines or unresolved amides (grey). Backbone differences of group II 
residues, but not group I residues, explain the different chemical environments of the major and 
minor states inferred through relaxation dispersion NMR. Forty-eight CypA structures, some of 
the free enzyme and some with ligands bound, were superimposed using Theseus (Theobald and 
Wuttke, 2006). 
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Figure 3.2 Ringer identifies discrete side-chain heterogeneity for active-site residues in the 
cryogenic (100 K), 1.2-Å-resolution electron density of wild-type CypA  

a, Arg55 !4 and b, Met61 !3. At room temperature, additional peaks for these and neighboring 
residues were present in the electron density from data collected at both cyrogenic (blue) and 
room temperature (red). These data reinforce the point that some CypA residues are polymorphic 
at both room and cryogenic and others are only polymorphic at room temperature. 
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Figure 3.3 Room-temperature X-ray crystallography and Ringer analysis detect 
conformational substates in CypA  

a, Local maxima above the 0.3! threshold (yellow line) in Ringer plots reveal alternate side-
chain conformations in room-temperature (red line) but not cryogenic (blue line) electron density 
for Ser99, Leu98, Met61 and Arg55. The alternate peak for the minor conformation of Phe113 
occurred within the envelope of the major conformer due to a shift in the protein backbone. b, 
Electron-density maps calculated using room-temperature X-ray data define the alternate 
conformers of Leu98, Ser99 and Phe113. 2Fo-Fc electron density (blue mesh; 1!); positive 
(green) and negative (red) Fo-Fc difference density (3!). c, 2Fo-Fc composite simulated-
annealing omit electron density maps (1.0! (dark blue) and 0.3! (light blue)) show a unique 
conformation for Phe113 in the 1.20 Å-resolution cryogenic structure (blue) and distinct major 
(red) and minor (orange) conformers in the 1.39 Å-resolution room-temperature structure. 2Fo-
Fc electron density around the main chain and the surrounding residues was omitted for clarity. 
d, Steric collisions across the network of major (red) and minor (orange) conformers of Arg55, 
Met61, Phe113 and Ser99 explain how side-chain motions link the active site to remote buried 
residues. Alternate rotamers of residues synchronized to active-site motions (group I) in solution 
are conformationally coupled. 
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Figure 3.4 The alternate CypA conformations are present at room temperature, but not 
cryogenic temperatures  

a, Electron-density maps calculated using X-ray data collected at 100 K define unique 
conformers of Leu98, Ser99 and Phe113. 2Fo-Fc electron density (blue mesh; 1!); positive 
(green) and negative (red) Fo-Fc difference density (3!).  The lack of difference density 
surrounding Phe113, in contrast to the room temperature data shown in Figure 1b, suggests a 
unique conformation best fits the electron density. 2Fo-Fc electron density around the main chain 
and the surrounding residues was omitted for clarity. b, The alternate conformation is unaffected 
by the cryoprotectant, 15% xylitol. 2Fo-Fc electron density (blue mesh; 1!); positive (green) and 
negative (red) Fo-Fc difference density (3!) calculated from a 1.45-Å-resolution data set 
collected at room temperature with 15% xylitol present. The difference density pattern is similar 
to the high-resolution room temperature electron density shown in Figure 1b obtained in the 
absence of xylitol. c, An isomorphous difference map (Froom_temperature – Fcryogenic and phases from 
the model obtained using the data obtained at 100 K) reveals directly the shift to the minor state 
at room temperature. Negative difference density (red, 2.5!) surrounds the major conformation 
and positive difference density (green, 2.5!) reveals the hidden minor state. 
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Figure 3.5 The structure of the Ser99Thr mutant resembles the minor conformer of wild-
type CypA.  

a, !1 Ringer plot (0.3" threshold is shown as yellow line)  of the Ser99Thr mutant (dashed 
green) and room-temperature, wild-type Ser99 CypA structure (red) show that Thr99 occupies 
both positions populated by the Ser99-OH# group. The angular offset between the major peaks 
reflects a backbone shift. b, The 2Fo-Fc simulated-annealing omit electron density map of the 
Ser99Thr CypA mutant (1.0" (dark blue) and 0.3" (light blue))  shows apparently unique 
conformations for Thr99 and Phe113. The structure confirmed the prediction that rotation of 
Phe113 to the “out” position is coupled to rotation of the Ser99 hydroxyl to the minor rotamer. c, 
Phe113 and Met61 in Ser99Thr CypA (green, right) are detected exclusively in the position of 
the minor state of the wild-type enzyme (orange, left). 
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Figure 3.6 The structure of Ser99Thr CypA contains features of the minor conformation of 
wild-type enzyme.  

a, Ribbon overlay of the structures of wild-type CypA in the orthorhombic crystal form 
(backbone in orange-red, major-state side chains in red, minor-state side chains in orange), the 
Ser99Thr mutant trigonal form (green), and Ser99Thr mutant orthorombic form (blue) with the 
side-chains Arg55, Met61, Leu98, Ser/Thr99 and Phe113 shown in sticks. b, Arg55 adopts a 
different rotamer in the trigonal crystals due to crystal contacts. The Arg55 guanidino group is 
3.1 Å (orange line) from the carbonyl oxygen of Val2 of the symmetry-related molecule 
(magenta). c, In the isomorphous orthorhombic crystal forms, Arg55, Phe113 and Thr99 (Ser99 
in the wild-type enzyme) adopt similar conformations in the Ser99Thr mutant (blue) and the 
minor conformational substate of wild-type CypA (orange). 
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Figure 3.7!The Ser99Thr mutation shifts the equilibrium toward the minor 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. Side-chains of Arg55, Phe113, and Ser99 are shown as black 
sticks. b, Linear amide chemical shift changes (shown by arrows) between wild-type (black), 
Lys82Ala (red) and Ser99Thr (blue) CypA reflect the inversion of the equilibrium distributions 
of major and minor conformations due to the Ser99Thr mutation. c, Residues undergoing slow 
(red) or fast (blue) motions on the NMR time scale in Ser99Thr (right) coincide with previously 
identified group I (red) and group II (blue) residues in wild-type (left) CypA. Amides shown in 
grey could not be characterized because of the absence of the amide (Pro) or peak overlap. d, 
Temperature dependence of CPMG 15N NMR relaxation data for Glu120 (group I; left) and 
Thr68 (group II; right) in Ser99Thr CypA reveal that the mutation impedes group I 
conformational dynamics, shifting the motions collectively into the slow NMR time regime (REX 
~ k1 and REX increases with temperature). In contrast, group II residues are unaffected by the 
mutation and display the opposite temperature dependence characteristic of fast motions on the 
NMR time scale. Dispersion curves were normalized to R2

0 at 30 ºC.!!

!
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Figure 3.8 Group I residues in the Ser99Thr mutant undergo dynamics in the slow NMR 
time regime.  

Temperature dependence of CPMG 15N NMR relaxation data for group I residues, which couple 
to the active site: a, Thr99, b, Leu122, c, His92, and d, Asp123 in Ser99Thr CypA. The 
Ser99Thr mutation impedes group I conformational dynamics, shifting the motions collectively 
into the slow NMR time regime. The characteristic increase of REX with temperature (arrows) 
demonstrates that REX ~ k1, the rate constant for the efflux from the major state.! 
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Figure 3.9 Group I residues in wild-type CypA undergo dynamics in the intermediate to 
fast NMR time regime.  

Temperature dependence of CPMG 15N NMR relaxation data for group I residues a, Ser99, b, 
Leu122, c, His92 and d, Glu120 in wild-type CypA do not reveal the temperature dependence of 
group I conformational dynamics as seen in Ser99Thr CypA, revealing that motions occur in the 
intermediate/fast NMR time regime.!!

!



 57 

Figure 3.10 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 mechanism (Arg55Lys) 
each drastically reduce kcat/KM 

20 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 peptide N-succ-Ala-Ala-Pro-Phe-pNA (A1A2P3F4) (1 mM) by 
catalytic amounts of wild-type (2.2 mM; left, black), Ser99Thr (92 mM; green) and Arg55Lys 
(92 mM; blue) CypA. Assignments of the individual peaks and dashed lines connecting 
exchange peaks are included in the wild-type spectrum for clarity. 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 of both mutant forms. Distinct cis- 
and trans- Pro peaks are apparent at 92 mM of Ser99Thr and Arg55Lys variants. c, The cis- and 
trans- peaks coalesce (A1*, A2*, P3*, F4*) for wild-type CypA at the same concentration due to 
its much greater activity. The only remaining off-diagonal peak is a NOE between P3a and A2a 
characteristic for a cis-prolyl peptide bond. d, Quantification of catalytic activity by decay and 
buildup curves21 of the cis-auto peak of Ala2 and the corresponding exchange peak in the 
presence of 2.2 mM wild-type (left) or the trans-auto peak of Pro3 and the corresponding 
exchange peak in the presence of 92 mM Ser99Thr (middle) and Arg55Lys (right) CypA.!!

!
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Figure 3.11 X-ray structure of the chemically impeded Arg55Lys mutant. !
a, Arg55Lys CypA (blue) adopts a global structure similar to the wild-type enzyme (backbone in 
orange-red, major state side chains in red, minor state side chains in orange).  b, 2Fo-Fc electron 
density (1!, 2.4 Å resolution) for Lys55 and the neighboring residues. 
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Figure 3.12 NMR measurements of the affinity of CypA variants for the substrate peptide, 
N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (AAPF).  

Representative chemical-shift changes for AAPF binding to a, wild-type, b, Ser99Thr, and c, 
Arg55Lys CypA derived from 1H-15N HSQC spectra collected at 5 ºC. Changes in proton 
chemical shift (circles) as a function of peptide concentration were fit for single-site binding 
(lines). Residues 63 (a, red) and 100 (a, blue), 52 (b, red) and 81 (b, blue), and 101 (c, red) and 
102 (c, blue) were among those used in global fits of KD for each variant. The set of residues 
used to determine the KD’s differed for each CypA variant due to changes in resonance overlap. 
The fitted values are observed KD’s representing population-averaged values for the cis- and 
trans-isomers.  
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Chapter 4 

Crystal Freezing Biases Protein Packing and Dynamics 

4.1 Abstract 

X-ray crystallography is the most widespread method for experimental determination of protein 
structures. In the last 30 years, X-ray data collection has almost completely transitioned from 
room temperature on low-power home-sources to cryogenic temperatures at synchrotron 
beamlines. Freezing was adopted primarily to mitigate the impact of radiation damage at 
synchrotrons. Because radiation damage is slowed dramatically at low temperatures, freezing is 
used in over 99% of structure determinations. Most investigators assume that rapid freezing in 
liquid nitrogen simply traps the structural ensemble present at ambient temperature. Here we 
critically examine the assumption that crystal freezing does not significantly bias protein 
structures. Comparing 27 pairs of high resolution structures solved using data collected at 
cryogenic and ambient temperatures, we find pervasive remodelling of the crystal lattice and a 
corresponding reduction in protein volume upon crystal freezing. Using newly developed tools 
for evaluating protein core packing, we find that freezing systematically leads to improved 
packing through reduction of small voids. These voids can be filled transiently by alternate 
conformations in the room temperature ensemble. We used real-space electron density sampling 
to find that freezing alters the side chain conformational distribution for ~10% of residues. This 
effect is greatest at crystal contacts, many of which are formed upon freezing, but 3% of fully 
buried residues also experience a conformational redistribution upon freezing. This study shows 
how the nearly universal practice of crystal freezing biases our understanding of protein packing 
and can lead to differences in the spatial distribution of the dynamic features of protein side 
chains. Since many other techniques, including NMR and protein design, rely on information 
from X-ray structures to aid inferential structure determination and prediction, freezing may bias 
most biophysical analyses. 
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4.2 Introduction 

During the 1980s, structural biologists encountered two immediate challenges as data collection 
moved from sealed-tube and rotating anode (“home-source”) X-ray generators towards using the 
beamlines located at synchrotrons located around the world. First, transportation of crystals to 
the synchrotron became a risk. Home-source machines allow data collection in the same facilities 
as protein production and crystal growth. In contrast, to collect diffraction data at a synchrotron 
beamline, crystals needed to be transported, often between continents and across international 
borders. Even the most stable crystals risk damage from changing conditions encountered during 
transportation. Second, synchrotron beamlines increased the potential for structural changes 
caused by rapid onset radiation damage. Synchrotrons generate X-ray beams that are 50-1000 
times brighter than those generated by a home-source, thus decreasing the time needed to absorb 
a damaging dose of radiation (Blake and Phillips, 1962). The nearly simultaneous adoption of 
multi-wavelength anomalous dispersion (MAD) as the leading method to solve the phase 
problem (Hendrickson, 1991) also increased the total X-ray exposure for many structure 
determinations and, correspondingly, exacerbated the problem of radiation damage.  

Freezing crystals in liquid nitrogen offered an appealing solution to both the 
transportation and radiation damage problems. Frozen crystals are easy to transport to distant 
synchrotrons and, if cryogenic temperatures have been maintained, can be taken from dewars 
undamaged. Drawing from experience on home-sources, where the mobility of damaging 
radiation-generated free radicals could be reduced by decreasing temperature (Haas and 
Rossmann, 1970), the field quickly adopted liquid nitrogen based flash cooling as standard at 
synchrotrons (Hope, 1988). Initial reports confirmed that freezing increased protection from the 
increased free radicals generated by the high synchrotron X-ray dose (Henderson, 1990).  

The benefits of freezing for transportation and radiation damage resistance did not appear 
to come at the cost perturbing the structure (Hope, 1988). In contrast, freezing often increases 
diffraction resolution and orders flexible regions. Many groups have spent considerable effort in 
developing improved freezing practices, but few general themes have emerged. Like many 
aspects of biomolecular crystallography, crystal freezing requires a new strategy for each target 
and remains more an art rather than a science. Although successful cryo-crystallography 
experiments culminate in a high resolution structure, this often comes at the cost of screening 
many poorly frozen crystals with increased mosaicity and other defects. Even when freezing 
conditions that support useful X-ray diffraction remain elusive, projects are rarely considered for 
diffraction studies at room temperature.  

Screening for diffraction at room temperature has become increasingly rare and 
collection of complete data sets at room temperature has practically halted. Models refined 
against data collected at cryogenic temperatures at synchrotrons now dominate the Protein Data 
Bank (PDB); the nearly simultaneous adoption of synchrotron-generated X-ray beams and liquid 
nitrogen-based crystal freezing has caused the two methods to be inextricably linked in the minds 
of many practicing crystallographers.  
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The dogma that radiation damage caused by synchrotron radiation is too severe to collect 
room temperature data has held sway despite isolated cases of ultra-high resolution room 
temperature diffraction (for example (Walsh et al., 1998)). Recently, Elspeth Garman’s group 
has examined several assumptions about the dose tolerance of protein crystals, specifically 
analyzing the relationship between dose rate and damage to the lattice at room temperature 
(Southworth-Davies et al., 2007). Although they confirm that freezing does offer radiation 
protection, they also reach the counterintuitive conclusion that for room temperature collection, 
higher dose rates lead to reduced damage per dose. Furthermore, they demonstrated that both the 
process and the structural effects of radiation damage are different at cryogenic and ambient 
temperatures. This work provides a quantitative basis for years of anecdotal observation that 
damage at room temperature is significantly reduced at synchrotron beams compared to home-
sources (Southworth-Davies et al., 2007). Indeed, it should be possible to acquire complete data 
sets for many well-diffracting crystals before approaching the room temperature dose limit at a 
synchrotron source. For radiation sensitive crystals, free-radical scavengers can help protect 
against primary radiation damage at room temperature and extend the radiation tolerance towards 
that achieved at cryogenic temperatures (Barker et al., 2009). This suggests that crystal freezing 
may be less necessary, particularly at synchrotrons, than previously thought. 

 An important assumption of cryo-crystallography is that few, if any, significant changes 
in structure are induced by the freezing process. The few systematic comparisons of high 
resolution structures have noted rare shifts in the orientation and positioning of side chains. 
Pioneering early studies suggested that changes in temperature led to a change in the magnitude 
of motion within conformational substates (Frauenfelder et al., 1979). Further studies showed 
that freezing dampened harmonic disorder and revealed small shifts in the positions in elements 
of secondary structure (Frauenfelder et al., 1987; Tilton et al., 1992). These studies revealed the 
role of the glass transition in suppressing harmonic motion, but did not directly address the 
potential for freezing to redistribute, rather than merely dampen, the conformational distribution 
of side chains. The commonly held view was that freezing reduces harmonic motion within each 
substate and eliminates exchange between substates (Petsko and Ringe, 1984). Similarly, many 
studies have assumed that freezing generally leaves the relative populations of different substates 
unperturbed (Ringe and Petsko, 1986). The idea that freezing “traps” the room temperature 
conformational ensemble is now common in the literature (for example, (Coureux et al., 2008)) 

In contrast, elegant theoretical studies suggest that freezing crystals in liquid nitrogen is 
far too slow to kinetically trap room temperature conformational ensembles of macromolecules 
(Halle, 2004). This analysis provides a theoretical basis for the protein glass transition at ~200 K 
proposed through analysis of Debye-Waller factors (Ringe and Petsko, 1986). Halle cautions that 
freezing may systematically bias local conformations and associated equilibria toward low-
enthalpy states. Moreover, different regions of the protein may populate equilibria representing 
different effective temperatures. This important work concludes that the freezing process can 
alter solvent networks and even side chain conformations. However, these warnings have largely 
gone without experimental validation, which has likely reduced their impact on the wider 
crystallography community. 
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Experimental tests of the effects of freezing have focused mainly on the remodelling of 
the crystal lattice and solvent channels by examining unit cell parameters, mosaicity, and the 
extent of lattice contacts (Juers and Matthews, 2001). In contrast, our work on the enzyme 
cyclophilin A suggested that subtle conformational features that are critical to understanding 
protein function can disappear upon freezing in liquid nitrogen (Fraser et al., 2009). Here, we 
study the effects of freezing on the spatial distribution of the dynamic properties of proteins. 
Using new tools, we demonstrate that the absence of small voids in frozen proteins is correlated 
with significant remodelling of side chain conformational distributions. This provides an 
empirical complement to Halle’s theoretical warnings about interpreting side-chain 
conformations at cryogenic temperature. This analysis highlights the need to develop new 
techniques to predict and understand the effects of freezing by collecting high resolution room 
temperature X-ray data sets. 

4.3 Matched high resolution structures at two temperatures 

The first difficulty in examining the differences in temperature-dependent conformation is the 
relative paucity of high resolution structures at room temperature with deposited structure 
factors. Through analysis of previous comparative studies (Juers and Matthews, 2001; Rader and 
Agard, 1997) and literature searches, we assembled a list of 27 pairs of structures determined at 
1.8 Å resolution or better at both ambient and cryogenic temperatures (Table 4.1). The paired 
structures are isomorphous, and with the exception of RNaseT1, are bound to identical ligands. 
The average resolution is 1.3 Å for the cryogenic data and 1.4 Å for the room temperature data 
(Figure 4.1). This difference agrees with the anecdotal observation that freezing often increases 
resolution; however, in 5 cases the room temperature crystal yielded higher resolution data.  

 Because the paired structures were often solved and refined by different groups, we re-
built all structures with qFit (van den Bedem et al., 2009) and performed additional refinement 
with phenix.refine (Adams et al., 2010). The program qFit maximizes unsupervised discovery of 
alternate conformers, especially backbone shifts that cannot be sampled using Ringer (Lang et 
al., 2010). Refinement with phenix.refine ensures that all structures are exposed to the same 
restraints on B-factors, bonds, and angles.  

4.4 Backbone folds remain the same at both temperatures 

To test how the freezing process perturbs the structure, we first examined the effect on the 
protein backbone structure. The backbone root-mean-square deviation (RMSD) between all 
equivalent atoms of the major conformers of the frozen and room temperature structure is 
between 0.1 and 1.1 Å, with an average of 0.33 Å (Figure 4.2). Notably, these differences are 
consistently larger than the estimated coordinate error from the refinement process. The RMSDs 
are consistent between the deposited and re-refined structures, further supporting the conclusion 
that freezing causes a systematic difference in structure but does not alter the protein fold. 

Trypsinogen has the largest difference between structures. This outlier status is primarily 
due to a large conformational change of the N-terminal residues (Figure 4.3). Excluding these 
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residues, the RMSD is reduced to 0.47 Å. Conformational changes of these residues are 
functionally important, as this region of the structure changes when trypsinogen is processed to 
trypsin (Stroud et al., 1977). The two states are likely both components of the solution ensemble. 
Surprisingly, the N-terminal residues become more exposed upon freezing due to subtle changes 
in packing and formation of new lattice contacts.  

4.5 The lattice and protein shrink by different amounts 

Trypsinogen provides a dramatic example of how the lattice can be remodelled and lead to 
changes in packing; however, given the small RMSDs in other proteins, it is likely that changes 
in most systems are more difficult to discover and visualize. To examine the extent that the 
lattice contacts change, we performed an occupancy-weighted analysis for all intermolecular 
contacts of less than 5 Å (Figure 4.4). Although the trypsin:BPTI complex has 26% fewer 
contacts upon freezing, the other structures have increased lattice contacts up to a maximum of 
67% new contacts (in lysozyme). The average of 22% new contacts is consistent with the surface 
contact area analysis of Juers and Matthews (2001). 

In principle, the increase in lattice contacts could result from shrinkage of the unit cell 
solvent channels or the expansion of the protein upon freezing. All structure pairs show a 
decrease in unit cell volume upon freezing (Figure 4.5). The average decrease in unit cell volume 
of 4 % suggests that expulsion of solvent helps to drive more crystal contacts upon freezing. 
Crystal contacts could be increased by an expansion of the protein. In contrast, the proteins on 
average shrink by 2% upon freezing (Figure 4.6). The volume changes are on the order of 100-
1000 A3 per chain. For myoglobin, ribonuclease, and alpha-lytic protease, previous reports have 
noted that shrinking is distributed unevenly throughout the protein. We similarly observe that 
freezing heterogeneously affects the protein. Generally, residues change their relative position 
from the centre-of-mass from between -1 to 1 Å (Figure 4.7). The distribution is strongly biased 
towards contraction at cryogenic temperatures for all pairs. The observed variation in the 
difference distance from centre-of-mass within each structure demonstrates that some regions of 
the protein compress towards the centre to a greater extent than others.  

Thus, freezing causes significant changes to the crystal lattice and the protein. Upon 
freezing, solvent is expelled from the lattice as it shrinks. New lattice contacts form between 
protein chains despite a heterogeneous shrinking of the protein. The counterintuitive formation 
of new contacts occurs because the protein generally shrinks less than the unit cell (Figure 4.8); 
we hypothesized that this asymmetric shrinkage would behave like a compressive force on the 
protein.  

4.6 Quantitative packing analysis 

To test the idea that the unit cell shrinkage is analogous to a pressure increase, which correlates 
with increased packing and changes in protein stability (Rouget et al., 2010), we examined the 
atomic packing of the interior of the structure. We used RosettaHoles to quantify changes in 
packing (Sheffler and Baker, 2009). RosettaHoles fills the protein interior with different sized 
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spheres of radii between 0.3-3 Å. Spheres that overlap with van der Waals radii of modelled 
protein atoms are removed, and overlapping spheres of different sizes are clustered. The program 
evaluates the distribution of remaining voids and calculates a score based on a model that 
correctly discriminates real proteins from decoys. Analysis of the remaining spheres gives a 
quantitative measure of packing defects, ranging from sub-atomic size to large cavities, while 
avoiding biases from using a single-radius probe (Cuff and Martin, 2004).  

 The distribution of RosettaHoles scores is shifted towards higher scores at room 
temperature, which indicates tighter packing at cryogenic temperatures (Figure 4.9a). Comparing 
each structure pair shows the cryogenic models are all better packed than the room temperature 
counterparts (Figure 4.9b). These results could be biased by the fact that RosettaHoles scores are 
strongly correlated with the resolution of the structure and the cryogenic structures have an 
average higher resolution. However, the packing is similarly evaluated as “better” for the five 
structures that have higher-resolution room temperature data. The improved packing score results 
from the disappearance of many small sub-angstrom radius spheres upon freezing. The 
disappearance of these voids does not follow any pattern with regards to distance from solvent or 
centre-of-mass, further buttressing the idea that there is heterogeneity in the amount of 
compression across the unit cell. 

For example in CypA, several small cavities that are present in the room temperature 
structure are occupied in the compacted frozen structure (Figure 4.10). One of these narrow 
cavities lies between Ser99 and Phe113. This small void is occupied transiently by a minor 
conformation of Ser99 and is part of a coupled conformational change involving the surrounding 
residues (Fraser, 2009). Presumably, because the protein is compressed upon freezing, evidence 
for this crucial conformational exchange is absent from the cryogenic electron density maps. The 
removal of voids and alternate conformers would reduce the entropy of the ensemble.  

4.7 Many side chains are remodeled upon freezing 

To understand the extent that freezing causes a conformational redistribution of protein side 
chains, we examined electron density distributions using Ringer (Lang et al., 2010). We 
examined the correlation between the room temperature and cryogenic electron density maps at 
!1 for all pairs of side chains. The majority of these plots yield correlation coefficients above 
0.75, indicating that most residues populate similar conformational distributions at both 
temperatures. However, 10% of residues had a correlation coefficient below this threshold 
(Figure 4.11). The physical behaviours of these lower correlations can be grouped into several 
trends (Figure 4.12). The most extreme behaviour is seen for residue pairs with anti-correlated 
electron-density distributions (4.12a). A negative correlation coefficient implies that the residue 
populates different rotamers at the two temperatures.  

More subtle conformational changes are seen at intermediate correlations. At correlation 
coefficients between 0 and 0.75, we observe the following behaviours: switching major and 
minor conformations (Figure 4.12b), populating different minor states while retaining the same 
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dominant conformation (Figure 4.12c), and occupying a minor conformation at only one 
temperature (Figure 4.12d). In total, freezing alters the conformational distribution at a 0.75 
correlation coefficient threshold for 10% of residues. This number represents a lower bound of 
the number of residues altered by freezing, since subtle differences in minor states can yield 
correlation coefficients greater than 0.75. For example, Ser99 in CypA has a correlation of 0.9, 
yet only populates the minor conformation at room temperature. As absolute map scaling 
matures, we will perform a more sensitive analysis of these subtle changes at high correlation 
coefficients. 

Because freezing remodels the crystal lattice, it is possible that most of the conformational 
redistribution occurs simply because of new lattice contacts. We probed the conformational 
distributions of residues that have buried side chains in both structures (while ignoring 
crystallographic symmetry). While these side chains are more similar than average, 3% of 
residues have correlations below the 0.75 correlation threshold (Figure 4.13). This set includes 
0.6% of residues that have a different primary conformation and a negative correlation 
coefficient. These results are inconsistent with the common argument that crystal freezing causes 
no change in the structure (Coureux et al., 2008) or that alterations in temperature merely 
dampen dynamic disorder (Frauenfelder et al., 1979).  

4.8 Does faster freezing trap the ensemble? 

A potential route to access the room temperature ensemble while maintaining the ease of 
transportation and the radiation resistance of frozen crystals is to change the freezing process. To 
test this possibility, we froze crystals of CypA in liquid ethane, which is predicted to cool 
crystals at about 10 times the rate of liquid nitrogen (Halle, 2004). After collecting X-ray data to 
1.4 Å resolution in a liquid nitrogen cryostream, we examined high resolution electron density 
maps and Ringer plots for the critical residues Leu98, Ser99 and Phe113. These residues all 
show minor conformations at room temperature, but not in frozen crystals (Figure 4.14). This 
analysis revealed only the dominant conformation, with no evidence for the minor population 
detected at room temperature. Additional features of the electron-density maps calculated using 
data collected after freezing in liquid ethane and liquid nitrogen were almost identical. This 
analysis suggests that freezing in liquid ethane process remains too slow to trap the room 
temperature ensemble.  

4.9 Discussion 

X-ray crystallography remains the premier method for modeling the atomic structures of 
biological molecules. The information contained in these structures, and in particular the highest 
resolution structures, is used to derive knowledge-based restraints and pseudo-energy terms used 
for structure calculation and analysis for other biophysical methods. We conclude that freezing 
fundamentally and asymmetrically alters the protein volume, packing, and side chain 
conformation. The compacted protein structures that emerge from cryogenic experiments suggest 
that, contrary to common belief, freezing does not trap the room temperature ensemble. 
Foundational studies on protein dynamics relied on the assumption that changes in temperature 
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lead to a dampening of harmonic motion within a substate and exchange between substates, but 
not a redistribution of the relative populations (Frauenfelder et al., 1979; Petsko and Ringe, 
1984). In contrast, we use real-space electron density correlations to show that redistribution of 
substate populations is common for protein side chains. The extent of these effects is difficult to 
predict for an individual diffraction experiment as there is a range of unit cell and protein volume 
decreases in our data set. Our analysis of displacements from the centre-of-mass indicates the 
effects of freezing are heterogeneous within each crystal.  

Crystal freezing introduces an experimental bias that may cause computational structure 
predictions and NMR ensembles to provide a less reliable view of the native solution state of the 
target protein. Although NMR-derived models and computational structure predictions generally 
are poorly packed, the cause of the poor packing is different from that observed in room 
temperature structures. NMR and computational models have tightly packed regions that are 
separated by large voids (Sheffler and Baker, 2009). In contrast, crystal freezing removes many 
small voids and induces tighter packing. NMR and computational models are therefore 
overpacked locally (which is likely due to the influence of cryogenic structures on the energy 
functions), but they are missing the small voids present at room temperature. 

Other methods that rely on analyzing available protein models may be hampered by the use 
of freezing in crystal structure determination. The field of protein-drug docking relies critically 
on an accurate estimation of the surface features of the target protein. Similarly, many protein-
protein docking methods rely on shape complementarily. Differences in freezing can cause 
surface area and volume to differ by a variable amount between 0-5%. Using room temperature 
structures and accounting for side chain conformational variability using electron density-
sampling are potential avenues for improving these methods. 

These concerns raise the question: can we reduce the effects of freezing? Our experiments 
suggest that increasing the freezing rate ~10-fold using liquid ethane will likely result in a 
process that remains too slow to trap the room temperature ensemble. Instead, computational 
techniques may be capable of modifying the structure to correct for the effects of freezing. Long 
equilibration periods (100s of ns to ms) in molecular dynamics simulations hold potential for 
accurately representing the transition from frozen to room temperature structures. It will be of 
interest to determine if long simulations can verify the alternate side-chain conformations 
revealed through real-space electron-density sampling. 

The heterogeneous effects of freezing between different protein crystals and within a single 
chain make it difficult to predict the effects of crystal freezing. While the greatest differences are 
seen at lattice contacts, our data show that significant differences between models obtained at 
temperatures are also observed in buried residues. In CypA, for example, critical minor 
conformations occur in buried residues at room temperature, but not in frozen crystals, (Fraser et 
al., 2009). These conformational redistributions likely result from a reduction in interior voids 
directing the changes in occupancy of alternate (minor) conformations. We are currently 
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investigating the association of coupled conformational shifts and small voids that disappear 
upon freezing. 

The crystal lattice can influence comparisons between X-ray and solution data. Our earlier 
work with CypA suggested that features of observed by NMR dynamics measurements can also 
be observed in high resolution room temperature electron density maps. Here we provide an 
empirical generalization of Halle’s prediction that freezing causes a redistribution of 
conformational substates that favour low enthalpy. By comparing 27 pairs of cryogenic and room 
temperature crystal structures, we found that although the lattice can modify the dynamic 
features of proteins, the freezing process itself invariably introduces a significant bias toward 
compact conformations. These results suggest that crystal freezing has clouded our 
understanding of the way protein cores pack. In room temperature models, the presence of small 
voids and packing defects are associated with side-chain flexibility. Incorporating these aspects 
of protein structure into knowledge-based force fields may help to design enzymes with activities 
that approach natural efficiencies (Friedland and Kortemme, 2010) 

4.10  Methods 

Protein volume and conformational calculations were performed accounting for alternate side 
chain conformations in python using the modules built into phenix (Adams et al., 2010). 
Comparisons were made on models re-refined with qFit (van den Bedem et al., 2009). 
RosettaHoles calculations were essentially as decribed (Sheffler and Baker, 2009), with some 
improvements since publication (Will Sheffler, personal communication). Ringer sampling was 
performed as described (Lang et al., 2010). Crystals of CypA were obtained as previously 
described (Fraser et al., 2009). Liquid ethane was prepared by thermally coupling a small 
resevoir of gaseous ethane to liquid nitrogen. We froze the crystals using conventional looping 
methods. Using automated plungers could help to accelerate  the freezing process. 
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4.11 Tables 

Table 4.1 Matched structures determined at ambient and cryogenic temperatures 

Protein Room PDB id Cryo PDB id 

RNAseT1 9rnt 1i0v 
HEWL 4lzt 3lzt 
gamma-b crystallin 4gcr 1gcs 
CypA Ser99Thr 3k0o 3k0p 
CypA WT 3k0n 3k0m 
glutathione reductase 3djg 3djj 
BPTI:trypsin 3btk 2ftl 
asparaginase 2wt4 2wlt 
SOD 2jcw 1jcv 
xylanase II 2dfc 2dfb 
pFurSOD 1do6 1dqi 
PAK Pilin 1x6p 1x6q 
alkaline serine protease 1wme 1wmd 
Trypsin 1tgc 1tgt 
Rnase Sa 1rgg 1lni 
plastocyanin 1plc 1pnc 
thaumatin 1kwn 1ly0 
crambin 1jxu 1jxt 
xylanase 1i1x 1i1w 
Ferredoxin 1fdn 2fdn 
coMb 1bzr 1a6g 
deoxyMb 1bzp 1a6n 
metMb 1bz6 1a6k 
Hirustasin 1bx8 1bx7 
barnase 1a2p 1b2x 
rubredoxin 3kyw 3kyv 
trypsin:substrate 1gdu 1gdq 
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4.12 Figures 

Figure 4.1 Pairs of structures at high resolution at two temperatures 

Plot showing the resolutions of corresponding room temperature and cryogenic temperature 
structures. The yellow line represents equal resolution. Structures that lie above the line have a 
higher cryogenic resolution; structures below the line have a higher room temperature resolution. 
The green star represents the average resolution. 
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Figure 4.2 Folds are identical at ambient and cryogenic temperatures 

A histogram of all equivalent backbone RMSD between the frozen and room temperature 
structure reveals a distribution centered around the mean of 0.33 Å with an outlier at 1.1 Å 
(trypsinogen). 
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Figure 4.3 Freezing unpacks the N-terminal loop and forms new lattice contacts in crystals 
of trypsinogen. 

A comparison of the crystal lattice for room temperature (yellow/orange) and cryogenic 
(cyan/blue) structures of trypsinogen reveals that the large RMSD is primarily caused by the 
remodeling of the N-terminal loop (shown in stick representation). In the room temperature 
structure, this loop packs into a surface cavity. In the cryogenic structure, new hydrophobic 
contacts (red dashes) are formed through chains related by crystallographic symmetry.  
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Figure 4.4 Freezing generally increases the number of lattice contacts 

A histogram of occupancy weighted atomic lattice contacts shows a general increase in contacts 
upon freezing. A complex between BPTI and trypsin is the only structure with fewer contacts 
upon freezing. For this case, reorientation creating a secondary solvent channel reduces contacts. 
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Figure 4.5 Freezing causes unit cells to shrink 

(Left) A schematic of a cryogenic unit cell (blue) contained within the room temperature unit cell 
(red). (Right) A histogram of unit cell changes upon freezing. Freezing invariably decreases unit-
cell volume. 
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Figure 4.6 Freezing shrinks the protein 

A histogram of protein volume changes upon freezing. Freezing causes most protein volumes to 
decrease. 
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Figure 4.7 Heterogeneity in the freezing process 

A histogram of residue difference distances from the centre-of-mass for lysozyme. The variation 
in the difference distances suggests that freezing heterogeneously alters the relative positions of 
different regions of the protein. The bias towards positive values suggests a compaction of the 
protein upon freezing. 

  



 81 

Figure 4.8 Freezing shrinks the unit cell more than the protein  

A histogram of the ratios of unit-cell:protein percent volume changes. Generally, the unit cell 
shrinks to a greater extent than the protein. 
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Figure 4.9 RosettaHoles shows that packing is “better” at cryogenic temperatures 

a. Histograms of RosettaHoles scores for room temperature models (top/red) and cryogenic 
models (bottom/blue). The distribution is shifted towards lower scores, which signifies better 
packing, at lower temperatures. b. The RosettaHoles score is lower for every cryogenic model 
compared to the paired room temperature model, suggesting that freezing leads to better packing 
of protein interiors. 

a. 

 

b. 
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Figure 4.10 Comparison of voids in CypA 

The surface of CypA is represented in semi-transparent yellow. Small voids present at room 
(red) and cryogenic (blue) temperatures are shown in spheres. Every cryogenic void cluster has a 
corresponding room temperature void. However, room temperature voids often do not have a 
corresponding cryogenic void, which is indicative of tighter packing upon freezing. The arrow 
indicates a narrow void that is transiently populated by alternate conformers of Ser99 and 
Phe113 in the room temperature structure, but not the cryogenic structure. 
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Figure 4.11 Many residues are remodeled upon freezing 

A histogram of correlation coefficients between equivalent residues in the cryogenic and room 
temperature structures.  
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Figure 4.12 Ringer plots showing analogous residues in room temperature (red) and 
cryogenic (blue) structures. 

 a. Negative correlation coefficients generally represent the population of different rotamers at 
the two temperatures. b. Low correlation coefficients (<0.25) represent the occupancy of 
different major states between the two temperatures, although often these conformations are a 
minor component of the conformational distribution at the other temperature. c. Residue pairs 
with intermediate correlations (between 0.25 and 0.5) have the same major conformation and 
different minor substates. d. At high correlations, generally only small populations of minor 
conformations are different between the two temperatures. 
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Figure 4.13 Buried residues are also remodeled by the freezing process 

A histogram of correlation coefficients between equivalent buried residues in the cryogenic and 
room temperature structures. The distribution of buried residues is skewed toward more similar 
correlation coefficients compared to the overall distribution.  
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Figure 4.14 Liquid ethane freezing is similar to liquidnitrogen freezing for CypA 

a. Ringer plots for cryogenic (blue) and room temperature (red) maps of CypA for residues 
Ser99 and Leu98 reveal alternate conformations populated only at room temperature. b. Ringer 
plots for the same residues from data collected after freezing in liquid ethane suggest that the 
crystal only populates the major conformation at each of these residues. c. 2Fo-Fc electron 
density (blue) for Ser99 and Phe113 contoured at 0.5 ! with difference maps (green/red) 
contoured at 2 ! show that only the major conformation is populated after the crystal is frozen in 
liquid ethane. 
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Chapter 5 

Beyond the model and into the map 

5.1 Discussion 

The idea that proteins fluctuate between many substates is now well established (Hilser et al., 
2006), but the extent to which the structural transitions of the free protein resemble the reaction 
trajectory of enzymes or the dominant receptor conformations of the ligand-bound ensemble 
remains to incisively examined. Whether structural transitions occur through equilibrium shifts, 
conformational selection, or ligand-facilitated rearrangements is controversial, even for systems 
where diverse biophysical measurements can be made (Wlodarski and Zagrovic, 2009). Despite 
years of study, tools are still being developed to enumerate the thermodynamic contributions of 
these fluctuations to protein function (Alber, 1981; Marlow et al., 2010).  Since experimental 
validation of the scarcely-populated states of the ensemble remains difficult, there are still 
competing models of how these transitions facilitate catalytic cycles or even participate in the 
chemical step itself (Kamerlin and Warshel, 2010; Nagel and Klinman, 2009). Although 
speculation of the importance of the ensemble view of proteins is fashionable, critical tests of the 
“new view” are rare.  

Here I have discussed new methods to reveal and manipulate the native protein ensemble. 
However, these approaches, particularly atomic-resolution crystallography, are not a panacea.  
Room-temperature electron-density maps are still subject to the biases introduced by the lattice 
and by non-physiological crystallization mother liquors. These observations must be validated by 
integrating solution experiments and, wherever possible, by testing the importance of alternate 
conformations through perturbation (most often mutation) of the protein. Long time scale 
molecular dynamics will also help to validate important structural transitions and features 
(Klepeis et al., 2009). However, the experimental observation of minor conformations makes one 
fact clear: the “one sequence yields one structure” paradigm has been broken. 

The erosion of this paradigm has also been observed through major secondary structural 
differences of highly similar, or even identical, natural sequences (Roessler et al., 2008; Tuinstra 
et al., 2008). Evolutionary models of polysterism have primarily considered the importance of 
motions of loops and subdomains in substrate promiscuity in enzymes and antibodies (Tokuriki 
and Tawfik, 2009; Zimmermann et al., 2006). Here, we have established that alternate side chain 
packing arrangements represent a further break towards the “new view”. The evolutionary 
patterns of coupled networks (Halabi et al., 2009) gain a potential physical interpretation with 
mutually exclusive side-chain arrangements. The alternate side chain conformations of residues 
in a “dynamic network” can dominate the conformational transitions of the ensemble between 
different functional states. Indeed, we observe a correspondence between the co-evolutionary 
sequence patterns and the “dynamic network” in CypA (Figure 5.1). As relaxation methods 
become more sensitive to smaller chemical shift differences and more “dynamic networks” are 
discovered, the question that I am most interested in answering is: what sequence constraints 
exist during the evolution of coupled structural flexibility? 
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In particular, branched residues (at !1: Thr, Ile, Val) can be used to create “traffic jam” 
mutations and reduce interconversions that are necessary for catalysis (Fraser et al., 2009).  
Sequence analysis suggests that outside of dynamic networks, mutation from unbranched to 
branched consensus residues can lead to increases in stability (Bershtein et al., 2008). 
Configurational entropy changes, improved core packing and the occupancy of small voids that 
are transiently populated by alternate conformations likely underlie these stability increases 
(Figure 5.2). The results suggest an intimate relationship between packing and flexibility – and 
perhaps place an upper limit on stability increases that can be achieved while maintaining the 
flexibility required for catalysis. High-throughput experiments that measure stability, catalysis, 
and sequence will help to quantify the genotype-structure(s)-dynamics-phenotype relationship. 
Testing the importance of dynamic features of proteins in a biological context, perhaps by 
subjecting point mutants that bias the conformational ensemble to quantitative genetic mappings 
(Beltrao et al., 2010), will move protein science beyond the model and into the map. 
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5.2 Figures 

Figure 5.1 Correspondence between evolutionary and dynamic networks 

a. The dominant protein sector of a correlated conservation sequence analysis (Halabi et al., 
2009) is shown within a red molecular surface.  The sector is structurally connected across 
several elements of secondary structure.  b. The complex packing requirements of the alternate 
side chain conformations of the dynamic network, coloured in red as in previous studies (Fraser 
et al., 2009), may be satisfied in different homologs by correlated residue preferences within the 
protein sector. 

 

 

a.      b. 
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Figure 5.2 Connections between genetic polymorphism and conformational polysterism 

a. Ser21 in CypA is polysteric in both the room temperature (red) and cryogenic (blue) maps.  
The alternate conformations of this entirely buried residue have intimate packing interactions in 
both states.  b. A histogram of residues observed at the homologous position of Ser21 indicates 
an evolutionary bias towards branched residues (T,V,I) that is statistically significant compared 
to the average Ser substitution matrix. This preference suggests that the packing interactions that 
are partially satisfied by the alternate conformations of Ser21 are fully satisfied by a branched 
residue in homologs. A general strategy to increase stability of the protein is to mutate such 
outlier residues to better resemble the alignment consensus. Indeed Ser21Thr CypA is stabilized 
by 0.8 kcal/mol. 

a.     b. 
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