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SUMMARY

The overall focus of this dissertation was to develop computational methods that
allow application of electron paramagnetic resonance (EPR) spectroscopy data for
protein structure prediction. Also, a main goal of this dissertation was to use these
methods to study a protein system of biological significance. Chapter | provides an
introduction to protein structure prediction and the relationship of EPR to structural
biology. It also provides background on the target protein system of interest for applying
the developed methods. Chapter | was written for this dissertation.
Chapter Il details the development and rational of a model that allows EPR distance
information to be incorporated into structure prediction methods. Chapter Il is based on
the publication enti t | ed i D e -resolatoro protein gttucture determination from
sparse spin-l abel i ng EPR d aAlemander,bMarcoNBoitolus mhmed Al-
Mestarihi, Hassane Mchaourab, and Jens Meiler.
Chapter Il describes the development of a rotamer library and its incorporation with
Rosetta allowing EPR distance data to be utilized to atomic detail. It is based on a
manuscripti n preparation entitled fARosettaEPR: Rot e
and dynamicso by Nat han Al ex &Kaulnemn, Had®ane har d S
Mchaourab, and Jens Meiler.
Chapter IV details the application of the methods developed in Chapter Il to
investigating the overall structure of a GPCR in complex with a G-protein. It is based on
the manuscript e nt i fprbteindwitiiadn adtiivatedarecéptoroopensotiie a G
interdomain interface in the alpha subunito b
Alexander, Ali Kaya, Scott Meier, Jens Meiler, Heidi Hamm, and Wayne Hubbell. The
first three authors contributed equally to the overall body of work, but this dissertation

contributed to the computational aspects.

Xiv



Chapter V describes the application of developed computational methods to refine
the structure of the GPCR bound to a G-protein. It is based on the manuscript in
prepar ati on ent it | e derniinal helbocormects bindingoof the tGhpeotei®
and activated receptor to disassociati on
Alexander, Anita Preininger, Ali Kaya, Heidi Hamm, and Jens Meiler. Current
contributions to the text from this thesis include methodological descriptions.

Chapter VI describes the application of EPR distance and accessibility data for use

in membrane protein structure prediction. It is based on a manuscript in preparation

enti tRRdr g@isEt r ai nt gui ded membrane protein

Nathan Alexander, Nils Woetzel, Mert Karakas, and Jens Meiler.

Chapter VII was written for this dissertation. It provides major conclusions of the work
and the relation of the findings to other work in the field.

The Appendix provides details for protocols not provided in the chapters. The
protocol for clustering analysis is given first. This clustering method was used in Chapter
IV. Second, the protocol for sampling and finding ensembles of models that fulfill an
experimental EPR distance distribution is given. This protocol was used in Chapter V. A
guide to membrane protein folding with EPR restraints in the BCL is given, relating to
chapter VI. Lastly, the methods used for modeling the receptor-bound conformation of

visual arrestin are described. The text is based on the methods and supplemental

of he

stru

information secti ons o fhe tonfermativa ofureceptori-bpund ent i t |

vi sual arrestin. o

XV



CHAPTER |

INTRODUCTION

Prote in structure prediction methods

The goal of protein structure prediction is to predict the three-dimensional
conformation from that proteinds amino acid se
protein arises from the rotatable bonds designated as G andy wi t hi n the amino
that comprise the protein. Predicting the structure of an amino acid sequence is non-
trivial, as demonstrated by Levinthalds paradox. Co
amino acids, which would be considered a small protein, as the median number of
residues in the eukaryotic proteome is 361 (Brocchieri and Karlin). Each of the 100
residues in the protein has two rotatable bonds, with an assumed rotational sampling
ability of 10°, giving 36 possible rotational conformations for each bond. Now in order to
exhaustively sample all possible conformations for the protein would give X ¢
combinations. Such a number to search through is intractable, but proteins fold
biologically in the order of seconds. By introducing energetic considerations into the
folding process, the number of conformations and time for folding are reduced to a
biological magnitude (Zwanzig, Szabo et al. 1992). Appropriately, protein structure
prediction methods can be broken down into two primary components. The first
component is the method for evaluating the physical correctness of a given protein
conformation. The second component is the strategy for sampling possible
conformations of a protein.

Two strategies for evaluating protein conformations are typically used in structure
prediction. Evaluation consists of calculating the free energy of a given protein
conformation. Energetic scores derived directly from physical properties of a protein
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provide the most accurate methods for calculating the energy of a protein (Karplus and
McCammon 2002). The downside to such potentials is that they are computationally
intensive to compute. An alternative method for protein structure evaluation is to
leverage empirically observed information about protein structures (Sippl 1995). More
than 80,000 protein structures are currently deposited in the Protein Data Bank (PDB)
(Berman, Westbrook et al. 2000). Statistics can be conducted over these proteins in
order to extract probabilities of observing specific structural properties within a protein.
Some of these properties include preferred amino acid exposures, amino acid pair
interactions, and protein compactness, or radius of gyration (Simons, Kooperberg et al.
1997). These knowledge-based potentials are not as accurate as physically derived
potentials. However, the knowledge-based potentials are computationally quick to
calculate.

Conformational sampling of protein structures is the second component to protein
structure prediction. In order to predict the structure of a protein, the amino acids must
transition from a starting configuration into the conformation encoded in the amino acid
sequence (Kuhiman and Baker 2000). Molecular dynamics is one type of methodology
for sampling protein conformations. Confor mat.
equations of motion to determine the direction and velocity of atoms across a time period
(Karplus and McCammon 2002). In order to simulate protein folding, molecular dynamics
simulations need to sample for timeframes of millisecond to second, while molecular
dynamics simulations typically are limited to up to microseconds (Fenwick, Esteban-
Martin et al. 2011). However, success in folding small peptides of more than 20 residues
has been demonstrated (Daura 2006). In contrast to molecular dynamics sampling,
Monte Carlo (Metropolis 1953) based sampling of protein structures does not require
any physically realistic relationship between one conformation and the next. In the
stochastic sampling of Monte Carlo methods, a given protein structure is perturbed in
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some manner in order test if the new conformation is more energetically favorable than
the previous. Defining appropriate perturbations is essential to maximize the efficiency of
sampling (Dinner 2000; Ulmschneider and Jorgensen 2003) (Simons, Kooperberg et al.
1997; Karakas, Woetzel et al. 2012). The advantage of stochastic sampling approaches
over molecular dynamics is that the protein can rapidly converge into a biologically
relevant conformation. The most efficient type of protein structure sampling is template-
based modeling. Template based protein structure prediction uses a protein of known
structure with a sequence similar to the target protein sequence (Zhang 2008). The
structure of the known protein is then imposed on the target sequence. Template based
modeling takes advantage of the the hypothesis that similar sequences will give similar
structures (Kuhlman and Baker 2000). The limitation of template based modeling is

highlighted when templates for a target are not easily identified.

Protein structure prediction  coupled with experimental data

In spite of advances in protein structure prediction methods, the successful
prediction of a protein structure from sequence remains limited to proteins of
approximately 150 residues or less (Yarov-Yarovoy, Schonbrun et al. 2006) (Zhang
2008). The Rosetta protein structure prediction method has had continued success at de
novo prediction of proteins, and is frequently one of the most accurate methods during
the Critical Assessment of Techniques for Protein Structure Prediction (CASP) (Raman,
Vernon et al. 2009). Rosetta uses a fragment-based assembly method in conjunction
with simulated annealing to predict protein structures from sequence (Rohl and Baker
2002). Peptide fragments of lengths 9 and 5 amino acids are selected from proteins of
known structure. The peptide fragments are similar in sequence and secondary structure
content to that predicted for the target sequence. The proteins the fragments are taken
from are not necessarily homologous to the target protein. This means that protein
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structures can be predicted for proteins where templates are not available (Raman,
Vernon et al. 2009). During the Rosetta protein structure prediction protocol, the
sequence starts out as an extended chain in space. All portions of the sequence are
then replaced by fragments of varying conformations in order to produce a native-like
protein conformation. To evaluate conformations of the protein, Rosetta used
knowledge-based potentials derived from the PDB (Rohl and Baker 2002).

In order to improve the ability of protein structure methods, experimental data can be
coupled with the algorithms. This has been demonstrated using medium-resolution cryo-
electron microscopy density maps in conjunction with secondary structure element
based sampling of possible protein topologies (Lindert, Staritzbichler et al. 2009; Lindert,
Alexander et al. 2012). The method can consistently predict protein structures to under 3
A root mean square deviation (RMSD) from the experimental structure. The combination
of nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR)
spectroscopic data was used for the prediction of the soluble homo-dimer protein
Dsy0195 (Yang, Ramelot et al. 2010). NMR chemical shifts have been used in
conjunction with molecular mechanics force fields to determine the structures of 11
proteins of up to 123 amino acids to an accuracy of 2 A RMSD (Cavalli, Salvatella et al.
2007). This method utilized fragment replacement sampling similar to Rosetta. The
incorporation of unassigned NMR data such as chemical shifts, NOEs and residual
dipolar coupling information allowed models to be predicted to an accuracy of up to 3 A
RMSD (Meiler and Baker 2003). Although these studies did not push the boundaries of
protein size during structure prediction they demonstrated the utility of combining
experimental data with protein structure prediction. In 2010, the Rosetta protein structure
prediction method was coupled with backbone-only NMR data to accurately predict the

structures for proteins of up to 200 residues. Such experimental dataset is considered



insufficient for structure determination by classic NMR methodology (Raman, Lange et

al.).

Alternative methods for probing membrane protein structure

X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are the
standard techniques for determining protein structures. Membrane proteins are
particularly challenging to these two techniques. Membrane proteins are frequently
difficult to purify in large enough quantities to allow characterization by X-ray
crystallography or NMR (Bill, Henderson et al. 2011). Membrane protein stability
presents another bottle-neck for producing crystals for use with X-ray crystallography.
Further, membrane proteins typically large size frequently inhibits widespread use of
NMR for structure determination (Kim, Howell et al. 2009; Kang and Li 2011).

Techniques other than X-ray crystallography and NMR are therefore frequently used
to investigate aspects of membrane protein structure. Introducing two fluorescent probes
into specific residue sites in a protein can provide distance measurements within a (Zou,
Surendhran et al. 2007). This can provide distances between 20 A and 50 A.
Additionally, single fluorescent probes can be used to report on the exposure of
positions in membrane proteins (Shinitzky and Rivnay 1977). This provides information
on the local environment around the fluorescent probe. Fluorescence measurements are
made at room temperature, so dynamic fluctuations of the protein are captured within
the measurement protein (Borbat, Surendhran et al. 2007). Small angle X-ray scattering
(SAX) can also be performed on proteins in native-like environments. SAX can provide
envelopes describing the overall shape of a protein (Fr anci s, R- Uy)cThe
SAX data can be used to find ensembles of protein structures which reproduce the SAX
curve. Cryo-electron microscopy (CryoEM) can be used to obtain electron density maps
at medium resolutions (Lindert, Stewart et al. 2009). At medium resolutions of 57 10 A,
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helices within proteins are resolved as
show the placement of helices relative to one another and therefore the overall
architecture of the protein. However, the sequential connectivity of the helices is not
easily determined, as the connecting loop residues will not be resolved (Fleishman,
Harrington et al. 2006).

Electron paramagnetic resonance spectroscopy is another technique that can be
used to probe membrane protein structure. It can provide distances within a protein of up
to 60 A (Borbat, McHaourab et al. 2002) and measurements have been demonstrated of
up to 80 A (Jeschke and Polyhach 2007). The collision frequency of single unpaired
electron probes (spin labels) with either molecular oxygen or NIEDDA can be used to
measure the exposure of a sequence position to the surrounding environment
(Altenbach, Marti et al. 1990; Koteiche, Berengian et al. 1998; Koteiche and McHaourab
1999; Zou and McHaourab 2009). Pairing EPR with site directed spin labeling allows the
targeted investigation of specific residues within the protein (Hubbell and Altenbach
1994). For membrane proteins, the combination of measured oxygen and NIEDDA
accessibilities allows the determination of residue depth within the membrane
(Altenbach, Greenhalgh et al. 1994).

These techniques all have the advantage that they can readily be used to make
structural measurements on membrane proteins. The limitations of the approaches arise
from the fact that the data gleaned from them cannot be used to unambiguously define

the structure of the target protein.

Methods for membrane protein structure prediction
Membrane protein structure prediction techniques follow the same principles as
soluble protein structure prediction (Frishman and Barth 2010). However, specific
considerations for membrane proteins must be taken into account. Favorably for
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structure prediction, the membrane does exhibit some constraints on the orientation of
segments that must pass through it. Unfortunately, membrane proteins are typically
larger than soluble a protein, which dramatically increases the conformational space. In
addition, the membrane introduces a more complex set of environment for residues to
reside within. Therefore, membrane specific potentials are needed (Yarov-Yarovoy,
Schonbrun et al. 2006). These potentials can include altered residue specific
environment scores, radius of gyration scores specific for membrane proteins, and
scores favoring placement of transmembrane helices orthogonally to the membrane.

In order to be successful in predicting membrane protein structures, it is important to
properly determine the segments which span the membrane. Methods are available for
predicting transmembrane spanning segments from the protein sequence. One method
is TMMOD (Kahsay, Gao et al. 2005). TMMOD uses hidden markov models to predict
helical regions of the protein sequence that span the membrane. TMMOD consistently
achieved an accuracy of over 80%. Another tool is Octopus (Viklund and Elofsson
2008), which uses artificial neural networks to predict the helical transmembrane
spanning topology of membrane proteins. Octopus achieves an accuracy of 94% across
124 sequences with known structure. Membrane protein structure prediction methods
can take advantage of these highly accurate topology predictions. The Rosetta structure
prediction algorithm was adapted for membrane proteins with specific potentials and
sampling strategies and uses Octopus predictions to help identify transmembrane
segments (Yarov-Yarovoy, Schonbrun et al. 2006). Rosetta achieved predictions with
accuracy of up to 4 A RMSD to the native structure for proteins of up to four
transmembrane helices and 120 residues.

The TASSER protein structure prediction method was tested on a benchmark set of
38 membrane proteins (Zhang, DeVries et al. 2006). TASSER uses sequence threading
to identify template regions of from proteins of known structure. Threaded portions of the
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template structures are then combined to produce a complete model of the target
protein. This has the advantage over fragment based methods such as Rosetta in that
threaded regions of template can span large portions of the target protein if there a
highly accurate match can be identified. Seventeen of the thirty-eight proteins were
modeled with an accuracy better than 6 A RMSD over all residues.

Predictions in addition to membrane spanning topologies can be incorporated into
membrane protein structure techniques. This was demonstrated using Rosetta (Barth,
Wallner et al. 2009). Predicted or experimentally identified contacts between sequentially
distance transmembrane segments were used to constraint the topology of membrane
proteins during folding. The contact point was held fixed while folding the rest of the
protein around the contact points occurred. The contact between transmembrane
segments was created without regard for maintaining a continuously intact protein
backbone. The method was benchmarked on twelve membrane proteins with up to 300
residues. This study demonstrated two important ideas. First, it showed the utility of
being able to efficiently and rapidly sample contacts between sequentially distance
segments. This was previously hypothesized as one of the limitations in Rosetta
membrane protein structure prediction (Yarov-Yarovoy, Schonbrun et al. 2006). Second,
the study showed the large amount of information that can be contributed by a small
number of restraints. Just a single restraint was able to focus the sampling and obtain

highly accurate models for membrane proteins with up to 6 transmembrane helices.

Methods for structurally interpreting EPR measurements
EPR allows studying membrane protein structure not amenable to classic structural
techniques. Information is acquired from EPR measurements using spin label probes
which contain unpaired electrons (Jeschke and Polyhach 2007). These spin label probes
are covalently attached to cysteine residues within the protein sequence (Hubbell and
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Altenbach 1994). Methane thiosulfonate spin label (MTSSL) (Millhauser, Fiori et al.
1995) is commonly used for EPR measurements. The unpaired electron of MTSSL is
tethered to the protein backbone at the end of the side chain. There are five rotatable
bonds in MTSSL, providing great flexibility for the position of the unpaired electron
relative to the protein backbone. MTSSL has been preferred over other spin labels
because it has been shown to be sensitive to the secondary structure on which it resides
(Isas, Langen et al. 2004). This is advantageous for determining the local structure
round a spin label. However, the flexibility of the MTSSL spin label side chain presents
challenges when EPR is used to measure distances within a protein. The distance is
measured between the unpaired electrons of the two spin labels that have been
introduced into the protein. Each of the spin labels project from the backbone with some
unknown orientation, making the relation between the distance between the spin labels
and the corresponding backbone distance unknown. The difference between the two
distances can be up to 12 A (Borbat, McHaourab et al. 2002).

EPR distance measurements provide a distribution of distances observed in the
protein system (Chiang, Borbat et al. 2005). This distribution can be the result of protein
backbone fluctuations and conformational sampling of the spin label (Fanucci and Cafiso
2006). Using alternative spin labels with reduced flexibility can remove contributions due
to the conformational sampling of the spin label (Columbus, Kalai et al. 2001). However,
MTSSL has been shown to be well tolerated when introduced at a variety of positions
with a protein, including buried sites in the core of the protein (Guo, Cascio et al. 2007).
Even assuming that the spin label is restrained, challenge remains to determine the
conformation of the spin label relative to the protein backbone (Sale, Sar et al. 2002).
Therefore, multiple experimental and computational efforts have attempted to
characterize and predict conformations of the MTSSL spin label. This would allow
precisely relating measured distances between spin labels into backbone distances.
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Molecular dynamics simulations have been used in order to study MTSSL
conformations and relate spin label distances into backbone distances. The
conformational dynamics of MTSSL were simulated using MTSSL attached to an U
helical peptide (Tombolato, Ferrarini et al. 2006). The simulations demonstrated distinct
energetically preferred conformations for each of the rotatable bonds in MTSSL,
including correlated preferences between some of the bonds. When applied to a site
within the T4-lysozyme protein, the single mutant continuous wave EPR spectra were
able to be accurately reproduced. This provided insights into the contributions of the spin
label dynamics to the cw-EPR spectra (Tombolato, Ferrarini et al. 2006). In another
approach, a hybrid of both molecular dynamics and Monte Carlo based sampling was
used to predict spin label conformations which would accurately reproduces
experimentally measured EPR distance measurements (Sale, Song et al. 2005). Monte
Carlo sampling provided a coarse grain search of possible spin label conformations.
Following this course grained search, the most energetically favorable were then
subjected to 1 nanosecond molecular dynamics trajectories. Using proteins of known
structure for which EPR distance measurements were available this method was able to
recover spin label distances to a mean error of 3 A.

Experimental structural studies provide an alternative to computational methods for
determining conformations sampled by the MTSSL spin label. The structure of sixteen
single mutants of T4-lysozyme with MTSSL have been crystallized and determined to
high resolution by X-ray crystallography (Langen, Oh et al. 2000; Guo, Cascio et al.
2007; Guo, Cascio et al. 2008; Fleissner, Cascio et al. 2009). In addition, two structures
of the membrane protein LeuT have been crystallized each with one site within a
transmembrane helix mutated to MTSSL (Kroncke, Horanyi et al. 2010). These

structures provide insights into the preferred combinations of angles for the rotatable
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bonds of MTSSL. This simplifies the search for MTSSL conformations to interpret EPR

data by reducing the number of combinations that must be considered.

Investigations of the structure  of the rhodopsin GPRC in complex with the G -
protein transduci n

G-protein coupled receptor (GPCR) proteins are integral membrane proteins of great
biological significance. More than a quarter of all pharmaceutical therapies target GPCR
proteins (Overington, Al-Lazikani et al. 2006). GPCR proteins consist of seven
transmembrane spanning helices, and the first crystal structure of a GPCR was
determined by X-crystallography the bovine rhodopsin protein (Palczewski, Kumasaka et
al. 2000). Since then, multiple crystal structures of rhodopsin have been determined.
Opsin is the activated form of rhodopsin. Rhodopsin becomes activated by the
isomerization caused by light of a bound retinal molecule (Hofmann, Scheerer et al.
2009). A crystal structure of opsin (Park, Scheerer et al. 2008 ) revealed the structural
differences between a rhodopsin structure (Li, Edwards et al. 2004) and opsin. The
findings of the structural differences determined by X-ray crystallography were further
verified through EPR (Altenbach, Kusnetzow et al. 2008). Sixteen distances were
measured on exposed sites of helices on the cytoplasmic side of rhodopsin. The
measurements were made before and after photoactivation and the distances changes
were compared. The results mimicked those observed crystallographically that the
cytoplasmic ends of transmembrane helices five and six undergo conformational
changes (Millar and Newton).

Once rhodopsin is activated it can interact with its conjugate G-protein in order to
continue the signal cascade into the cell, (Hofmann, Scheerer et al. 2009). Insight into
the binding interaction of opsin with its G-protein, transducin, was provided when the
crystal structure of opsin was solved with the eleven residue c-terminal peptide of
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transducin (Scheerer, Park et al. 2008). This provided hypotheses for the mode of

binding of the transducin to opsin. Transducin is comprised of three subunits, Ub 2

(Lambright, Sondek et al. 1996). The U subuni t is the portion

interacts with opsin, and consists of two domains: a GTPase domain and a helical
domain (Hamm 2001). When transducin binds to opsin, the GDP molecule bound to the
U subunit is released and a mol e dlesmer2016).
Binding of GTP reduces the affinity of
subunits are then free to interact with other proteins in the signaling cascade until GTP is
hydrolyzed to GDP and the cycle begins anew (Oldham and Hamm 2007).

The structure of the b, adrenergic receptor GPCR in complex with the Gs was
determined by X-ray crystallography (Rasmussen, DeVree et al. 2011). Gs is the G-
protein that activates adenylyl cyclase. In order to crystallize the complex, the T4-
lysozyme protein was interjected into the N-terminus of the receptor. In addition, a
nanobody protein is boundtothe b2 subunits of Gs . Thi s
resolution experimentally determined structure of a GPCR in complex with a G-protein.
Gs is in the nucleotide free state, providing a snapshot of the mechanism by which GDP
is released frtoom The Helsichadunidomain of
structure demonstrates remarkable flexibility of movement relative to the nucleotide
binding domain. Further studies are needed to fully characterize the conformational
ensemble accessible to the helical domain upon GPCR binding and GDP release.

Molecular dynamics simulations investigating the atomic mechanisms of activation
and GPCR signaling use determined crystal structures as starting points (Grossfield
2011). Given the large size of GPRC proteins, the computational costs are large, but
simulations of GPCRs have reached into the microsecond range. Prior to the publication
of an experimental structure, molecular dynamics simulations were conducted on the
complex of opsin and transducin (Sgourakis and Garcia 2010). A docked structure was

12

o
GTP th
bo or
study
the U



used as the starting point for the simulation of the complex, and 1.045 us of simulation
time was conducted on the 400000 atom system. The simulation used 2048 processors

for 10 months to achieve these calculations.
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CHAPTER Il

DE NOVO HIGH-RESOLUTION PROTEIN STRUCTURE DETERMINATION

FROM SPARSE SPIN LABELING EPR DATA

This work is based on publication (Alexander, Bortolus et al. 2008).

Summary

As many key proteins evade crystallization and remain too large for nuclear magnetic
resonance spectroscopy, electron paramagnetic resonance (EPR) spectroscopy
combined with site-directed spin labeling offers an alternative approach for obtaining
structural information. Such information must be translated into geometric restraints to
be used in computer simulations. Here, distances between spin labels are converted into
distance ranges between b-carbons usi ng a -ortaatootnieoon mo d elihear-
correlation model links spin label accessibility to the number of neighboring residues.
This approach was tested on T4-lysozyme and U Acrystallin with the de novo structure
prediction algorithm Rosetta. The results demonstrate the feasibility of obtaining highly-
accurate, atomic-detail models from EPR data by yielding 1.0A and 2.6A full-atom
models, respectively. Distance restraints between amino acids far apart in sequence but
close in space are most valuable for structure determination. The approach can be
extended to other experimental techniques such as fluorescence spectroscopy,

substituted cysteine accessibility method, or mutational studies.

Introduction
The accelerated pace of genome sequencing has sparked the development of rapid
structure determination methods and ambitious proposals for genome-scale structure
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determination utilizing primarily X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy (Stevens, Yokoyama et al. 2001; Berman, Battistuz et al. 2002;
Lesley, Kuhn et al. 2002; Westbrook, Feng et al. 2003). However, it has become clear
that static and dynamic structural information for a significant subspace of the protein
universe continues to evade these tools. Important examples include the static structure
of membrane proteins (Tusnady, Dosztanyi et al. 2004), conformationally heterogeneous
water-soluble proteins (Haley, Bova et al. 2000), and large protein complexes involved in
major cellular processes (Harrison 2004). Insight into conformational motions that
mediate function is restricted to proteins amenable to NMR spectroscopy or to
crystallization in  multiple intermediate states. Furthermore, the absence of
representative structures of entire protein families, whose members often share
difficulties in structure determination, reduces the efficiency and accuracy of comparative
modeling (Sali 1998).

A complement of methods with intrinsically lower resolution can provide insight into
these problems. Among them are probe-based approaches such as electron
paramagnetic resonance (EPR) spectroscopy in combination with site-directed spin
labeling (SDSL) (Hubbell, McHaourab et al. 1996; McHaourab, Berengian et al. 1997;
Koteiche, Berengian et al. 1998; Perozo, Cortes et al. 1999; Liu, Sompornpisut et al.
2001; Brown, Sale et al. 2002; Dong, Yang et al. 2005). EPR analysis of spin labeled
proteins results in a set of structural restraints that describes, in a native-like setting,
local environments as well as aspects of the global fold of the protein. Spin label
accessibility and mobility can be used to determine secondary structure location and
topology (Farahbakhsh, Altenbach et al. 1992; Altenbach, Froncisz et al. 2005). Distance
measurements between pairs of spin labels in the range from 5-60A (Rabenstein and
Shin 1995; Borbat, McHaourab et al. 2002) reflect the relative packing of domains and
secondary structures. In cases where these parameters are obtained in various
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conformational intermediates of the protein, they allow for a detailed mapping of
structural changes involved in function (Dong, Yang et al. 2005). There are relatively few
limits on the size and environment of the protein, particularly when compared to X-ray
crystallography and NMR spectroscopy.

Despite the widespread application of SDSL (Fanucci and Cafiso 2006), the use of
EPR restraints for structure determination has not been systematically explored. A
central question is the number and nature of EPR restraints necessary to obtain a
structural model at a biologically relevant resolution. The most extensive use of
spectroscopic data along with computational methods for structure determination is in
NMR spectroscopy (Withrich 1986). Typically consisting of distances not greater than 5-
6A with upper and lower bounds, the geometric information is derived from NOE-based
experiments. The number of such restraints required for the determination of a structure
depends on the range and quality of such restraints, but is generally assumed to be
above 15 restraints per residue (Nederveen, Doreleijers et al. 2005).

Although EPR distance restraints have a longer range than their NMR counterparts,
they are fundamentally less accurate since they report distances between probes
introduced into the protein sequence. The significant length of the spin label linking arm
implies that the EPR distances will have a rather large uncertainty when translated into
di st ances -drb-tavbens umless the conformation of the spin label is known at
every site. Therefore, previous efforts have focused on either using molecular dynamics
simulations to define their trajectories (Sale, Song et al. 2005) or on determining a library
of rotamers from crystal structures of spin labeled T4-lysozyme (Langen, Oh et al. 2000).
These studies are critical since spin label conformations are likely stabilized by weak
specific interactions with neighboring amino acid side chain or backbone atoms.
However, such calculations are time and resource intensive and not practical without a
high-resolution structural model of the protein.
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Sparse experimental data, such as EPR restraints, aid computational protein
structure prediction algorithms by restricting the conformational space that must be
considered in order to obtain the correct structure. For instance, the Rosetta de novo
protein structure prediction algorithm (Simons, Kooperberg et al. 1997; Bonneau,
Strauss et al. 2001; Bonneau, Tsai et al. 2001; Bradley, Chivian et al. 2003; Rohl,
Strauss et al. 2004; Bradley, Malmstrom et al. 2005) predicts high-resolution (better than
1.5A) structures of proteins with less than 80 amino acids in the absence of experimental
restraints (Bradley, Misura et al. 2005). In combination with sparse (less than one
restraint per amino acid) NMR NOE distances and/or residual dipolar couplings (Bowers,
Strauss et al. 2000; Rohl and Baker 2002), the structure of proteins with up to 200 amino
acids can be determined to medium-high-resolution (1.5i 3.0A).

In the present work, Rosetta is combined with sparse EPR distance restraints and
solvent accessibility measures for high-resolution structure determination of the mostly
helical T4-lysozyme (Weaver and Matthews 1987) and t h e -®&Hedt prdtein U A
crystallin (Horwitz 1992; Horwitz 1993). We address the question of whether the EPR
restraints can restrict the conformational space without assuming an atomic-detail model
for the spin labeld s dynami cs and a ¢ ¢ o wependamtg spetific
interactions. Also addressed are the questions of how many restraints are needed to
obtain a high-resolution structure and what type of EPR restraint is most efficient.

The results demonstrate that sparse EPR restraints derived from a non-atomic model
of the spin label lead Rosetta to high-resolution structures for both proteins. Also,
distance restraints are more efficient in restricting conformational space than spin label
accessibilities. Further analysis reveals that those between two amino acids far apart in

sequence but close in Euclidian space are the most valuable.
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Results

EPR distance and accessibility data were transformed into structural restraints as
described in Experimental Procedures. Briefly, distances between spin labels were
transl ated i nt o -darbens asmgaenotiob-eniawamenmodebof the spin
label location relative to the a-carbon. The accessibilities of spin label were
computationally interpreted in terms of the exposed surface area. The effectiveness of
the restraints to aid Rosetta in the folding process was then evaluated. Because
distance restraints proved vastly more efficient, accessibility data was not used during
modeling. De novo models were compared to the crystal structure of T4-lysozyme and a
comparative model of aA-crystallin.
Evaluation of the fMotion-on-a-c o n e 0 rfoo dneefpretation of distance
restraints

The i mo t-dn-@-0 o n madel (see Figure 1) yields a predicted distribution for the
difference between the distance separating the spin labels (ds.) and that separating the
two corresponding C fs (dcp. Comparison of the predicted ds, - dcp distribution with the
ds. - dcp obtained from the T4-lysozyme and U Acrystallin structures (Figure 1D)
demonstrate that they essentially encompass the same range of ds. - dcpand reveals a
common bias in experiment and model for ds; > dcp The comparison also reveals that
the model over-predicts the frequency with which large (> 4A) ds, - dcpVvalues occur and
underestimates the frequency with which low (< 4A) dg, - dc s values occur. However, the
present application depends only on the ability of the model to predict the appropriate
range of values for ds, - dc i the frequency with which these values occur is not a part of

the utility of this simple model.
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FigurelRati onal for translating dSL into dCb for wuse
A) Chemical structure of a nitroxide spin label side chainwi t h t he di stance from t
the spin label indicated (Borbat, McHaourab et al. 2002). B) lllustration of how the maximum
di stance from Cb t ducedpd an eflecdive alistance, SALeff (depsctedr by a
double Iine). C) dSL is a starting point for the uj

[

di stance of 6j twice from dSL gives a starting poi
compares T4-lysozyme crystal structure (black bars, left y-axis, bottom x-a x i s ) -aryswllinU A
comparative model (white bars, left y-axis, bottom x-axis) dSLid Cbh v al ues with those
from the simple cone model (circles and line, right y-axis, top x-axis).

Given a dg, t he -dnm€toin@m mo d e | provides a restra
predicted range for dcp, The accuracy of the range can be evaluated by comparing it to
the dcp calculated from the T4-lysozyme structure and the U Acrystallin comparative
model. Practically all calculated dcp lie within the range predicted by the model (Figure
2C, G).
Agreement of the consensus linear regression relation with T4-l ysozy me - and UA
crystallin

Analogous to an experimental distance measurement, the experimental accessibility
of a spin label (es.) needs to be translated into accessible surface areas of the protein
structure for use as a restraint. For this purpose, a consensus linear regression relation
between eg. and the number of Cb at oms wit hin 8 of the Cb o
amino acid (ecp was determined from T4-lysozyme and U Acrystallin structures. The
linear relation is given by ecp= (0.76ies)) A20. 87 and has a cee@B83 el ati o
to experimental T4-lysozyme and U Acrystallin data (Figure 2D, H). The strong
correlation suggests the simple method of linearly relating es, to ecpis a sufficient means

for obtaining a structural restraint from EPR accessibility data.
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Figure 2 Map of the EPR restraints on the T4-lysozyme crystal structure A-D) and o-n t he U,
crystallin comparative model (E-H).

A and E) dChb, shown as red dotted | ines, which ar
Residues depicted as space-filling models. C and G) Diagram shows dSL (blue circle), the range

of the derived distance restraints (blue), and t he
(red bar). D and H) Diagram illustrating tére corr e
consensus model fit © 3 AdCh , where GaCbhb, was recalculated base
1.70A. In B, F, D, and H the residues are color-coded with decreasing eSL from blue i cyan i

yellow i orange T r ed ; bl ack i ndi cat eystairthat cshowa reduded i n UA
experi ment al accessibility due t ocrystailin enitsnrotheecul ar |

oligomeric protein.

Influence of EPR data on de novo fold determination

To avoid the introduction of noise through unconstrained regions and focus on
evaluating the contribution of EPR restraints in structure prediction, regions in both
proteins that were not probed with spin labels were excluded from the calculations. For
T4-lysozyme, the C-terminal 107 residue helical domain (amino acids 58i 164) was
modeled (Figure 2A). For U Acrystallin, the C-terminal 88-r e s i dsarelwich domain
(amino acids 601 147) was modeled (Figure 2E).

The influence of the experimental EPR restraints on de novo protein folding with
Rosetta was evaluated by building 10,000 models for each protein (a) without the use of
experimental data, (b) with only the use of distance restraints, (c) with only the use of
solvent accessibility restraints, and (d) using both sets of restraints. The average model
guality was monitored by the root-mean-square-deviation (RMSD). The results for both
T4-lysozyme and U Acrystallin follow the same trends: there is an improvement in the
quality of models created using distance restraints compared to models created without
distance restraints (Figure 3A and B, T4-lysozyme; Figure 31 and J, U Acrystallin); there
is very little to no improvement when accessibility restraints are included (Figure 3A and
C, T4-lysozyme; Figure 31 and K, U Acrystallin); using accessibility restraints in
conjunction with distance restraints provides little to no improvement over using distance
restraints alone (Figure 3B and D, T4-lysozyme; Figure 3J and L, U Acrystallin). It is
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clear from these analyses that the distance restraints are critical for improving the RMSD
distribution of models, while solvent accessibility data only marginally improve the quality
of water soluble protein models.
Influence of spin label placement on de novo fold determination

Spatial contacts of amino acids that are distant in sequence define the protein
fold best (Baker 2000; Bonneau, Ruczinski et al. 2002). However, whereas scp can be
chosen when designing an EPR experiment, dcp is generally unknown. EPR
experiments do not provide contact dat a,
information content (Icp) of an EPR distance restraint can be defined as directly
proportional to the sequence distance (scp) but indirectly proportional to Euclidean
distance: lcp ~ Scw/ dep

To investigate the influence of spin label location and resulting Icp on de novo
structure determination, two experiments were designed with subgroups of all available
restraints. First, all restraints are ranked by Icp to assess their power in an idealized
experiment. Second, all restraints are ranked by scpin order to simulate the choices the
experimentalist can make when selecting sites for labeling. 10,000 models for T4-
lysozyme and U Acrystallin were built which used a) the one-third restraints with highest
Ics b) the one-third restraints with lowest Ic €) the two-third restraints with highest ¢,
and d) the two-third restraints with lowest Ic, The experiment was then repeated using
Scpinstead of I¢p.

Once again the trends of the results are the same for both proteins and for both Icp
and scp experiments. a) Using the one-third restraints with highest I¢ shifts the RMSD
distribution into the range obtained when using all of the available distance restraints
(Figure 3E and B, T4-lysozyme; Figure 3M and J, U Acrystalllin b) Using the one-third
restraints with lowest Ic , only slightly shifts the RMSD distribution towards lower RMSDs
and is similar to that in the absence of distance restraints (Figure 3F and A, T4-
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lysozyme; Figure 3N and |, U Acrystallin). c) There is little shift in the RMSD distribution
when the two-third restraints with highest Ic, are used compared to only one-third
(Figure 3G and E, T4-lysozyme; Figure 30 and M, U Acrystallin); the extra restraints
increase the number of lower RMSD models that are created. d) When the two-third
restraints with lowest Ic, are used, there is a small shift in the RMSD distribution
compared to when no distance restraints are used (Figure 3H and A, T4-lysozyme;
Figure 3P and I, U Acrystallin). However, this shift is not nearly as drastic as the shift
obtained when the one-third most informative distant restraints are used.

Using scpto select restraints instead of Icpresults in only a slight reduction in model
guality and slight variation in total Ic, of the selected restraints compared to that of the
restraints employed in the first experiment (Figure 3E i H, T4-lysozyme, Figure 3M 1 P,
U Acrystallin). This indicates maximal sequence separation can be used to effectively
define spin label placement and select for restraints with large Ic, However, it should be
noted that some of the sites for spin labeling T4-lysozyme were chosen with the crystal
structures at hand which might bias the restraint sets for increased information content.
Furthermore, this experiment does not test how spin labels should be distributed within
the protein. Additional experiments indicate that, besides maximizing Scp a uniform

distribution of spin labels over the sequence is optimal (data not shown).
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Figure 3 lllustration of the value of the experimental restraints in de novo protein folding for
T4-lysozyme (A-H)  a n-ctystéllia (I - P).
The backbone RMSD distribution of 10,000 T4-lysozyme de novo models created A) without the
use of EPR restraints, B) with only the use of EPR distance restraints, C) with only the use of
EPR accessibility restraints, D) with the use of EPR distance and accessibility restraints. E) The

backbone RMSD distribution of 10,000 T4-lysozyme de novo models created with the use of ]/ 3
of the EPR distance restraints: top bar) those with the largest information content; second bar)
those between amino acids furthest apart in sequence. The third and fourth black and white bars
denote the sum percent of information content of the restraints used for the top and second bars,
respectively. The width of the blocks comprising the black and white bars denotes the information
content of individual restraints. F) Same as for E) but using the distance restraints with the lowest
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information content (top bar) and nearest in sequence (second bar). G) Same as for E) but using
2/3 of the total distance restraints. H) Same as for F) but using 2/3 of the total distance restraints.
IT P)SameasA-H but -dystallin.UA

Rosetta folding of T4-lysozyme and U Acrystallin

No accessibility restraints were used in the large scale folding simulations, due to
their minimal influence on structure determination. Of the 500,000 models built for T4-
lysozyme, the lowest RMSD obtained was 2.39A with a total of 117 models having an
RMSD value smaller than 3.5A. Of the 500,000 models built for U Acrystallin, the lowest
RMSD obtained was 3.36A with a total of 46 models having an RMSD value smaller
than 4.0A.

Filtering the 500,000 models of T4-lysozyme a n d -cky#allin reduces the number
considered for high-resolution refinement to a manageable number and enriches the
high-resolution refinement pool for low RMSD models. Enrichment is measured as the
fraction of low RMSD models in the filtered ensemble divided by the fraction of low
RMSD models in the original ensemble. For T4-lysozyme, requiring full agreement with
all distance restraints and an overall Rosetta score better than -35 points prunes down
the number of candidate structures to 10,906, keeping 27 models with RMSD values
smallerthan3 . 5 . This enriches |l ow RMSD (O 3.
27 /10,906 + 117 / 500,000 = 10.6.

For U Acrystallin, in order to keep approximately 10,000 structures for high-resolution
refinement, models were required to have an overall Rosetta score better than or equal
to -7 5 ,-strdmd pairing score better than -31, and total sum of all distance violations
smaller than 3.0A. These criteria limit the number of structures to 9,796. Of the 9,796
models, 26 models have an RMSD of less than 4.0A, which is an enrichment of low
RMSD ( O4. 0 )26/d%be 165 500,600 = 28.8.

Structure Determination of T4-lysozyme and U Acrystallin
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After high-resolution refinement, models were filtered by agreement with distance
restraints. T4-lysozyme models were again required to be in full agreement with all
distance restraints. U Acrystallin models were required to have sum total distance
restraint violations of less than 1 A. The remaining models were sorted by Rosetta full-
atom energy, and the lowest energy model for each protein was compared to the crystal
structure of T4-lysozyme and the comparative model of U Acrystallin. For RMSD
analysis, loop regions of the U-h e | i ¢ a-bandavichddonfimins were disregarded.

In addition to RMSD analysis, the agreement of side chain conformations can be
captured by compari ng.st hfe sdperceidfriacd saentgisefs wucl
cal l ed a (Dumback and Karpus 1993; Dunbrack 2002). | f alil,sofamgl es @6
amino acid side chain deviate less than 60° the rotamer is the same and the
conformation is closely recovered. The number reported for side chain conformation
comparison is the percentage of non-agreeing rotamers (Figure 4B and Figure 4D).

The Rosetta energy of T4-lysozyme de novo models decreases as their RMSD and
side chain rotamer disagreement to the native structure diminish (Figure 4A, Figure 4B).

This allows the selection of high-resolution models based on energy alone. The lowest

energy de novo model achieves an RMSD to the crystalstruct ur e of -helidlj i n t h
domain and 2.0A over all modeled residues (Figure 5A). 80% of all rotamers are in

agreement with the crystal structure.

The Rosetta energy of U Acrystallin de novo models decreases as their structure
approaches that of the comparative model (Figure 4C). However, side chain rotamer
disagreement does not correlate with Rosetta energy (Figure 4D). The lowest energy de
novo model achieves an RMSD of 2.6j f or -sandwiech amd 4.0A over the whole
protein (Figure 5B ) . The rotamer aspamdeienmse 54 65%. iNote thah e D
similar RMSDs and side chain agreements are also found between the comparative
model and two other comparative models based on different templates (data not shown).
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A) and C) The non-loop RMSD versus Rosetta energy for T4-l y s 0 z y me-crystaliéh madals,
respectively. B) and D) The percentage of incorrectly built side chain conformations versus
Rosetta energy for T4-l y s 0 z y me -crgstalin models, respectively. In all diagrams the
minimized crystal structure or comparative model is depicted as a circle; the lowest energy model

is shown as a square.
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Figure 5 Overlay of lowest energy de novo models on crystal structure or comparative model.
A) and B) For T4-l y s 0 z y me -crgstallh, réspectively, superimposition of the lowest energy
model (rainbow colored) with the crystal structure or comparative model (gray). The backbone is
given as a ribbon diagram. Side chains of T4-l y sozy me asandivi t krgsalin ald A
shown as stick models without hydrogen atoms.

Discussion

Structure determination from sparse EPR restraints

The major conclusion of this paper is that structural restraints obtained from EPR
analysis of spin labeled proteins can be used in combination with de novo prediction
methods to determine atomic-detail structures of proteins. Furthermore, the structural
interpretation of the EPR data for the purpose of de novo modeling does not require a
detailed understanding of the position or conformation of the spin label relative to the
backbone. A fimotion-on-a-c one 60 mod el c ab pdiosvti adrec @ndtheesgt r ai n
spin label accessibility can restrain the number of close neighbors when building a
structural model.

Only a few specific distance restraints are needed in order to add substantial
information and restrict the accessible fold space significantly. Using all twenty-five
distance restraints, 50% T4-lysozyme models have an RMSD smaller than 8A compared
to less than 5% in their absence. This means that less than one distance restraint per
four amino acids was sufficient to focus the de novo structure determination method on
sampling the correct fold in more than half of all runs of T4-lysozyme. Only 0.074
distance restraints per residue are needed in order to obtain an equivalent RMSD
distribution if the eight restraints between amino acids farthest apart in sequence are
used. A significant increase in the quality of models created with distance restraints was
also noted for U Acrystallin. By using the distance restraints between amino acids

farthest apart in sequence, only 0.136 distance restraints per residue are needed in
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order to obtain an RMSD distribution similar to that seen when using all restraints. The
reduced frequency at which the correct fold is obtained compared with T4-lysozyme can
be attributed to the more challengingf ol di ng p atsandvdch. f or a D
Relative importance of accessibility and spatial restraints

Distance restraints 7 even with the comparably large uncertainties resulting from
EPR measurements i are more valuable for de novo protein structure determination
than solvent accessibility data. Whereas distances reflect specific geometric
relationships, the solvent accessibility reflects a convolution of local interactions and
rather unspecific interactions with the solvent. The Rosetta energy function already
contains knowledge-based terms for these two types of interactions: the amino acid pair
potential and the environment potential. The pair potential describes the likelihood of two
amino acid types to be spatially close. The environment potential describes the
likelihood of an amino acid to be exposed to the solvent or buried in the core. Thus, the
EPR accessibility measurements, which reflect the expected buried/exposed distribution,
add little information beyond the empirical potentials used in Rosetta.

It should be noted, however, that the importance of the spin label accessibility
restraints may be understated by the use of water-soluble proteins as a test case. In
general, de novo prediction methods for secondary structure and for sequencei specific
residue environment are quite accurate for water soluble proteins (Rost and Sander
1993; Jones 1999; Rost 2001; Meiler 2003). In contrast, the apolar character of the
membrane core makes a computational distinction between membrane and protein core
more difficult. Thus, experimental accessibilities are expected to be critical in defining
the secondary structure and topology of initial models for membrane proteins.

Structural interpretation of EPR parameters

The fundamental assumption in the i mo t-dn-a-0 o n e 0 s that éhé spin label

cannot point towards the interior of the protein. Thus, possible specific interactions of
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spin label and protein are disregarded. This is manifest as a bias towards over-predicting
the frequency with which large (> 4A) ds. - dcp values occur. Additionally, the model
underestimates the frequency with which low (< 4A) ds. - dcp values occur. This is
because the spin labels cannot adopt conformations that closely mimic non-spherical
arrangements on the surface of proteins such as b-st r a n d s-helcesdA nibre
precise estimation of the distribution of ds. - dcp values might be possible as a
comprehensive understanding of spin label rotamers emerges (Langen, Oh et al. 2000).

While there is a robust linear relation between the experimental spin label
accessibility, es,, and the predicted accessibility, ec, the applied consensus fit
procedure used to obtain the relation has two disadvantages. First, because a
comparative model was used in the development of the consensus linear regression
model, using it for de novo folding simulations is somewhat circular. Second, part of the
accessi bil i t-orystaflim are inflieaced by Aligomerization and had to be
excluded because onl vy a mo d e | odrystallinh is
computationally feasible. Nevertheless, using this relation in simulations is arguably an
acceptable test of the usefulness of such data for de novo protein folding.
Conclusion

De novo structure prediction samples as much of the conformational space as
possible in order to find the native structure; the number of models reflects the extent of
sampling. The increase in the number of high quality models indicates that the
conformational search space has been reduced by the restraints, which allows the
remaining space to be sampled more densely. It is remarkable that sparse distance
restraints with as large an uncertainty as those obtained from the i meoh-a-© @ n
model provide such a drastic improvement in the RMSD distribution of models. The most
efficient reduction in conformational search space results from the longest range
restraints between residues far apart in the primary sequence. The uniform distribution
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of restraints throughout the protein should also be taken into consideration in order to
maximize efficiency.

The tendency for side chains to achieve their native rotamer as the protein model
backbone approaches its native conformaton has been ter med flnackbone
protein design (Kuhiman and Baker 2000) and was also observed in very accurate high-
resolution de novo protein structure prediction (Bradley, Misura et al. 2005). As a protein
model backbone approaches its native conformation, backbone memory allows Rosetta
to accurately place side chains into their native rotamer (Kuhlman and Baker 2000). This
is demonstrated with T4-lysozyme; 80% of all rotomers are correct in the lowest energy
de novo model although no side chain conformational restraints are used. For U A
crystallin definite placement of side chain atoms cannot be conclusively analyzed, since
no high-resolution crystal structure is available. The energies between comparative and
de novo models are similar; however, no convergence in side chain conformation was
achieved. Therefore, it remains unclear whether the rotamers predicted by the
comparative or the de novo model are more accurate.

Overall, this benchmark study sets the stage for application of EPR restraints to
protein targets where no structural model is yet available. Advancements in protein
folding algorithms and incorporation of other experimental techniques will further
improve the efficiency and accuracy of de novo protein structure determination from

sparse experimental data.

Experimental P rocedures

Introduction of site-directed spin labels and EPR conditions
For the introduction of spin labels, cysteine residues were systematically introduced
into the (cysteine-free) T4-lysozyme and U Acrystallin amino acid sequences through
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single or double point mutations (Koteiche, Berengian et al. 1998; Borbat, McHaourab et
al. 2002; Altenbach, Froncisz et al. 2005). After recombinant protein expression and
purification, the mutant was reacted with methanethiosulfonate nitroxide reagent. A total
of 25 double mutants and 57 single mutants of T4-lysozyme (Table 1, and Table 2) and
36 double mutants and 87 single mutants of U Acrystallin (Table 3, and Table 4) resulted
in the restraints used for the current analysis. Sample preparation and EPR
measurement have been described elsewhere (McHaourab, Lietzow et al. 1996;
Koteiche and McHaourab 1999).

EPR distance measurements

For T4-lysozyme, 25 distances were measured (Table 1, Figure 2A). Distances
derived from Double Electron-Electron Resonance (DEER) or DQC experiments (Borbat,
McHaourab et al. 2002; Jeschke 2002; Borbat and Freed 2007) were distributed in
different areas of the molecule with predicted distances larger than 25A. They provide
geometric restraints on the global fold. CW-EPR was used to measure distances
between neighboring helices. For each pair of interacting helices, doubly labeled mutant
sets were created by designating a reference spin label in one helix and moving another
spin label along the exposed surface of the second helix.

The U Acrystallin EPR data (CW-EPR,Table3) consi sts of 36 -distanc
strandtt and-strand tb lofp distances covering most of the overall topology of
the molecule (Koteiche, Berengian et al. 1998; Koteiche and McHaourab 1999) (Figure
2E). For both T4-lysozyme and U Acrystallin, when measurements provided multiple
distances, the most contributing distance was used.

For the CW-EPR experiments, dipolar coupling between spin labels was analyzed
both in the liquid state and in frozen solutions using a modification of the deconvolution
method (Rabenstein and Shin 1995). This approach requires two EPR spectra of the
double mutant: one in the absence and one in the presence of the dipolar interaction
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(Figure 6A, B, respectively). The former is obtained from the digital sum of the spectra of
each single mutant. A Levenberg-Marquardt algorithm was used to minimize the
difference between the experimental EPR spectrum of the double mutant and the
spectrum obtained from the convolution of a broadening function with the EPR spectrum
of the corresponding sum of single mutants. The broadening function consisted of either
one or two Gaussian distributions for the distance between spin labels (Figure 6C). The
relatively wide distance distributions obtained is consistent with a highly dynamic
motional state of the spin label obtained at the predominantly exposed sites. The results
obtained in the solid and liquid states are in agreement both in terms of the average
distance and the overall distribution as previously reported (Altenbach, Oh et al. 2001).
DEER measurements were performed on a Bruker 580 pulsed EPR spectrometer,
using a standard four pulse protocol (Jeschke 2002). Experiments were performed at 80
K using Ficoll as cryoprotectant. Sample concentration was 200 nM and sample volume
20 m. DEER signals were analyzed by the Tikhonov regularization (Chiang, Borbat et al.
2005) to determine average distances and distributions in distance, P(r), as illustrated in

Figure 6D, E, and F.

EPR accessibility measurements

For T4-lysozyme, es. of 57 spin labels was measured (Sompornpisut, Mchaourab et
al. 2002) (Table 2). For U Acrystallin, es. of 87 spin labels was measured (Table 4).
Accessibility is assessed by measuring the Heisenberg exchange rate between the
nitroxide spin label and either molecular oxygen, in the case of T4-lysozyme, or
NiEDDA, in the case of U Acrystallin. For the latter, power saturation measurements
were carried out under nitrogen and in the presence of 3 mM NIiEDDA (Farahbakhsh,
Altenbach et al. 1992). es. was calculated as previously described (Farahbakhsh,

Altenbach et al. 1992; Altenbach, Froncisz et al. 2005).
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Figure 6 Distance measurements at room temperature and in the solid state between spin

labels usi

A) Representative reference EPR in the absence of dipolar coupling obtained from the digital sum
of the corresponding single mutant spectra. B) Spectra of double mutants along with the non-
linear least squares fit obtained by the convolution method as described in the experimental
methods section. C) Distance distributions obtained from CW-EPR spectra. D) Distance
measurements by DEER for representative double mutants. E) Raw DEER signals were
background corrected and then fit using Tikhonov regularization to obtain F) average distances

time (ms)

ng CW-EPR.

and distance distributions.

time (ms)

36

distance (A)



U Acrystallin comparative model preparation

The 88 amino acid C-t er mi n a l d enystallimwa submiited to the Biolnfo
metaserver (Fischer 2000; Kelley, MacCallum et al. 2000; Shi, Blundell et al. 2001;
Ginalski, Elofsson et al. 2003; Karplus, Karchin et al. 2003; McGuffin and Jones 2003;
Ginalski, von Grotthuss et al. 2004; Rost, Yachdav et al. 2004; Bryson, McGuffin et al.
2005; Soding, Biegert et al. 2005; Finn, Mistry et al. 2006). The server identified three
heat shock proteins (PDB identifiers 1gmeA (van Montfort, Basha et al. 2001), 1shsA
(Kim, Kim et al. 1998), and 2bolA (Stamler, Kappe et al. 2005)) as possible templates
with a 3D-Jury score of over 60, where a score over 40 indicates a ~90% chance that
the identified proteins have the same fold as the submitted amino acid sequence
(Ginalski, Elofsson et al. 2003). Obtaining the correct fold is the most important and
difficult aspect of de novo protein folding, so having such a large likelihood that the
identified proteins have the same fold as U Acrystallin is essential to ensuring the
comparative model provides an adequate benchmark with which the fold of de novo
models can be compared. There was approximately 20% sequence homology between
t h e -cristallin amino acid sequence and the three template sequences.

A multiple sequence al i gn maystalinandin® acpewith

the templ ate pr ot -erystalbn.amiforacds adreithemneagpedbAto the

or med

templ ate proteinsé atomic coordinates and

regionscrofst@A |l i n wh isdndwicthregion fixedgAftérvwarls, Rosetta
was used to perform a high-r esol ut i on r e f i -ongstallen ncompavative
models.

The lowest energy comparative model was used to compare against the de novo
Rosetta models. This model was based on the PDB structure 1gmeA (van Montfort,

Basha et al. 2001). The model is 2.3A RMSD to a previously published (Koteiche and

37

t

he

Ro s



McHaourab 1999) comparative model based on a different template protein (Hsp16.5)
but achieves a lower Rosetta energy after both models are refined at high-resolution.
The spin | @&mbaeclo niendo tnoodne |

A simple cone model for the relative position of the spin label with respecttot h e

Ch

of an amino acid was developed using three assumptions. First, the spinlabeld s mot i on

follows the perimeter of the base of a right circular cone with an opening angle of 90°
whose vertex is the Cb. The a\/@&roalgngthqjmes

extended chain (8.5A (Borbat, McHaourab et al. 2002)) which gives a maximal effective
distance between spinlabela nd Cb Fatire 18\,iB). $econd, the protein is globular.
Third, the angle defined by the mEnnlabelrs
between 120° and 180°, and, therefore, spin labels point away from the interior of the
protein (Figure 1B, C). T h e # mom{a-coned model can also be adapted for spin
labels of different linking arms or ring substituents that restrict the amplitude of its
motion.
Usi ng t h-en-aicnoontei )0 nmo d e le ERRespirt label distahcastinto structural
restraints

The difference between ds. and dcp given by the model described above was

analyzed using the software package Mathematica (2005):

1) An ellipsoid with rtQrgOrmmai 20ir awas d

otherwise randomly chosen ry, ry, and r,. Its center is C.

2) Two points, Ch and C R, on the surface of this ellipsoid were selected by
randomly choosing the polar coordinates G;j, and y ;;. From these points, dcp

is computed as the Euclidean distance.
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3) Two numbers between 120° and 180° for the angle Ci C i SL; and Ci C fi SL;
are chosen randomly and the position of the spin labels, SL; and SL;, is

computed. From these points, ds_ is computed as the Euclidean distance.
4) The difference ds T dcpis computed.

5) Steps 1-4 are repeated 10,000 times and the values ds i dcpare plotted as a

histogram (Figure 1D).

This analysis of the difference between ds. and dcp, showed that (ds +2.54) O g0
(dsii 12.5A) (Figure 1D).

Us., which is the experimentally determined standard deviation in ds., is a measure
of the magnitude of the spin labeld6 s mot i on, or , itsestatitbediCHt
Since an increased magnitude of motion increases the ambiguity of the derived dcp Us.
is added as an additional allowance to the restraint which gives (ds.+ @ +2.58) O g0
(ds.i Gs i 12.5A).

Development of a model to translate EPR spin label solvent accessibility into structural
restraints

Obtaining a structural restraint from EPR spin label solvent accessibility is
accomplished by building a consensus linear regression relation of es. to ecpin a three

step procedure:

1) Using the crystal structure of T4-lysozyme, ec,was computed for all residues
with an eg_ (Table 2). A linear regression was fit to a plot of ecof a residue
versus the corresponding eg, yielding the relation ec,= (0.71ies) A2 4. 23 wi t h
a correlation coefficient of 1 0.80. Using this relation to calculate the number

of neighbors for a residue gives ec M for that residue. The standard deviation

(Gc 9 of ecpfrom ec¢" was calculated to be 1.65.
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2) For those r ecsystallintha havenan éxperimentally determined
accessibility (Table 4), ecp was determined using the comparative model of
U Acrystallin. In addition, the equation from 1) above was used to calculate
the number of neighbors, ec M for each residue. Amino acids were excluded
from a linear fitting of ec, versus es. when |ecd ecd'| ¢ 2THis procedure
was necessary in order t ocrystatlic that dhew a mi n o
reduced experimental accessibility due to intermolecular contacts with other
U Acrystallin units in the oligomeric protein (Figure 2F, H). Fitting a linear

regression to the remaining data gives a relation similar to that seen for T4-

lysozyme: ecp= (0.72ies)) A21. 63 with a coi08. ation coe

3) Combining the data for both proteins in a single consensus linear regression
model yields ec, = (0.76ies) A20. 87 with a cori083 ati on

(Figure 2D, and Figure 2H).

Implementation of structural restraints for de novo structure determination

The distance restraints are used as an additional penalty in the energy function of
Rosetta. This penalty is zero if dcp lay within the range predicted from ds.. As dcp
ventures outside this range a quadratic penalty function is applied. The detailed
implementation of this penalty function and its use to guide the folding simulation is
described in detail in the respective RosettaNMR publications (Bowers, Strauss et al.

2000; Rohl and Baker 2002).

consensusiodé

Similarly, (er- €p )Zis used as a quadratic penalty function for the

accessibility data. The relative weight of this penalty function was optimized by a series
of experiments varying its weight in a wide range of two orders of magnitude.
Rosetta folding simulations

De novo model generation using Rosetta was performed in four steps:
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Step 1) The protein is folded using RosettaNMR with EPR distance restraints to
guide the simulation (Bowers, Strauss et al. 2000; Rohl and Baker
2002). In this step, amino acid side chains are embraced in a single
super-atomi a A ¢ e nSimonsj Kbaperberg et al. 1997).

Step 2) Choosing the models with lowest energy and best agreement with
experimental restraints prunes the large number of ~500,000 models
from Step 1 to ~10,000.

Step 3) Models obtained from Step 2 are refined to high-resolution. High-
resolution refinement is used to distinguish between the best models
as to which model is likely the structure that is closest to native based
on energy. High-resolution refinement is described as follows:

After replacing side chain centroids with full-atom side chain
representations from a backbone dependent rotamer library
(Dunbrack and Karplus 1993), an iterative protocol of all-atom
gradient minimization and side chain repacking is repeated eight
times. The details of the protocol are published elsewhere (Bradley,
Misura et al. 2005; Misura and Baker 2005). No restraints were used
during these refinement simulations in order to fully leverage the
discriminative power of the Rosetta energy function (Kuhlman and
Baker 2000; Bradley, Malmstrom et al. 2005; Bradley, Misura et al.
2005; Misura and Baker 2005; Misura, Chivian et al. 2006). The
protocol is implemented in the Rosetta software package.

Step 4) Models from Step 3 are again filtered for good agreement with the

experimental restraints.

Specific standard Rosetta procedures were used which are described in detalil

elsewhere (Simons, Kooperberg et al. 1997; Simons, Ruczinski et al. 1999; Bowers,
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Strauss et al. 2000; Bonneau, Strauss et al. 2001; Rohl and Baker 2002; Meiler, Bradley
et al. 2003; Rohl, Strauss et al. 2004; Bradley, Malmstrom et al. 2005). Secondary

structure predictions were obtained from the primary sequence of the C-terminal 107

amino acids of T4-lysozyme and the C-terminal8 8 ami no aci d pri mary

crystallin using Jufo (Meiler, Mdiller et al. 2001; Meiler and Baker 2003), PsiPred (Jones
1999), and Sam (Karplus, Sjolander et al. 1997). All T4-lysozyme and U Acrystallin
homologues were excluded from the protein database prior to the search for overlapping
nine amino acid fragments of similar sequence which match the predicted secondary
structure. A library of 200 fragments for each position was built.

Models were obtained in 500,000 independent simulations on a cluster in Vanderbilt
Uni v e rAshiancgd@emputing Center for Research & Education (ACCRE) using up
to 300 parallel 2.2 GHz JS20 IBM PowerPC processors. The average time to complete a
model was approximately 100s for T4-lysozyme and 180s for U Acrystallin. The high-

resolution refinement protocol requires about 500s of computation time per model.

Acknowledgements
The authors would like to acknowledge Eduardo Perozo for collection of the T4-
lysozyme accessibility data. This work was conducted in part using the resources of the
Advanced Computing Center for Research and Education at Vanderbilt University,
Nashville, TN. J. Meiler is supported by grant R01-GM080403 from the National Institute
of General Medical Sciences. N. Alexander is supported by grant NIH T32 GM08320,
the Molecular Biophysics Training Grant at Vanderbilt University. M. Bortolus and H.S.

Mchaourab were supported by grant RO1-EY12683.

42

S

e |



Table 1 T4-lysozyme EPR distance restraints in comparison with crystal structure distances.

ds|_+|js|_+ 2.5

ds|_.|‘ CISLT 12.5

AAL-AA2D de (AP dg A s (A9 (A" (A Reference
(Borbat,
McHaourab
061-135 37.7 47.2 2.2 51.9 32.5 et al. 2002)
(Borbat,
McHaourab
065-135 34.3 46.3 2.2 51.0 31.6 et al. 2002)
(Borbat,
McHaourab
061-086 34.5 37.5 2.0 42.0 23.0 et al. 2002)
(Borbat,
McHaourab
065-086 28.9 37.4 2.7 42.6 22.2 et al. 2002)
(Borbat,
McHaourab
080-135 26.7 36.8 1.0 40.3 23.3 et al. 2002)
(Borbat,
McHaourab
061-080 28.7 34.0 2.2 38.7 19.3 et al. 2002)
(Borbat,
McHaourab
065-080 22.6 26.5 3.8 32.8 10.2 et al. 2002)
119-131 13.2 25.0 5.0 325 7.5 new data
123-131 14.6 23.0 5.0 30.5 5.5 new data
(Borbat,
McHaourab
065-076 16.8 21.4 2.8 26.7 6.1 et al. 2002)
116-131 11.1 19.0 10.0 315 0.0 new data
119-128 10.4 19.0 4.0 25.5 25 new data
140-151 15.5 18.0 9.0 29.5 0.0 new data
089-093 9.8 16.0 3.0 215 0.5 new data
086-119 10.0 15.0 3.0 20.5 0.0 new data
120-131 10.5 14.0 3.0 19.5 0.0 new data
127-151 9.6 14.0 2.4 18.9 0.0 new data
140-147 10.1 13.0 7.0 22.5 0.0 new data
131-150 8.7 5.7 0.4 8.6 0.0 new data
127-154 5.9 7.0 3.0 12,5 0.0 new data
131-154 9.5 6.5 4.0 13.0 0.0 new data
134-151 10.7 7.0 0.8 10.3 0.0 new data
131-151 104 9.0 8.0 19.5 0.0 new data
088-100 8.9 <6.0 3.0 11.5 0.0 new data
089-096 8.4 <6.0 3.0 11.5 0.0 new data
@l indices of spin labeled amino acids with respect to the crystal structure.
[l Cb distance as reported in the cr
fe spin label distance as observed by EPR.
il standard deviation as observed by EPR.
tel maxi mum Ch atom distance predicte
[ mini mum Cbh atom distance predicte
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Table 2 T4-lysozyme EPR solvent accessibility in comparison with crystal structure.

AAQ ec b[b] eSL[C] ec b[d] AAR ec b[b] eSL[C] ec b[d]
086 9 0.36 7.7 128 8 0.42 5.4
093 6 0.41 5.8 129 13 0.14 16.2
094 10 0.28 10.8 | 130 12 0.30 10.0
096 10 023 127 | 131 8 0.37 7.4
097 12 0.17 150 | 132 10 0.35 8.1
100 13 0.15 158 | 133 15 0.23 12.7
101 14 0.13 165 | 134 10 0.30 10.0
102 13 0.14 16.2 | 135 6 0.38 7.0
103 14 0.16 154 | 136 9 0.31 9.7
104 10 0.28 10.8 | 137 5 0.41 5.8
105 10 0.33 8.9 138 11 0.29 10.4
106 7 0.31 9.7 139 13 0.33 8.9

108 10 0.32 9.3 140 0.37 7.4

6
109 6 0.45 4.3 141 8 0.25 11.9
111 12 0.23 127 142 9 0.27 11.2
113 8 0.40 6.2 143 8 0.39 6.6
114 11 0.30 10.0 144 6 0.36 7.7
115 6 0.36 7.7 145 9 0.24 12.3
116 7 0.52 1.6 146 13 0.27 11.2
117 10 029 104 | 147 11 0.31 9.7
118 13 0.21 135 148 12 0.28 10.8
119 8 0.35 8.3 149 14 0.21 135
120 11 0.23 127 150 12 0.29 10.4
121 16 0.10 17.7 151 11 0.37 7.4
122 9 0.36 7.7 153 14 0.24 12.3
123 6 0.39 6.6 154 10 0.34 8.5
124 6 0.42 54 155 8 0.25 11.9

125 8 0.40 6.2
126 11 0.32 9.3
127 7 0.44 4.7

el indices of spin labeled amino acids with respect to
the crystal structure.

ol number of Cb atom nei ghbc

[l spin label accessibility as observed by EPR
(Sompornpisut, Mchaourab et al. 2002).

i number of Cb atom neigh

consensus linear regression relation.
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Table 3 U Acrystallin EPR distance restraints in comparison with comparative model.

dg +2.5
AAL- dcp dsi s, +0g; dsii Uy
AA2P (A" (A (A (A 12.5 (A" Reference
115 0.0 (Koteiche and McHaourab
065-072 4.5 6.0 3.0 1999)
068-122 13.0 19.5 5.0 27.0 2.0 new data
(Koteiche and McHaourab
070-072 6.3 6.6 15 10.6 0.0 1999)
(Koteiche and McHaourab
070-074 12.8 12.0 4.0 18.5 0.0 1999)
(Koteiche and McHaourab
070-142 5.2 6.0 2.0 10.5 0.0 1999)
(Koteiche and McHaourab
072-142 5.7 5.5 2.0 10.0 0.0 1999)
073-118 5.6 6.0 3.0 11.5 0.0 new data
(Koteiche and McHaourab
074-140 6.0 6.0 2.0 10.5 0.0 1999)
(Koteiche, Berengian et al.
084-099 4.5 7.6 0.6 10.7 0.0 1998)
(Koteiche, Berengian et al.
084-101 8.6 7.5 8.0 18.0 0.0 1998)
(Koteiche, Berengian et al.
088-095 4.6 6.0 0.7 9.2 0.0 1998)
(Koteiche, Berengian et al.
088-097 7.7 7.0 0.8 10.3 0.0 1998)
(Koteiche, Berengian et al.
090-093 6.8 6.9 11 10.5 0.0 1998)
(Koteiche, Berengian et al.
090-099 18.7 18.5 4.0 25.0 2.0 1998)
(Koteiche and McHaourab
090-126 11.1 12.0 4.0 18.5 0.0 1999)
(Koteiche and McHaourab
092-123 10.4 12.0 6.0 20.5 0.0 1999)
(Koteiche, Berengian et al.
095-117 5.0 7.6 1.0 111 0.0 1998)
(Koteiche and McHaourab
101-103 5.4 6.3 0.8 9.6 0.0 1999)
(Koteiche, Berengian et al.
101-111 11.9 7.6 1.0 11.1 0.0 1998)
(Koteiche and McHaourab
103-105 7.5 9.5 8.0 20.0 0.0 1999)
(Koteiche and McHaourab
105-111 11.6 18.0 9.0 29.5 0.0 1999)
(Koteiche and McHaourab
119-123 10.5 13.0 6.0 21.5 0.0 1999)
(Koteiche and McHaourab
119-125 17.1 23.0 3.0 28.5 7.5 1999)
(Koteiche and McHaourab
119-127 21.2 24.0 6.0 325 55 1999)
(Koteiche and McHaourab
119-130 19.3 23.0 5.0 30.5 55 1999)
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Table 3 continued

(Koteiche and McHaourab

119-132 21.9 23.0 4.0 29.5 6.5 1999)
(Koteiche and McHaourab
125-144 4.0 7.0 4.0 13.5 0.0 1999)
127-142 13.1 20.0 4.0 26.5 3.5 new data
(Koteiche and McHaourab
128-144 5.0 4.0 4.0 10.5 0.0 1999)
(Koteiche and McHaourab
128-146 104 13.0 4.0 19.5 0.0 1999)
(Koteiche and McHaourab
130-144 9.7 6.0 1.0 9.5 0.0 1999)
(Koteiche and McHaourab
131-133 8.0 7.0 1.0 10.5 0.0 1999)
(Koteiche and McHaourab
131-134 12.3 17.0 4.0 23.5 0.5 1999)
(Koteiche and McHaourab
132-135 115 16.0 5.0 23.5 0.0 1999)
(Koteiche and McHaourab
132-142 8.8 6.0 1.0 9.5 0.0 1999)
16.5 0.0 (Koteiche and McHaourab
132-144 16.1 9.0 5.0 1999)
tal indices of spin labeled amino acids with respect to
the protein sequence.
bl Ch atom distance in com
te spin label distance as observed by EPR.
(e standard deviation as observed by EPR.
tel maxi mum Cb atom distan
model.
f mini mum Cb atom distan
model.
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Table 4 : U Acrystallin EPR solvent accessibility in comparison comparative model.

A el e oo | AAE oo eq ™ ecd® | AAE o1 e @ e
060 5 0.01 10.9 089 11 0.18 9.0 118 12 0.01 10.9
061 5 0.04 10.5 090 9 0.26 8.2 119 7 0.26 8.1
062 11 0.00 11.0 091 4 0.41 6.5 120 11 0.01 10.9
063 6 0.02 10.8 092 7 0.35 7.1 121 5 0.19 8.9
064 10 0.05 10.5 093 12 0.27 8.1 122 8 0.43 6.2
065 9 0.07 10.2 094 17 0.06 10.4 123 7 0.30 7.7
066 10 0.05 10.4 095 13 0.23 8.4 124 16 0.08 10.1
067 9 0.04 10.6 096 15 0.14 9.5 125 9 0.34 7.3
068 5 0.19 8.9 097 12 0.21 8.6 126 7 0.20 8.8
069 6 0.21 8.7 098 12 0.01 10.9 127 5 0.38 6.8
070 10 0.16 9.3 099 9 0.13 9.6 128 9 0.32 7.5
071 16 0.05 10.5 100 16 0.01 10.9 129 14 0.21 8.7
072 12 0.06 10.3 101 9 0.19 9.0 130 9 0.18 9.0
073 15 0.07 10.2 102 10 0.14 9.5 131 9 0.16 9.3
074 13 0.05 10.5 103 6 0.17 9.2 132 8 0.22 8.6
075 12 0.02 10.8 104 6 0.15 9.3 133 11 0.12 9.7
076 11 0.02 10.8 105 12 0.19 8.9 134 7 0.07 10.3
077 12 0.01 10.9 106 5 0.10 9.9 135 4 0.19 8.9
078 9 0.02 10.8 107 7 0.08 10.1 136 5 0.08 10.1
079 11 0.03 10.6 108 4 0.07 10.2 137 12 0.08 10.1
080 14 0.01 10.9 109 10 0.17 9.1 138 10 0.02 10.8
081 10 0.09 10.0 110 3 0.04 10.6 140 13 0.05 10.5
082 8 0.27 8.0 111 7 0.15 9.3 141 15 0.01 10.8
083 5 0.29 7.8 112 9 0.00 11.0 142 11 0.11 9.7
084 10 0.25 8.2 113 9 0.08 10.1 143 14 0.03 10.7
085 16 0.05 104 114 11 0.01 10.9 144 11 0.20 8.8
086 7 0.22 8.5 115 9 0.15 9.4 145 12 0.10 9.8
087 12 0.14 9.5 116 11 0.00 11.0 | 146 7 0.41 6.5
088 8 0.35 7.2 117 10 0.16 9.3 147 2 0.39 6.7
tal indices of spin labeled amino acids with respect to the protein sequence.

ol number of Cb atom neighbors in the ¢

[c]

[d]

spin label accessibility as observed by EPR (Koteiche, Berengian et al. 1998;
Koteiche and McHaourab 1999).
atom

number

relation.

of

Chb
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CHAPTER Il

ROSETTA-EPR: ROTAMER LIBRARY FOR SPIN LABEL STRUCTURE AND

DYNAMICS

This chapter is based on the manuscript to be published of the same title.

Summary

An increasingly used parameter in structural biology is the measurement of distances
between spin labels bound to a protein. One limitation to these measurements is the
unknown position of the spin label relative to the protein backbone. To overcome this
drawback, we introduce a rotamer library of the methanethiosulfonate spin label
(MTSSL) into the protein modeling program Rosetta. Spin label rotamers have been
derived from conformations observed in crystal structures of spin labeled T4 lysozyme
and mol ecular dynamics simulations. Rosettabs
conformations and EPR measured distance distributions was evaluated against 19
experimentally determined MTSSL labeled structures of T4 lysozyme and the membrane
protein LeuT and 73 distance distributions from T4 lysozyme and the membrane protein
MsbA.l n the protein core, t he g andspigrecovergdilmn | abel
99.8% of trials. In surface positions 53% of the trajectories agree with crystallized
conf or mat;a o d,sThis level pf recovery is on par with Rosetta performance for
the 20 natural amino acids. In addition, Rosetta predicts the distance between two spin
labels with a mean error of 4.4 A. The width of the experimental distance distribution,
which reflects the flexibility of the two spin labels, is predicted with a mean error of 1.3 A.
Modeling MTSSL at this level of accuracy moves towards atomic-detail refinement of
protein structures based on experimental EPR distance restraints.
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Introduction

Electron paramagnetic resonance (EPR) can be applied to both large and membrane
proteins (MPs). Thereby EPR opens an avenue to study the structure and dynamics of
proteins which are often difficult to study with X-ray crystallography or nuclear magnetic
resonance (NMR). EPR in conjunction with site directed spin labeling (SDSL) allows
specific inter-residue distances to be routinely measured up to 60A (Hubbell and
Altenbach 1994; Rabenstein and Shin 1995; Borbat, McHaourab et al. 2002; Czogalla,
Pieciul et al. 2007) and can reach up to 80A (Jeschke, Bender et al. 2004; Jeschke and
Polyhach 2007). The limitation of EPR in its application to protein structure determination
is that the distances are measured between unpaired electrons in the nitroxide group of
the spin label side chain. The most widely used methanethiosulfonate spin label
(MTSSL) projects from the backbone of the protein. It has five rotatable bonds (f 1 - } 5)
with an a prioriunknownc onf or mati on bet ween the CU of the
unpaired electron at the midpoint of the N-O bond. Without the knowledge of the spin
label conformation it is difficult to directly relate the distance between the unpaired
electrons to a distance between its anchor points on the protein backbone. This task
becomes even more challenging in solvent exposed positions on the protein surface with
little spatial restriction. Here the spin label will adopt an ensemble of conformations with
comparable free energies (Figure 7A). In result a broad distance distribution for the
unpaired electrons is observed in the EPR measurement (Polyhach, Bordignon et al. ;
Rabenstein and Shin 1995; Chiang, Borbat et al. 2005)

Previous computational methods have been developed to determine correct spin
label conformations (Sale, Sar et al. 2002; Fajer, Li et al. 2007) and structurally interpret
EPR distance distributions (Sale, Song et al. 2005) within a protein environment. While
generally successful, these techniques relied upon computationally intense molecular
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dynamics, Monte Carlo searches, or combinations of the two, in order to effectively
sample the necessary conformational space available to the spin label probe. The
algorithms focused on the local environment around the spin label assuming a rigid
protein backbone in order to make the calculation computationally tractable, potentially
missing preferred rotamers

Libraries of likely conformations of spin labels (rotamers) have been previously
applied for explicit modeling of MTSSL. A rotamer is a likely side chain conformation with
a specific set of chi angles derived from statistical analysis of the Protein Data Bank
(PDB) (Dunbrack 2002). An initial library of 62 rotamers (Jeschke and Polyhach 2007)
was expanded to 98 (Hilger, Polyhach et al. 2009) and then to approximately 200
rotamers (Polyhach, Bordignon et al.) in order to capture the allowable conformational
space of the spin label. The rotamer libraries in the latter study were derived from
molecular dynamics calculations of spin label flexibility. These methods accurately
predicted a) conformations of MTSSL seen in experimentally determined soluble
structures and b) measured distance distributions between spin labels in doubly mutated
soluble proteins.

Further, a knowledge-based potential has been introduced (Hirst, Alexander et al. ;
Alexander, Bortolus et al. 2008) that in combination with coarse-grained potentials and
sparse EPR distance restraints can be used to determine protein topology. Instead of an
atomic detail model of the spin label it converts the experimental spin label distance into
a probability distribution of Cb distances. While efficient in determining the protein fold
with RosettaEPR, the potential lacks detail needed for high-resolution structure
refinement.

The objective of the present work is to extend RosettaEPR with an atomic detalil
representation of the spin | abel that al
sampling of protein side chain degrees of freedom (Kuhlman and Baker 2000). The
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ability of Rosetta to recover native rotamers has been demonstrated for protein structure
prediction (Bradley, Misura et al. 2005; Misura and Baker 2005; Alexander, Bortolus et
al. 2008) and protein design (Kuhlman, Dantas et al. 2003). The present study extends
the amino acid rotamer libraries used by Rosetta to include MTSSL. The rotamer library
for MTSSL is derived from the experimentally and computationally observed correlated
preferences of the side chain dihedral angles. Consequently, the library consists of only
54 conformations. The incorporation of MTSSL into RosettaEPR enables modeling of
the spin label in a wide range of Rosetta protocols such as atomic detail refinement
(Tsai, Bonneau et al. 2003; Misura and Baker 2005) and membrane protein modeling
(Ganguly, Weiner et al. ; Van Eps, Preininger et al. ; Barth, Schonbrun et al. 2007). After
initial placement of the spin label rotamer the Rosetta full atom potential enables
sampling of off-rotamer conformations thereby limiting the number of initial rotamers
needed. RosettaEPR optimizes all other protein side chains and backbone degrees of
freedom in parallel with the spin label thereby capturing structural perturbations caused
by the spin label. RosettaEPR makes the technology readily available to the EPR
community through RosettaCommons free non-commercial licensing.

The current study details the devel opment of
demonstrates: a) Rosett ad sampebMTISSLt cpnformations experimentally
observed in 19 structures of the soluble protein T4 lysozyme and the membrane protein
LeuT; b) Rosettabs ability to recover the experl
measured EPR distance in T4 lysozyme and the membrane protein MsbA; and c) the
unbiased cross-validation of the cone model parameters (Hirst, Alexander et al. ;

Alexander, Bortolus et al. 2008).

Results
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MTSSL rotamer library

Sixteen structures of T4 lysozyme with single MTSSL mutations (Langen, Oh et al.
2000; Guo, Cascio et al. 2007; Guo, Cascio et al. 2008; Fleissner, Cascio et al. 2009),
and one with a double MTSSL mutation (Langen, Oh et al. 2000), have been determined
experimentally by x-ray crystallography, allowing 21 low energy conformations of the
MTSSL side chain to be observed (Table 5). The labels in the double mutant
K65R1/R80R1 are structurally independent and do not interact (Langen, Oh et al. 2000),
so for the purposes of this study will be considered separate individual single mutants.
Here, the convention of Lovell et al. (Lovell, Word et al. 2000) is used to denote } ; and
{ 2 angles; j 1 = 0 when S, eclipses the backbone nitrogen (Figure 7A) . Addi ti onal ly
ipo, and dihtedral dngled bf c68° 460°, and 180°, respectively. Tombolato et
al. (Tombolato, Ferrarini et al. 2006) defines j s as S; 1 C i C = C, which is the
convention used here (Figure 7A). Although most of the mutations are on exposed
helical sites, crystal structures for one core position (Guo, Cascio et al. 2007) and
exposed loop residues (Fleissner, Cascio et al. 2009) have been determined. This
experimental knowledge base provides the necessary foundation for building a rotamer
library for MTSSL.

Note that a rotamer not only captures likely conformations for all } -angles but also
their respective interdependences, i.e. how likely a certain combination of } -angles is
observed. The relatively small number of spin label conformations observed
experimentally forbids a statistical analysis of all interdependences between j ; - } s, in
particular as many experimental structures lack information on j ,- and j s - angles.
Assuming just three conformations for each of the } ;,45-angles and two for § 5, 162
conformations need to be considered. While some of those can be excluded for internal
clashes, the number of possible conformations is still much larger than the 21
experimental conformations available. On the order of 500 experimental structures
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Table 5 Experimentally determined MTSSL conformations for single mutants of t4-lysozyme.

Mutant indicates the residue of t4-lysozyme which was mutated to the MTSSL side chain.
Subscripts denote the protein subunit from the crystal structure asymmetric unit as indicated in
the PDB file. Temp. gives the temperature at which the crystal was formed. Environ. gives the
environment in which the residue lies: on the surface of the protein (surface); within the core of
the protein (core); at the contact point of two a crystallographic subunits (crystal contact). SSE
Type gives the type of secondary structure element on which the mutated residue sits. Rotamer
i ndi cat.a% dtahgées gbserved for the spin label in the crystal structure according to the
m, t, p convention of (Lovell, Word et al. 2000).
their

shown

i n

The

respective

the primary citation for the crystal structure.

j

angl es

col umns.

observed
Bl ank
ID is the Protein Data Bank accession identifier of the crystal structure, if available. Ref provides

Muta | Te Envir | SS |Rot | §1( |20 |f3(|fa(|fs( | PDB | Ref.
nt mp. | on. E ame | °) ) ) ) ) ID
(K) Ty |r
pe
RO8 | 298 |surfa | hel | {m, |-74 | -66 (Langen, Oh
0 ce iX m} et al. 2000)
R11 | 100 | surfa | hel | {m, |-50 | -50 (Langen, Oh
9 ce iX m} et al. 2000)
R11 | 100 | surfa | hel | {t,p} | 17 | 54 (Langen, Oh
9 ce iX 5 et al. 2000)
K065 | 298 | cryst | hel | {t,p} |15 |89 |53 (Langen, Oh
al iX 3 et al. 2000)
conta
ct
V075 | 100 | cryst | hel | {mt |-73 |17 |91 |95 (Langen, Oh
al ix |} 3 et al. 2000)
conta
ct
T115 | 100 |surfa | hel | {m, |-81 |-57 |-92 |76 |98 | 2IG | (Guo, Cascio
ce iX m} C et al. 2007)
T115 | 100 | surfa | hel | {m, |-77 | -33 20U | (Guo, Cascio
/ ce iX m} 9 et al. 2007)
R11
9A

53
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Table 5 continued

T115 | 298 | surfa | hel | {m, |-94 | -28 20U | (Guo, Cascio
ce iX m} 8 et al. 2007)
T115 | 298 | surfa | hel | {tm | 16 | -63 20U | (Guo, Cascio
ce ix |} 3 8 et al. 2007)
L118 | 100 | core | hel - 32 |88 |54 |10 | 2NT | (Guo, Cascio
iX 10 7 H et al. 2007)
4
A041 | 100 | cryst | hel | {t,p} | - 57 | 86 2Q9 | (Guo, Cascio
al iX 17 D et al. 2008)
conta 5
ct
S044 | 100 | cryst [ hel |{m, |-83 |-58 | -95 |76 |-86 | 2Q9 | (Guo, Cascio
a al iX m} E et al. 2008)
conta
ct
S044 | 100 |cryst [ hel |{m, |-85|-55|-96 |71 |-78 | 2Q9 | (Guo, Cascio
b al iX | m} E et al. 2008)
conta
ct
S044 | 100 | surfa | hel | {tm | 17 | -96 2Q9 | (Guo, Cascio
c ce ix |} 3 E et al. 2008)
A082 | 100 | surfa |loo | {m, |-68 | -56 | 10 1zY | (Fleissner,
ce p m} 1 T Cascio et al.
2009)
V131 | 100 | surfa | hel | {m, | -69 | -60 2CU | (Fleissner,
ce iX m} U Cascio et al.
2009)
V131 | 100 | surfa | hel | {tp} | 17 | 80 2CU | (Fleissner,
ce iX 5 U Cascio et al.
2009)
V131 | 291 | surfa | hel | {m, | -75 | -57 3G3 | (Fleissner,
ce iX m} V Cascio et al.
2009)
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Table 5 continued

V131 | 291 | surfa | hel |{tp} | 17 | 83 3G3 | (Fleissner,
ce iX 5 V Cascio et al.
2009)
T151 | 100 | surfa | hel | {m, | -83 | -72 3G3 | (Fleissner,
ce iX m} X Cascio et al.
2009)
T151 | 291 | surfa | hel | {m, |-82 | -72 3G3 | (Fleissner,
ce iX m} w Cascio et al.
2009)

resolving all j - angles would be needed to build a complete rotamer library from a
knowledge base. Therefore, we follow a hybrid approach deriving likely (} 1, } 2)
combinations from experimental structures. Possible conformations for } ; are taken from
the quantum chemical studies (Tombolato, Ferrarini et al. 2006) which agree closely with
crystallographic data. 3 is decoupled fromj ; a n d,, i.p. all combinations of } 3 with (} 1,
{ 2) pairs will be considered. Combinations of j 4 and j s are derived from quantum
chemical studies (Tombolato, Ferrarini et al. 2006) as these j - angles are resolved in
only four experimental structures. We expect to update this rotamer library as additional
experimental structures of the spin label become available.

Only four (} 1, } 2) combinations of m, t, and p have been experimentally observed:
{m, m}, {m, t}, {t, p}, and {t, m} (Figure 7B). One conformation of MTSSL observed in the
core of the protein (Guo, Cascio et al. 2007) is excluded from consideration from the
rot amer l' i brary as it cannot be cl assif
above. As it was observed only once, it remains unclear if this conformation represents a
low energy state of the spin label in isolation or is induced by packing interaction in the
protein core. While a single conformation is insufficient to perform the statistical analysis

needed for creation of a rotamer, Rosetta relaxation protocols will be capable of
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modeling off-rotamer conformations starting from one of the rotamers provided (read
below). Quantum chemical calculations have shown that also the {t, t} conformation, not
yet seen in any experimental structure, is sterically allowed for sites on an exposed poly-
alanine helix (Tombolato, Ferrarini et al. 2006). Therefore, the {m, m}, {m, t}, {t, p}, {t, m},
and {t, t} conformations will be represented in the current rotamer library as the average
angle observed for each pair (Figure 7C, Table 6).

{ 3 is experimentally and computationally observed to adopt an angle of +90°,
independent of § ; a n d,. As a result, both states will be considered for each of the five
set s ; ahdyangles (Figure 7C). I n the | ns3tisad8% the awbtad r e
structure reveals several favorable contacts in the crystal lattice that presumably
overcome the unfavorable energy of the distortion (Langen, Oh et al. 2000). Th i s3
angle was not considered in the rotamer library.

{ 2 a nds have been observed in only five and four of the crystal structures,
respectively. Due to the small sample size for (j 4, s) combinations the values predicted
from quantum chemical calculations will be used (Tombolato, Ferrarini et al. 2006). The
calcul ations predict 4an dpwhere tha highesh probabilityw e e n
conformers are: a) wh e n, isj180°, j 5 is £77°; b) when j 4 is -75°, j 5 is either -8° or
+100°% c) wh e ny is#75°, } 5 is either 8° or -100° (Figure 7C). Key surface interactions
of mutant T115 at 100K (T115', superscripts will denote temperature) and core packing
of mutant L118 alter j 4and } 5, 76° and 98° for T115 and 54° and 107° for L118 (Guo,
Cascio et al. 2007). These values were not considered in the rotamer library, though if
additional structures show these to be frequently observed conformations, they will be
added.

Taking into account all combinations oft he | an gl e6f possible mtaneersa r e
(5x2x3x2=60). However, these 60 rotamers include some conformations which contain
intramolecular clashes. After removing conformations with internal atomic clashes and
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minimization to alleviate minor clashes (please see Methods section for more details), 54

rotamers form the initial MTSSL rotamer library for RosettaEPR (Figure 7D).
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60 -x
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60 - [ ]
60 1:'!
| ]
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-180

-180  -120 -60 120 180

0 .60
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C j, |76@0)| -73 |170(3) [173(11)| 180
i, [-56(13)| 173 |-77(19)| 73(14) | 180

i, Lso | -0 |
j4 180 -75 75
j5 =77 77 100 -8 -100 8
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Figure 7 Characteristics of the MTSSL rotamer library.
A.) Designation of the five rotatable bonds in the methanethiosulfonate spin label (MTSSL) side
chain. {1 is defined with the backbone nitrogen a
carbon atom (bold) (Tombolato, Ferrarini et al. 2006) (Guo, Cascio et al. 2008). B.) Combinations
of MTSSL 1 and 2 angles observed in T4 | ysozyme

(MOE) = Vv ; {t,p} = X. The diamond ( D) denotes what
excluding this point, four groups of {1 and 2 com
angl es used in the MTSSL rotamer I i br aareyfive § 1 and
combinations possible. {3 is not correlated with &
conformations of i 3. {4 and 5 aramwle there aretwat ed suc
possible 5 angl es. Enumer atineg the possiothll e comb

possible rotamer conformations. Numbers in parentheses give standard deviations, if available.
D.) After removing conformations with internal clashes, 54 rotamers remain in the library.

Table 6 Combinatio n s o4& n dj, lgading to the combinations contained in the rotamer
library.
Only the {t,t} combination is not observed experimentally and solely predicted from computational
methods. The bottom two rows show the average and standard deviation, respectively.

{m,m} {t.p} {t. m} {m,t} {t.o

68 | -56 | 175 | 80 | 166 | -58 | -73 | 173 | 180 | 180
-69 | -60 | 175 | 83 | 173 | -96

81 | -57 | 175 | 54

-88 | -29 | 153 | 89

-78 | -33 | 185 | 57

-83 | -57

-85 | -55

75 | -57

-82 | -72

-83 | -72

-50 [ -50

74 | -66

76 | -56 | 173 | 73 | 170 | -77 | -73 | 173 | 180 | 180
10 13 11 14 3 19 0 0 0 0

Ability of Rosetta to recover experimentally observed spin label conformations

MTSSL mutants of the soluble T4 lysozyme protein (17 mutants) and the LeuT
membrane protein (2 mutants, Table 7) were used to demonstrate the ability of Rosetta
to recover conformations of spin labels experimentally observed. For each mutant,
approximately 1,000 independent relaxation trajectories were conducted and the
percentage of models finding the e x per i ment ally observed } ang
(Table 8). Values within +30° were considered correct (Guo, Cascio et al. 2008). The
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percent ages are computed such that preceding § a

di st al angle can be counted as correct.;,
angle of T4 lysozyme mutant T151'®° 100% of the time and predicts both, the
experimental ; @§ n d, apgles, 51% of the time correctly. If there is more than one
empirical conformation, a model rotamer is counted as correct if it matches any

experimentally observed conformation.

Table 7 Experimentally determined MTSSL conformations for single mutants of LeuT.

Mutant indicates the residue of LeuT which was mutated to the MTSSL side chain. Subscripts
denote the protein subunit from the crystal structure asymmetric unit as indicated in the PDB file.
Temp. gives the temperature at which the crystal was formed. Environ. gives the environment in
which the residue lies: on the surface of the protein (surface); within the core of the protein (core);
at the contact point of two a crystallographic subunits (crystal contact). SSE Type gives the type
of secondary structure element on which the mutated residue sits. Rotameri ndi c at ;eusd
{ » angles observed for the spin label in the crystal structure according to the m, t, p convention of
(Lovell, Word et al. 2000). The j angles observed in the
respective columns. PDB ID is the Protein Data Bank accession identifier of the crystal structure.
Ref provides the primary citation for the crystal structure.

Muta | Tem | Envir | SS |Rota |} 1( |[§2( [$3( |}a4( |§s( | PDB | Ref.
nt p. on. E mer ) ) °) ) ) ID
(K) Ty
pe
F17 | 100 | Surfa | Hel | {Imm} | -69 | -57 | 10 | 10 | -24 | 3MP | (Kroncke,
7 ce iX 7 3 N Horanyi et
al. 2010)
1204 | 100 | Surfa | Hel | {mym} | -69 | -59 | -87 | -71 | -95 | 3MP | (Kroncke,
ce iX Q Horanyi et
al. 2010)

Excluding crystal contact sites, Rosetta samples the correct rotamer for all of the
remaining fourteen structur e si.a njd, afe correctly predicted in nine out of fourteen
cases with at least 50% frequency. In seven out of twelve cases for T4 lysozyme,
Rosetta recovers all experimentally obs
average for the fourteen mutants of T4 lysozyme and LeuT, recovery of experimentally
o0 b s er yandd, ¢gcurs in 53% of sampling trajectories ( Figure 8, Figure 9) . ;
T} 5 is observed only four times, and Rosetta samples frequently the observed angles for
site L118 (see below). The other three sites are surface sites (see below).
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Table 8 Ability to recover experimentally observed conformations of MTSSL.
top) T4 lysozyme bottom) LeuT. For each crystallographically observed single mutant, the
percentage of Rosetta relaxation trajectories that recover experimental conformations. Mutant is
the site which was mutated. Superscripts indicate the temperature at which the crystal was
formed. Subscripts indicate the component of the crystallographic asymmetric unit as indicated in
the PDB file. Environ. gives the environment in which the residue lies: on the surface of the
protein (surface); within the core of the protein (core); at the contact point of two crystallographic
subunits (crystal contact). The remaining | angle col umns

of the 1000 relaxation trajectories that recover
recovery is dependent oJrcamrneovi dwes cjofiadcegditeBlank | ee.sgs. |i
columns indicate those j§ angles were not resolved
non-crystal contact sites is given.
T4
Lysozyme Environ. 1 {2 {3 {a s
Mutant
L118 core 99.8 99.8 99.8 99.8 99.8
S044; surface 67.6 0.1
R080 surface | 100.0 | 100.0
A082 surface 61.8 61.8 61.8
T115'° surface | 79.3 | 63.6 | 63.6 2.4 2.4
T115%° surface | 95.0 19.9
T115/R119A | surface 24.4 1.1
R119 surface 74.9 1.2
v131'° surface | 100.0 | 99.9
V131°%* surface | 99.9 99.2
T151'%° surface | 100.0 | 51.0
T151°° surface | 98.6 | 78.1
Mean 83.4 56.3 75.1 51.1 51.1
A041 cystal | 655 | 560 | 463
contact
S044, cystal 457 1 00 0.0 0.0 0.0
contact
S044, cystal |\ 58 | 00 | 00 | 00 | 00
contact
K065 cystal 540 | 332 | 0.0
contact
V075 cystal |\ 45 | 12 | 12 | 02
contact
LeuT Environ. P i is }a is
Mutant
F177 Surface 10.0 2.5 0.2 0.2 0.2
1204 Surface 77.8 60.2 3.9 2.8 2.8
mean 43.9 31.4 2.1 1.5 1.5 1.5
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In the only mutant at a buried site L118, Rosetta recovers the experimentally
observed j angles 99.8% of the time. The pocke
restricts the number of possible non-clashing conformations (Figure 10A). The
cryst akhldn dajylesjare distorted from the expected values due to the steric
constraints of t he paakenptbeingnn thepdtamer liboafy, t he i
Rosettads potent i al s drigertlee smnbldbel totadopt ¢he cowectat el vy
conformation starting from one of the rotamers.

Surface mutants allow the spin label the possibility to adopt more conformations
than core sites due to the reduced number of surrounding residues. In result, Rosetta
finds often multiple low-energy conformations for spin labels. This results in three
scenarios: a) Rosetta almost exclusively (greater than 75%) samples the experimental j
angles for four out of the thirteen surface mutants (Figure 10B); b) Rosetta sometimes

(approximately 50%) samples the observed rotamers for two out of the thirteen surface
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mutants (Figure 10C).; and c) Rosetta seldom (less than 20%) samples the experimental
conformations for seven out of the thirteen surface mutants (Figure 10D). Three of these
seven cases i nvol ve itihseareiobsarntedy makimg it difflcutt foe
Rosetta to find the experimental conformation for all the degrees of freedom. In the other
four c as esandoapd opseryed so it is difficult to determine what, if any,
interactions lead Rosetta to frequently differ from the experimentally observed

conformations.

B V131100

Figure 10 Ten best scoring Rosetta models (green) overlayed with the crystal structure (grey)
for four examples of MTSSL mutated sites on T4 lysozyme.

Crystallographically observedhile anagdms ameé jshawm
experimentally seen ar e translucent . A) Rosetta
observed spin label conformation at buried site 118 in T4 lysozyme. Spheres are used to indicate

the buried nature of the site. B.) Twoconf or mati ons of {1 and |2 were
for single mutant site V131100. Rosetta model s fr
and | 2. c) 1, 2, and } 3 were experimentally obs

g
0

«

e |
e (
e |

conformati ons by Rosetta score sample these } angl es,
sampled with a | ower frequency. D) One conformatic

T115/R119A. None of the ten best Rosetta models by score sample the experimental
conformation.
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With the exception of one mutant (A041), Rosetta is unable to successfully recover
the observed § angles at cry 2044 arerecoveredavitht si t es
approximately the same frequency as the one of the surface mutants. Of the other spin
| abels placed at <crystal contact sites, Rosett
V075 and does so only 0.2% of the time (see Discussion).
Ability of Rosetta to recover experimental distance distributions

Fifty-eight EPR measured distance distributions have been collected for the T4

lysozyme protein (Borbat, McHaourab et al. 2002; Alexander, Bortolus et al. 2008;
Kazmier 2010), including twelve new measurements. Additionally, nine EPR distance
measurements of less than 70A in transmembrane segments of the membrane protein
MsbA in the apo-open and ten in the AMP-PNP bound state have previously been
collected (Zou, Bortolus etal. 2009). These data provide an opport
ability to recover experimental distance distributions. Such distributions can be roughly
characterized as an average distance (e gpg) and a st andapg).BacHspmi at i on
labeled double mutant model for T4 lysozyme and MsbA was subjected to 2000 and

about 1000 independent relaxation trajectories within Rosetta, respectively.

Table 9 Statistical measures of how well Rosetta recovers yuEPRand G EPR for T4 | ys
and MsbA double mutants.
when using the best 200 and 100 models by Rosetta score, respectively. The mean absolute
error (MAE), root mean square deviation (RMSD), and correlation coefficient (R) of the mean

distances for the ensembles, m?ose“f, are calculated compared to the experimental mean
distances. The same measures are calculated for the standard deviation of the Rosetta ensemble

distance distributions,sRosena, compared to corresponding experimental standard deviations.
Combined and CombinedCbh give values <calculated fr

mut ants for spin | abel distances and Cb distances,
€ Rosetta CI Rosetta
MAE RMSD R MAE RMSD R
T4lysozyme 3.5 4.5 0.92 0.9 1.1 0.56
MsbA apo-open 6.8 7.6 0.53 2.5 3.5 0.67
MsbA AMP-PNP 7.0 10.2 0.72 2.6 3.5 0.24
bound
Combined 4.4 6.1 0.89 1.3 2.0 0.58
Combined®” 6.1 7.1 0.93 2.7 3.2 0.55
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Figure 11 Heat maps for 58 double mutants of t4-lysozyme.

Shown are Gaussian distributions given by experimentally measured mean and standard
deviation parameters compared with distance distributions recovered by Rosetta from the top 200
models according to Rosetta score. Experimental distance distributions are the top bar and
Rosetta distributions are the bottom bar for each pair of heat maps. Distances are given in
Angstroms, and the probability of observing a distance is defined by grayscale. Mutants 131/154,
131/151, 140/147, 116/131 were excluded from statistical analysis but are shown here for
completeness.
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Figure 12 Heat maps for 9 double mutants of MSBA in the apo-open state.
Shown are Gaussian distributions given by experimentally measured mean and standard
deviation parameters compared with distance distributions recovered by Rosetta from the top 100
models according to Rosetta score. Experimental distance distributions are the top bar and
Rosetta distributions are the bottom bar for each pair of heat maps. Distances are given in
Angstroms, and the probability of observing a distance is defined by grayscale.

The mean (€ roseta) and standard de v i a t kodud) Of (halinter-spin label distance was
then calculated for the best 200 and 100 models according to Rosetta score for T4
lysozyme and MsbA, respectively. Four T4 lysozyme double mutants (131/154, 131/151,
140/147, 116/131) were excluded from analysis due to a high uncertainty in the accuracy
of the measurement as determined by instances where the standard deviation is greater
than 50% of the measured distance. The midpoint of the N-O bond was used as the
location of the unpaired electron (Polyhach, Bordignon et al.).
Across all distance distributions, Rosetta achieves a mean absolute error (MAE) for
€ Rosetta VEISUS € gpr Of 4.4 A (Table 9, Figure 11, Figure 12, Figure 13). This compares
to a MAE of 6.1 when Cb at oms tienrokthe spndattel, t o app

indicating that Rosetta is able to provide
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Figure 13 Heat maps for 10 double mutants of MSBA in the AMP-PNP bound state.
Shown are Gaussian distributions given by experimentally measured mean and standard
deviation parameters compared with distance distributions recovered by Rosetta from the top 100
models according to Rosetta score. Experimental distance distributions are the top bar and
Rosetta distributions are the bottom bar for each pair of heat maps. Distances are given in
Angstroms, and the probability of observing a distance is defined by grayscale same as Figure
12.
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additional, more accurate information compared
spin label. On the T4 lysozyme dataset, the MAE for € gesetta COMpared to € gpris 3.5 A

(Figure 14A circles,Table10) . Thi s is an i mprovement over sir
which gives a MAE of 5.7 A (Table 13). For the MsbA dataset, the MAE for € rosetta

compared to € gpriS 6.8 A (Figure 14A crosses, Table 11) and 7.0 A (Figure 14A

triangles, Table 12) for the apo open and AMP-PNP bound states, respectively. This

offers a 0.4 A improvement in MAE for the AMP-PNP bound state when compared to

usi ng Cb ddble 14aTakdeds). (
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Figure 14 Plots of the average distance and standard deviation of ensembles of T4 lysozyme
and MsbA double mutant distance distributions sampled by Rosetta versus the experimentally
determined mean and standard deviation.

A and B) The ensembles of the best 200 (for T4 lysozyme) and 100 (for MsbA) models by
Rosetta score. C) and D) The ensembles of Rosetta models determined by fitting the models to
the experimental distance distributions.

The standard deviation of the distribution of distances determined in an EPR
di st ance me agrlindEates the breadih of conformations of MTTSSL and of
the backbone sampled by the ensemble of labeled proteins present during the
experiment. The standard deviation for the distribution of distances determined by
Roset ks (BHor all doubl e mut apn of .3 A(Tdble ®.VTkes a MAE

MA E  Orfsera BCross the T4 lysozyme dataset is 0.9 A (Figure 14B circles, Table 10),
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compared

t

(0]

MA E

of

2.

4

i f

Ch ar

e u Jable

13). For the MsbA datasets in the apo-open and AMP-PNP bound states, U gesetta has an

MAE of 2.5 A (Figure 14B crosses, Table 11) and 2.6 A (Figure 14 B triangles, Table

12) , respectivel y.

Compared

A and 1.1 A for the apo-open and AMP-PNP bound states of MsbA, respectively (Table

14, Table 15).

Broad distributions of distances measured for MsbA in the apo-open and AMP-PNP

bound states make it difficult for Rosetta to recover € gpr @ N d gprlias accurately as is

done for

T4

| vy s oz yepower theTnneteera MsbA naegsarements is 5.3

as opposed to 2.6 for the T4 lysozyme distributions, and the distributions can contain

multiple peaks spread out over a wide range of distances. This is indicative of significant

backbone

f

uctuat.

ons

independent

of spi

reproducing & gpr and U gpr for MsbA therefore arises a) due to the difficulty in

summarizing broad complex distributions into a mean and standard deviation and b)

because the relaxation protocol is not expected to produce large backbone changes.

Table 10 T h e

average

(e)

double mutants (AA1 and AA2) of t4-lysozyme
Calculations are from the best 200 Rosetta models according to score and from EPR experiment,

respectivel y.

The

deviati on

and

s t a-spih dabetl distdree distiliutionsrfor ( G

of

Rosetta

from

double mutant. The bottom four rows show the mean deviation, standard deviation of the
deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment. Double mutants
116-131, 131-151, 131-154, and 140-147 are not included in the statistics calculations.

AAL AA; € Rosetta U Rrosetta € EPR 0 epr | fosetta R Hrosetta -
epr| U epr|
59 159 38.6 3.6 41.9 2.7 3.3 0.9
60 90 41.2 2.2 37.8 4.5 3.4 2.3
60 94 26.9 3.9 25.5 3.1 1.4 0.8
60 109 35.7 1.6 35.2 2.6 0.5 1.0
60 154 32.6 1.8 34.1 2.0 1.5 0.2
61 80 33.8 1.3 34.0 2.2 0.2 0.9
61 86 45.4 0.9 37.5 2.0 7.9 1.1
61 128 49.6 0.6 46.2 2.4 3.4 1.8
61 135 44.2 0.8 47.2 2.2 3.0 1.4
62 109 32.7 2.5 29.5 2.7 3.2 0.2
62 123 46.9 1.7 42.3 3.3 4.6 1.6
62 134 48.1 1.1 41.1 1.5 7.0 0.4
62 155 46.3 1.2 41.2 1.5 5.1 0.3
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Table 10 continued

64 122 32.9 1.4 34.1 2.5 1.2 1.1
65 76 21.7 3.2 214 2.8 0.3 0.4
65 80 20.0 2.8 26.5 3.8 6.5 1.0
65 86 34.8 2.3 37.4 2.7 2.6 0.4
65 135 41.3 15 46.3 2.2 5.0 0.7
80 135 37.4 0.3 36.8 1.0 0.6 0.7
82 94 24.6 15 30.7 3.3 6.1 1.8
82 132 26.1 1.9 26.3 3.5 0.2 1.6
82 134 33.0 1.3 33.9 3.2 0.9 1.9
82 155 26.7 1.9 35.8 2.5 9.1 0.6
83 123 9.8 2.0 20.5 34 10.7 1.4
83 155 22.1 2.1 32.8 3.0 10.7 0.9
86 112 21.8 5.2 13.0 5.1 8.8 0.1
86 119 8.4 2.7 15.0 3.0 6.6 0.3
88 100 8.9 1.7 6.0 3.0 29 1.3
89 93 17.9 2.6 16.0 3.0 1.9 0.4
89 96 6.8 2.8 6.0 3.0 0.8 0.2
93 108 20.1 34 23.3 4.1 3.2 0.7
93 112 27.2 1.4 26.1 15 11 0.1
93 123 24.1 2.2 24.8 2.3 0.7 0.1
93 134 30.2 0.8 20.1 24 11 1.6
93 154 25.3 0.9 25.1 2.4 0.2 15
94 123 244 3.5 24.0 2.6 04 0.9
94 132 30.2 1.1 317 1.3 15 0.2
108 123 26.0 3.1 27.6 24 1.6 0.7
108 134 33.6 15 32.4 1.2 1.2 0.3
108 155 33.2 1.1 35.2 2.3 2.0 1.2
109 134 31.8 3.2 30.6 2.8 1.2 04
115 155 22.9 1.0 28.2 2.4 5.3 1.4
116 134 12.6 2.7 20.2 15 7.6 1.2
119 128 20.8 2.1 19.9 2.3 0.9 0.2
119 131 24.2 1.0 22.3 2.7 1.9 1.7
120 131 20.2 0.4 14.0 3.0 6.2 2.6
123 131 25.2 2.4 22.3 2.7 2.9 0.3
127 151 11.9 2.3 14.0 24 2.1 0.1
127 154 10.1 2.3 7.0 3.0 3.1 0.7
127 155 9.0 3.2 12.1 3.4 3.1 0.2
128 155 12.9 0.5 20.7 3.7 7.8 3.2
131 150 7.6 0.1 5.7 0.4 1.9 0.3
134 151 6.2 1.1 7.0 0.8 0.8 0.3
140 151 12.9 3.0 22.2 3.3 9.3 0.3
€ 3.5 0.9
G 2.9 0.7
RMSD 45 1.1
R 0.92 0.56
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Table 11 Theaver age

(e)

and

for double mutants (AA; and AA,) of MSBA in the apo open state.
Calculations are from the best 100 Rosetta models according to score and from EPR experiment,
respectivel y.
double mutant. The bottom four rows show the mean deviation, standard deviation of the
deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment.

The

deviati on

of

Rosett a

s t a n d-spin thbeddistanceadistribmtions ( 0 )

from

AA; AA; € Rosetta U Rrosetta € EPR 0 epr |_ f osetia | | E rosetta ©
eprl U gprl
42 42 43.4 3.0 36.0 10.0 7.4 7.0
43 43 42.7 3.2 35.0 2.5 7.7 0.7
142 142 52.1 4.0 54.0 7.0 1.9 3.0
143 143 47.5 4.2 54.0 5.6 6.5 14
144 144 22.0 4.4 35.0 2.5 13.0 1.9
146 146 50.9 3.3 42.0 3.8 8.9 0.5
158 158 46.0 2.7 36.0 1.5 10.0 1.2
162 162 415 3.6 44.0 3.2 2.5 0.4
183 183 39.6 6.7 43.0 13.2 3.4 6.5
€ 6.8 2.5
G 3.5 2.4
RMSD 7.6 3.5
R 0.53 0.66
Table12The average (e€) and st a-spihéabebdistdneesdistaiiutions n

for double mutants (AA1 and AA2) of MSBA in the AMP-PNP bound state.
Calculations are from the best 100 Rosetta models according to score and from EPR experiment,
respectivel y.
double mutant. The bottom four rows show the mean deviation, standard deviation of the
deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment.

The

deviati on

of

Rosett a

from

AA; AA; € Rosetta U rrosetta € EPR 0 epr |_ f OsenT l l!j msenla i
EPR EPR
28 28 43.1 4.8 53.0 4.2 9.9 0.6
42 42 27.8 6.6 36.0 12.0 8.2 5.4
43 43 37.0 3.3 38.0 3.0 1.0 0.3
142 142 5.0 0.9 30.0 7.5 25.0 6.6
143 143 38.8 1.2 26.0 15 12.8 0.3
144 144 21.0 7.6 20.0 2.2 1.0 5.4
146 146 39.1 14 37.0 3.5 2.1 2.1
158 158 50.7 4.2 51.0 7.5 0.3 3.3
162 162 50.1 6.4 51.0 6.5 0.9 0.1
183 183 44.4 5.7 53.0 4.0 8.6 1.7
€ 7.0 2.6
G 7.4 2.3
RMSD 10.2 3.5
R 0.72 0.24
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Table 13Using Cbh atoms to approxinmadtadbelt hetphesiatvieomge
standar d devi aspinlabal digtaide disiributionsfor eauble mutants (AA1 and AA2)

of t4-lysozyme.

Calculations are from the best 200 Rosetta models according to score and from EPR experiment,

respectively. Thedevi ati on of Rosetta from experiment in te
double mutant. The bottom four rows show the mean deviation, standard deviation of the

deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment.

Al Aha fsem S ggseng € EPR U epr ‘nigsetta_ n%PR‘ ‘5 I(?:tl)]setta_ SErr
59 159 335 0.2 41.9 2.7 8.4 2.5
60 90 36.6 0.2 378 4.5 1.2 4.3
60 94 28.1 0.6 255 3.1 2.6 2.5
60 109 31.0 0.3 35.2 2.6 4.2 2.3
60 154 34.1 0.4 34.1 2.0 0.0 1.6
61 80 28.3 0.1 34.0 2.2 5.7 2.1
61 86 36.5 0.1 375 2.0 1.0 1.9
61 128 42.6 0.3 46.2 2.4 3.6 2.1
61 135 39.9 0.3 47.2 2.2 7.3 1.9
62 109 27.0 0.3 29.5 2.7 2.5 2.4
62 123 41.3 0.2 42.3 3.3 1.0 3.1
62 134 35.5 0.3 41.1 15 5.6 1.2
62 155 34.8 0.2 41.2 15 6.4 1.3
64 122 33.6 0.2 34.1 2.5 0.5 2.3
65 76 16.5 0.1 21.4 2.8 4.9 2.7
65 80 221 0.1 26.5 3.8 4.4 3.7
65 86 30.9 0.1 374 2.7 6.5 2.6
65 135 36.1 0.2 46.3 2.2 10.2 2.0
80 135 26.6 0.2 36.8 1.0 10.2 0.8
82 94 23.0 0.1 30.7 3.3 7.7 3.2
82 132 19.9 0.2 26.3 35 6.4 33
82 134 25.3 0.2 33.9 3.2 8.6 3.0
82 155 27.5 0.1 35.8 2.5 8.3 2.4
83 123 14.2 0.3 20.5 3.4 6.3 3.1
83 155 23.9 0.2 328 3.0 8.9 2.8
86 112 11.2 03 13.0 51 1.8 4.8
86 119 10.3 03 15.0 3.0 4.7 2.7
88 100 8.3 0.3 6.0 3.0 2.3 2.7
89 93 121 0.1 16.0 3.0 3.9 2.9
89 96 8.6 0.2 6.0 3.0 2.6 2.8
93 108 20.9 0.4 233 4.1 2.4 3.7
93 112 21.7 0.2 26.1 15 4.4 1.3
93 123 18.5 0.1 24.8 2.3 6.3 2.2
93 134 23.0 0.2 29.1 2.4 6.1 2.2
93 154 15.6 0.2 25.1 2.4 9.5 2.2
94 123 17.4 0.2 24.0 2.6 6.6 2.4
94 132 18.2 0.2 31.7 13 13.5 11
108 123 21.3 0.2 27.6 2.4 6.3 2.2
108 134 21.4 0.2 32.4 1.2 11.0 1.0
108 155 25.2 0.3 35.2 2.3 10.0 2.0
109 134 204 0.2 30.6 2.8 10.2 2.6
115 155 22.5 0.2 28.2 2.4 5.7 2.2
116 134 11.3 0.3 20.2 15 8.9 1.2
119 128 8.7 0.2 19.9 2.3 11.2 2.1
119 131 12.0 0.2 22.3 2.7 10.3 2.5
120 131 8.6 0.1 14.0 3.0 5.4 2.9
123 131 13.2 0.1 22.3 2.7 9.1 2.6
127 151 11.6 0.3 14.0 2.4 2.4 2.1
127 154 6.8 0.3 7.0 3.0 0.2 2.7
127 155 10.3 0.4 12.1 3.4 1.8 3.0
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Table 13 continued

128 155 13.9 0.2 20.7 3.7 6.8 3.5
131 150 9.1 0.1 5.7 0.4 34 0.3
134 151 10.5 0.3 7.0 0.8 3.5 0.5
140 151 16.6 0.1 22.2 3.3 5.6 3.2
€ 5.7 24

a 3.3 0.9
RMSD 6.6 2.5
R 0.93 0.10

Table 14 U s i n gato@hto approximate the position of the spin label, theav er age ( ¢)
d e v i aspin label digtange distrfbutions foredouble mutants (AA; and AA,)

standard
of MSBA in the apo open state.

Calculations are from the best 100 Rosetta models according to score and from EPR experiment,
The deviati

respectively .

on

of

Rosetta

from experi ment

double mutant. The bottom four rows show the mean deviation, standard deviation of the

deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment.

AAy AA; é’sem S gf;sem € EPR 0 epr ‘ gsena' ”EPR‘ ‘5 lgcl)]setta- =
42 42 31.8 24 36 10 4.2 7.6
43 43 33.4 1.8 35 25 16 0.7
142 142 40.3 4.3 54 7 13.7 2.7
143 143 37.8 3.3 54 5.6 16.2 2.3
144 144 29.1 3.4 35 2.5 5.9 0.9
146 146 40.4 3.2 42 3.8 16 0.6
158 158 36.9 1.9 36 15 0.9 0.4
162 162 37.1 13 44 3.2 6.9 1.9
183 183 33.2 2.3 43 132 9.8 10.9
€ 6.8 3.1
d 5.2 3.5
RMSD 8.5 4.6
R 0.67 0.14
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Table 15 U s i n gatoi@hto approximate the position of the spin label, theav er ag e

standar d devi aspinlabel digtange distrfbutions forelouble mutants (AA; and AA,)
of MSBA in the AMP-PNP bound state.
Calculations are from the best 100 Rosetta models according to score and from EPR experiment,
respectivel y. The deviation of Rosetta from
double mutant. The bottom four rows show the mean deviation, standard deviation of the
deviation, RMSD, and the correlation coefficient (R) of Rosetta with experiment.

AA AA; fsene S ggsem € EPR O epr ‘ (l;setta- n%PR‘ ‘S Iggsetta- S EPR
28 28 40.9 0.7 53 4.2 12.1 3.5
42 42 24.4 2.4 36 12 11.6 9.6
43 43 29.4 2.5 38 3 8.6 0.5
142 142 18.7 0.9 30 7.5 11.3 6.6
143 143 26.5 0.8 26 1.5 0.5 0.7
144 144 21.5 1.7 20 2.2 1.5 0.5
146 146 25.6 1.1 37 3.5 11.4 2.4
158 158 43.6 1.7 51 7.5 7.4 5.8
162 162 48.2 2.2 51 6.5 2.8 4.3
183 183 46.7 0.6 53 4 6.3 3.4
€ 7.4 3.7
G 4.2 2.8
RMSD 8.5 4.7
R 0.91 0.40

Fitting of Rosetta models to experimental distance distributions indicates RosettaEPR is
robust enough to sample within all experimental distances probability distributions

For thirty-eight of the T4 lysozyme (Borbat, McHaourab et al. 2002; Alexander,
Bortolus et al. 2008; Kazmier 2010) and all nineteen of the MsbA (Zou, Bortolus et al.
2009) experimental double mutant EPR measurements, distance probability distributions
were available. These data sets allow the models generated for each double mutant by
Rosetta to be used in a fitting procedure to determine, out of these models, an ensemble
that can accurately reproduce the experimental distance distribution.

The 2000 models for each double mutant of T4 lysozyme and the top 1000 models
by Rosetta score for each mutant of MsbA in the apo-open and AMP-PNP bound states
were used to find an ensemble reproducing the corresponding distance distribution. After

this procedure and across all double mutants, the MAE of the average distance

itted

calculated from the Rosetta ensemble, /75, compared to € epr is 1.1 A (Table 16).

For T4 lysozyme double mutants, the MAE of /"% is 0.3 A (Table 17),

osette
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Table 16 Statistical measures of how well Rosetta recovers [ gpr and U gpr for T4 lysozyme
and MsbA double mutants after selecting relaxed structures to match the experimental distance
distributions.

Entries are similar to Table 9.

itted fitted
”éosette S Rosette
MAE RMSD R MAE RMSD | R
T4-lysozyme 0.3 0.7 1.00 0.4 0.6 0.80
MsbA apo-open 2.1 2.9 0.95 2.5 3.1 [0.59
MsbA AMP-PNP bound 3.3 5.0 0.90 3.0 3.8 1014
Combined 1.1 2.5 0.97 1.2 21 10.63

compared to 3.5 A when models are selected solely by Rosetta score. The MAE of

mted for the apo-open and AMP-PNP bound states of MsbA drops to 2.1 A (Table 18)

osette

and 3.3 A (Table 19), compared to 6.8 A and 7.0 A, respectively.

The standard deviation calculated from ensembles of Rosetta models selected to fit

fitted
Rosetts ’

the corresponding distance distribution, s for T4 lysozyme double mutants

achieves an MAE of 0.4 At o0 gl compared to 0.9 A when models are selected by

fitted
Rosette

Rosetta score alone. For double mutants of MsbA, the MAE of s in the apo-open

and AMP-PNP bound states are 2.5 A and 3.0 A, respectively, which is not an
improvement over selecting models strictly by score.

Il nstead of attempting to summari ze the
using a measure to compare the entire distribution (cumulative Euclidean distance, see
Methods) can more accurately describe the improvement i n Rosettabds
distributions of T4 lysozyme and MsbA after fitting (Figure 15, Figure 16, Figure 17). For

T4 lysozyme double mutants, the error in the ensembles of Rosetta models is reduced

by an average of 87% (Table 20). Although s "¢ was not sensitive to improvements in

Rosette
the agreement between Rosetta and experimental distance distributions for MsbA,
comparison of the distributions show an average reduction in error of 62% (Table 21)

and 54% (Table 22) for the apo-open and AMP-PNP bound states, respectively. Over all
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double mutants, the error is reduced by an average of 77% using an average ensemble

size of 18 relaxed structures.

Table 17 Theaverage (&) and st an d-spnthbeddstancendistributions( 0 ) o f
for double mutants (AA; and AA,) of t4-lysozyme as calculated from the best ensemble of Rosetta
models fitted to the experimental distance probability distribution.
This fitted € and U is compared with € and G from experiment. The deviation of Rosetta from
experiment in terms € and @ is also given for each
mean deviation, standard deviation of the deviation, RMSD, and the correlation coefficient (R) of
Rosetta with experiment.

AA AR, mees . | sheed | eerr | Uepr ‘”ﬁsgna' ”EPR‘ ‘5 Rosata™ S EPR
59 159 41.8 2.7 41.9 2.7 0.1 0.0
60 90 38.2 3.7 37.8 4.5 0.4 0.8
60 94 25.5 3.1 25.5 3.1 0.0 0.0
60 109 35.2 2.5 35.2 2.6 0.0 0.1
60 154 34.1 2.0 34.1 2.0 0.0 0.0
61 128 46.2 2.1 46.2 2.4 0.0 0.3
61 135 43.8 1.6 47.2 2.2 3.4 0.6
62 109 29.5 2.9 29.5 2.7 0.0 0.2
62 123 42.8 2.8 42.3 3.3 0.5 0.5
62 134 42.1 0.0 41.1 1.5 1.0 15
62 155 41.2 1.5 41.2 1.5 0.0 0.0
64 122 34.0 2.4 34.1 2.5 0.1 0.1
65 76 23.2 2.7 21.4 2.8 1.8 0.1
65 135 45.4 2.2 46.3 2.2 0.9 0.0
82 94 29.9 2.3 30.7 3.3 0.8 1.0
82 132 26.5 3.3 26.3 3.5 0.2 0.2
82 134 33.9 2.6 33.9 3.2 0.0 0.6
82 155 35.8 2.0 35.8 2.5 0.0 0.5
83 123 20.5 3.3 20.5 3.4 0.0 0.1
83 155 32.6 2.2 32.8 3.0 0.2 0.8
93 108 23.1 3.0 23.3 4.1 0.2 1.1
93 112 26.1 1.3 26.1 1.5 0.0 0.2
93 123 24.9 2.2 24.8 2.3 0.1 0.1
93 134 29.1 2.2 29.1 2.4 0.0 0.2
93 154 25.0 2.1 25.1 2.4 0.1 0.3
94 123 24.0 2.6 24.0 2.6 0.0 0.0
94 132 31.7 1.1 31.7 1.3 0.0 0.2
108 123 27.6 2.4 27.6 2.4 0.0 0.0
108 134 32.5 1.1 32.4 1.2 0.1 0.1
108 155 35.3 1.9 35.2 2.3 0.1 0.4
109 134 30.4 2.0 30.6 2.8 0.2 0.8
115 155 27.9 1.9 28.2 2.4 0.3 0.5
116 134 20.2 1.4 20.2 1.5 0.0 0.1
119 128 20.0 2.3 19.9 2.3 0.1 0.0
119 131 22.4 2.3 22.3 2.7 0.1 0.4
123 131 22.4 2.6 22.3 2.7 0.1 0.1
128 155 20.4 2.6 20.7 3.7 0.3 1.1
140 151 21.3 1.4 22.2 3.3 0.9 1.9
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Table 17 continued.

€ 0.3 0.4
G 0.6 0.4
RMSD 0.7 0.6
R 0.996 0.80
Table 18 The average (¢) and st aisphdaba disthece disaxibutioos

for double mutants (AA1 and AA2) of MSBA in the apo open state as calculated from the best

ensemble of Rosetta models fitted to the experimental distance probability distribution.

Thi s

fitted
experi ment
mean deviation, standard deviation of the deviation, RMSD, and the correlation coefficient (R) of

Rosetta with experiment.

3
i n

and

t er ms

i s

€

compar ed dewiationhof Rosetta riraim

and

i s

al so

gi ven

fitted

AA AA; mred | shed | eeer | Geer ‘”élgsegtta_ ”EPR‘ ‘5 Rosetta” S EPR
42 42 42.3 9.3 36.0 10.0 6.3 0.7
43 43 38.3 5.9 35.0 2.5 3.3 3.4
142 142 53.1 7.7 54.0 7.0 0.9 0.7
143 143 50.4 9.9 54.0 5.6 3.6 4.3
144 144 35.1 4.0 35.0 2.5 0.1 1.5
146 146 42.5 1.0 42.0 3.8 0.5 2.8
158 158 39.3 2.2 36.0 1.5 3.3 0.7
162 162 43.7 5.6 44.0 3.2 0.3 2.4
183 183 44.0 7.0 43.0 13.2 1.0 6.2
€ 2.1 2.5
] 2.0 1.8
RMSD 2.9 3.1
R 0.95 0.59
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Table 19 T h e

Thi s

experiment

aver age

fitted ¢

in

Rosetta with experiment.

and
ter ms

d

(e)

and

i s

€

s t a-spih tabeddistdneevdistailtutioras n
for double mutants (AA; and AA,) of MSBA in the AMP-PNP bound state as calculated from the
best ensemble of Rosetta models fitted to the experimental distance probability distribution.

compared
and

G ant.sTheabbtteno foug rows show theo r
mean deviation, standard deviation of the deviation, RMSD, and the correlation coefficient (R) of

wi t h

€

and

Al Az ﬂ?{'ﬁé’é’m S é'éfgm € EPr 0 epr ‘nélct)tsgtta- ”EPR‘ ‘5 Ffelgsegtta' Serr
28 28 51.7 6.1 53.0 4.2 13 1.9
42 42 34.8 7.4 36.0 12.0 12 4.6
43 43 38.8 4.5 38.0 3.0 0.8 1.5
142 142 22.6 0.0 30.0 7.5 7.4 7.5
143 143 36.1 3.6 26.0 1.5 10.1 2.1
144 144 29.5 8.4 20.0 2.2 9.5 6.2
146 146 37.6 3.9 37.0 3.5 0.6 0.4
158 158 50.8 8.0 51.0 7.5 0.2 0.5
162 162 52.5 8.8 51.0 6.5 15 2.3
183 183 53.3 7.1 53.0 4.0 0.3 3.1
€ 3.3 3.0
d 3.8 2.3
RMSD 5.0 3.8
R 0.90 0.14
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Figure 15 Agreement between experimental distance probability distributions and an
ensemble of Rosetta models fitted to the experimental distribution for 38 double mutants of t4-
lysozyme. Curves show the integral of the probability up to a given distance.
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Figure 16 Agreement between experimental distance probability distributions and an
ensemble of Rosetta models fitted to the experimental distribution for double mutants of MSBA in
the apo-open state. Curves show the integral of the probability up to a given distance.
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Figure 17 Agreement between experimental distance probability distributions and

ensemble of Rosetta models fitted to the experimental distribution for double mutants of MSBA in

the AMP-PNP bound state. Curves show the integral of the probability up to a given distance.
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Table 20 For t4-lysozyme, the cumulative Euclidean disagreement values of the best 200
relaxed structures by Rosetta score (Top 200 Disagreement) and an ensemble of Rosetta models
selected to fit the experimental (Fitted Disagreement).

The disagreement is calculated between the distance distribution obtained from the Rosetta
models and the corresponding experimental distance distribution, with 0 being perfect agreement.
The size of the fitted ensemble is also provided (Size). The amount that the disagreement is
reduced as a percentage of starting disagreement (Percent Disagreement Reduction) is

calculated as (TopZOCDisgreemen- FittedDisagreemen)/TopZOGDisagreemet *100

. Percent
Top 200 Fitted . .
Al Al Disag?eement Disagreement Size Dlsagree_ment
Reduction
59 159 0.130 0.005 50 96.0
60 90 0.156 0.031 13 80.5
60 94 0.056 0.005 43 91.3
60 109 0.081 0.008 25 89.6
60 154 0.077 0.004 39 94.8
61 128 0.172 0.031 6 81.9
61 135 0.048 0.010 20 78.8
62 109 0.143 0.024 9 83.4
62 123 0.201 0.045 4 77.4
62 134 0.294 0.103 1 64.9
62 155 0.242 0.006 15 97.6
64 122 0.063 0.006 25 90.4
65 76 0.063 0.014 23 78.0
65 135 0.186 0.019 14 90.0
82 94 0.232 0.045 8 80.7
82 132 0.077 0.015 20 79.9
82 134 0.091 0.022 18 76.1
82 155 0.329 0.030 4 91.0
83 123 0.315 0.011 16 96.5
83 155 0.362 0.036 5 90.0
93 108 0.102 0.006 39 94.5
93 112 0.080 0.008 31 90.6
93 123 0.057 0.006 50 89.1
93 134 0.106 0.007 18 93.2
93 154 0.062 0.008 19 86.8
94 123 0.039 0.004 34 89.8
94 132 0.089 0.010 17 89.3
108 123 0.076 0.004 30 95.0
108 134 0.077 0.003 35 96.6
108 155 0.122 0.010 18 91.8
109 134 0.113 0.022 6 80.5
115 155 0.237 0.023 12 90.4
116 134 0.256 0.005 15 98.0
119 128 0.047 0.014 24 71.5
119 131 0.102 0.011 21 89.0
123 131 0.118 0.005 23 95.5
128 155 0.268 0.016 11 93.9
140 151 0.274 0.077 2 71.9
€ 0.146 0.019 20 87.3
G 0.091 0.020 13 8.1
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Table 21 For MsbA in the apo-open state, the cumulative Euclidean disagreement values of
the best 200 relaxed structures by Rosetta score (Top 200 Disagreement) and an ensemble of
Rosetta models selected to fit the experimental (Fitted Disagreement).

The disagreement is calculated between the distance distribution obtained from the Rosetta
models and the corresponding experimental distance distribution, with 0 being perfect agreement.
The size of the fitted ensemble is also provided (Size). The amount that the disagreement is
reduced as a percentage of starting disagreement (Percent Disagreement Reduction) is

calculated as (TopZOCDisgreemen- FittedDisagreemen)/TopZOGDisagreemet *100

. Percent

AA; AA, . Top 200 . Fitted Size Disagreement

Disagreement Disagreement .
Reduction

42 42 0.209 0.103 8 50.9
43 43 0.188 0.039 9 79.2
142 142 0.107 0.065 12 39.6
143 143 0.135 0.055 16 58.9
144 144 0.333 0.040 18 88.0
146 146 0.348 0.176 3 49.4
158 158 0.266 0.080 4 70.0
162 162 0.072 0.022 17 68.8
183 183 0.139 0.070 24 49.7
€ 0.200 0.072 12 61.6
G 0.093 0.043 7 15.0

Table 22 For MsbA in the AMP-PNP state, the cumulative Euclidean disagreement values of
the best 200 relaxed structures by Rosetta score (Top 200 Disagreement) and an ensemble of
Rosetta models selected to fit the experimental (Fitted Disagreement).

The disagreement is calculated between the distance distribution obtained from the Rosetta
models and the corresponding experimental distance distribution, with 0 being perfect agreement.
The size of the fitted ensemble is also provided (Size). The amount that the disagreement is
reduced as a percentage of starting disagreement (Percent Disagreement Reduction) is

calculated as (TopZOCDisgreemen- FittedDisagreemen)/TopZO(Disagreemet *100

. Percent

AA; AA; . Top 200 . Fitted Size Disagreement

Disagreement Disagreement .
Reduction

28 28 0.308 0.136 11 55.7
42 42 0.173 0.065 9 62.3
43 43 0.077 0.017 34 78.0
142 142 0.499 0.240 1 52.0
143 143 0.256 0.167 4 34.5
144 144 0.187 0.033 18 82.5
146 146 0.184 0.124 4 32.5
158 158 0.114 0.067 13 41.1
162 162 0.097 0.059 40 38.9
183 183 0.268 0.105 22 60.8
€ 0.216 0.101 16 53.8
d 0.119 0.064 12 16.6
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Validation of implicit spin label cone model parameters

The introduction of a full atom representation of MTSSL within Rosetta allows the
explicit description of the ensemble of conformations accessible to spin labels attached
to various sites on a protein. The previously published spin label cone-model implicitly
described the ensemble of conformations using uniform parameters applied to all sites
(Hirst, Alexander et al. ; Alexander, Bortolus et al. 2008). It defined an effective position
for the spin label (SL¢f) as the positional average of all possible spin label locations as it
projects from the protein backbone. The
positions are contained within a cone with a defined opening angle ( YOO "YO
w T, Figure 18 A), which corresponds to the maximum observed angle between any two
spin labels with vertex Cp. The cone model also assumes the cone is oriented at a

random angle with respect to the protein backbone (" YO 6 0  p ¢ TtBigure 18 B).

Lastly, as a trigonometric result of” "Y06 "YO0 and the length of the spin label tether
(8.5A), the cone model defines a distance from the Cj to the SL¢ (O ¢ v Figure 18
Q).

The Rosetta rotamer library was used to explicitly compute the cone model
parameters and compare with the original assumptions. Residues at 162 exposed sites
on t he phélicalaTd ilybogymeJ(PDBid 2LZM) and a-strand chitinase (PDBid
2CWR) (Nakamura, Mine et al. 2008) proteins were computationally mutated to create
162 single spin labeled mutants. Each of these mutants was subjected to 500
independent Rosetta relaxation trajectories in order to obtain an ensemble of allowable
spin label conformations at each site.

The parameters calculated from the Rosetta ensembles are comparable to the

original cone model parameters (Table 23). The distribution of ~ "Y06 YO values

shows a mean 103° with standard deviation of 50° (Figure 19A).
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Figure 18 Visual description of the three parameters that define the cone model and their
relation to the full atom representation of the spin label.
The effective spin label position, SL;, is the average position of the midpoint of the N-O bond
vector. In B.) and C.) the SL position is represented as a red sphere. A.)” “T4 4 ¢ 4 is the

opening angle of the cone and is calculated as the widest angle observed between two MTSSL
conformations obtained from Rosetta. B.)” 4 3, - F; is the angle defined by the Cg, Cp, and Sl

4
positions, and gives information on the allowable tilt angles of the cone. C.) "—“Fn" is the distance
from the Cj to the SL¢ position.

Fof" "Y0O 0 0 , the Rosetta distribution shows a mean of 111° and a standard
deviation of 63° (Figure 19 B). The values of O  sampled by Rosetta have a mean of

6.3 A and a standard deviation of 1.2 A (Figure 19 C).

Figure 20 displays a comparison of Ds. - D¢y statistics for the initial cone model
(Alexander, Bortolus et al. 2008) with an updated cone model computed using the
currently calculated parameters. Dg. is a distance between two spin labels, as

approximated by the cone model. D¢y is the distance between the Cg atoms of the
residues containing the spin labels. With the increased length of O and the

decreased”™ "Y0O 0 0 compared to initial values, there is an increased fraction of Dg, -

Dcp values between 10 A and 12 A. However, the small difference in the curves

demonstrates the robustness of the cone model to small deviations in the parameters.

Table 23 Comparison of the parameters used by the cone model (Alexander, Bortolus et al.
2008) of a spin label and the values recovered by the rotamer library for the single mutants at 99
sites on a primarily alpha-helical protein and 63 sites on a beta-strand protein.

The mean and the standard deviation of the distributions for each parameter obtained from
Rosetta for the 162 sites are given.

Parameter Cone Model Rosetta Explicit Spin Label Model
Mean Standard Deviation
J
r=NA) 6.0 6.3 1.2
{14dE:r ©) 120 111 63
T 4406 90 103 50
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Bortolus et al. 2008) cone model parameters (cone model) and the updated parameters
calculated from RosettaEPR (updated parameters).
Dg. is a distance between two spin labels, where each has been randomly oriented and
approximated by the corresponding cone model parameters. D¢;, is the distance between the Cp
atoms of the residues containing the spin labels. The frequency is given on the y-axis as the
fraction of observed Dg, - D¢y values falling within a given bin.
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Discussion

The RosettaEPR spin label rotamer library leverages experimentally observed and
computationally predicted correlations between } angles of MTSSL. A rotamer library
reduces the search space in order to produce a biologically probable conformation. Such
efficiency allows RosettaEPR to sample in parallel with the spin label all other protein
side chains and backbone degrees of freedom, rather than being restricted to a rigid
protein structure. All-atom refinement of the protein structure allows determination of off-
rotamer spin label conformations and can capture structural perturbations caused by the
spin label.
RosettaEPR rotamer library combines label

experimentally determined spin

conformations with quantum chemical calculations
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The present knowledge-base of experimentally observed MTSSL conformations
is small. Therefore the current rotamer library supplements experimentally observed (X,
Xz) combinations with computationally predicted j 35 angles. Specifically, the (Xi, Xy) {t,
t} rotamer has not yet been experimentally observed but was added to the rotamer
library based on quantum chemical calculations (Tombolato, Ferrarini et al. 2006). { 3
was considered to be +90°which is in agreement with both, experimental values and
qguantum chemical calculations (Tombolato, Ferrarini et al. 2006). Conformations for } 4
and } 5 were determined experimentally only four times for the soluble T4 lysozyme
protein. This initial rotamer therefore relies on quantum chemical calculations alone
(Tombolato, Ferrarini et al. 2006). As additional crystal structures of MTSSL become
available, especially for membrane proteins, the rotamer library will be extended to take
into account an expanded experimental knowledge-base. The immediate advantage of
atomic level verification of EPR experiments outweighs the initially limited knowledge-
based rotamer library.
RosettaEPR spin label library is robust enough for use in a wide range of modeling
protocols of proteins
Compared with a systematic search of larger rotamer libraries, the RosettaEPR
rotamer library is limited to a relatively small number of 54 discrete conformers which
maximizes efficiency of the conformational search and enable parallel optimization of
additional protein degrees of freedom. This approach is balanced by sampling off-
rotamer conformations in all atom refinement protocols. Further, Rosetta systematically
samples close-to-rotamer conformations by varying (X;, X;) by one standard deviation.
The number of spin label rotamers aligns with the number of rotamers seen for large
amino acid side chains (Arg, Lys 81 (Shapovalov and Dunbrack 2011)) which have been
demonstrated to be sufficient for atomic-detail structure determination (Bradley, Misura
et al. 2005; Alexander, Bortolus et al. 2008; Krivov, Shapovalov et al. 2009) (Qian,
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Raman et al. 2007). The success of the approach is demonstrated by a) recovery of the

off-rotamer experimental conformationof T4 | ysozyme mutant L188,

to sample all experimentally observed conformations of MTSSL in soluble T4 lysozyme
and the membrane protein LeuT, and c) the ability of the Rosetta models to accurately fit
the experimental EPR distance distributions.
RosettaEPR samples experimentally observed spin label conformations on the surface
and in the protein core for soluble and membrane proteins

RosettaEPR samples all experimentally observed conformations of MTSSL at
core and surface sites at least in some trajectories. However, RosettaEPR also samples
alternative conformations sometimes with a higher frequency and superior energy to the
experimentally observed conformation. A combination of reasons is expected to
contribute to this result: a) the spin label samples multiple and additional conformations
of similar free energy in solution that are not observed in the crystal. This notion is
supported by the frequent uncertainty in reconstructing spin labels on the surface of
proteins as displayed by lack of coordinates beyond Xs;. b) The RosettaEPR energy
function ranks different conformations of the spin label incorrectly with respect to each
other. This is expected on the protein surface given the close free energy of such
conformations, the approximations inherent to the pair-wise decomposable Rosetta
energy function (Kuhlman and Baker 2000), and the lack of specific treatment of partial
covalent interactions the nitroxide group might engage the protein in.

RosettaEPR poorly samples the experimental conformations of MTSSL at crystal
contact sites. Each protein component of the asymmetric unit was relaxed in Rosetta
independently, i.e. not in the presence of the other copies in the crystal. Therefore, such
performance is expected because the spin label conformations are significantly

influenced by non-biologically relevant crystal contact interactions that are not present in
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examination of the rotamers in RosettaEPR (Langen, Oh et al. 2000; Guo, Cascio et al.
2007; Guo, Cascio et al. 2008; Fleissner, Cascio et al. 2009).
RosettaEPR reproduces specific dynamics seen for spin labels

RosettaEPR achieves an MAE of 4.4 A for predicting experimental EPR distances.
This compares favorably to usage of the Cp distances as an approximation for the spin
label (MAE = 6.1 A). The cone model fits the difference between spin label distance and
Cp distance to a set of experimental data (Hirst, Alexander et al. ; Alexander, Bortolus et
al. 2008). It minimizes the RMSD between experimental and predicted distance to 4.7 A
which is comparable to the explicit treatment of the spin label in RosettaEPR. This
indicates the power of a simple linear correlation between spin label and Cp distances.
However, the cone model i nherently assumes the
all spin labels independent of labeling site which is also represented by the standard
deviation of the distance difference distribution (4.7 A). The standard deviation of the
experimental distance distributions are reproduced much more closely by the atomic-
detail representation of the spin label with a RMSD of 2.0 A. Thereby, explicit treatment
of the spin label provides information on the actual conformational sampling of MTSSL.

By selecting ensembles of models from RosettaEPR specifically to reproduce
experimental EPR distance probability distributions, the accuracy of RosettaEPR is
further improved. RosettaEPR can sample within all of the experimental distance
probability distributions. This indicates the range of sampling with the rotamer library is
not the I imiting factor in RosettaEPROs abildi
double mutants where sampling within the experimental probability distribution is
infrequent, a more accurate scoring function could focus sampling to produce smoother,
more accurate fits to the distributions.

Comparison with previous methods
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RosettaEPR recovers native { 1 a nd , gf MTSSL with a frequency similar to

Rosettads ability to reaugd,vQvera datagetonlP9pmteiasn d

Rosetta recovered n a t i vaen dj of arginine and lysine 60-65% of the time (Wang,
Schueler-Furman et al. 2005). Though this is a slightly higher percentage than observed
for MTSSL, the fraction of exposed positions in the MTSSL dataset is large, which would

account for the reduced accuracy of RosettaEPR.

RosettaEPROGS rotamer recovery i S slightly

prediction method SCWRL4 (Krivov, Shapovalov et al. 2009)i n r ecovieamy, §for

(70%) .dain:d36%) in arginine and lysine side chains across buried and exposed

sites in 379 protei n jantijr,vecovenyrisecalculatad fomaeginiaer ,

and lysine at increasingly exposed positions, the performance of SCWRL4 more closely
aligns with Rarslgi recavery ROMTSSL. This is important because
thirteen of the fourteen MTSSL single mutants at non-crystal contact sites occur at
surface positions.

In T4 lysozyme, single mutants A082 and L118 for the study of an MTSSL rotamer
library (Polyhach, Bordignon et al.). This study was also successful in predicting the
experimentally observed conformations at these sites. However, for L118, the population
of rotamers predicted to be buried within the cavity as observed in the experimental
structure is 99.8% for RosettaEPR versus 52% for the previous study. Without additional
experimental data, it is difficult to determine which is more accurate.

A previous attempt at recovering the average distance of an EPR double mutant
measurement have a reported mean error of 3.0 A over twenty-seven distances
measured in troponin C, the troponin complex and the KcsA channel (Sale, Song et al.
2005). Rosetta EPR achieves MAE of 4.4 A over all seventy-three EPR distances for T4
lysozyme and MsbA, and 3.5 A for fifty-eight T4 lysozyme distances specifically.
Differences in accuracy are mitigated by the differences in the protein systems and size
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of the dataset s. I n addition, the prevkoOous

which RosettaEPR can recover to a MAE of 1.3 A.
The utility of fitting an ensemble of structures to EPR distance data has been
demonstrated for the transmembrane domain I1X of the Na*/proline transporter PutP of

Escherichia coli ((Hilger, Polyhach et al. 2009)). This single transmembrane span has a

st

helix-loop-h el i x mot i f . MTSSL rotamers and backbone

RMSD of 1.00 A of the models to experimental mean distances. This compares
favorably to the 0.7 A RMSD achieved by RosettaEPR over the thirty-eight T4 lysozme
distributions and 2.5 A when all fifty-seven distributions (T4 lysozyme and MsbA) are
considered.

Verification of cone model parameters

The distribution of " "Y0O "YO0 observed indicates that the width of the spin label

conformational ensemble (the opening angle of the cone) can vary widely across

different sites on a protein. The original cone model parameter of ” "Y06 YO = 90°
falls within one standard deviation of the ™ "Y0O YO distribution average. The
distribution of” "YO 6 0 obtained by Rosetta indicates that the ensemble can be tilted

closely towards the backbone, indicative of the spin label hugging the surface of the
protein. Given the hydrophobic nature of the MTSSL side chain, it is likely the spin label

would exhibit such behavior. The average™ "Y0O 60 60 value calculated from RosettEPR

of 111° matches closely with the original parameter of 120°. The distance between the

effective spin label position and the corresponding Cp, O , was originally proposed in
the cone model to be 6.0A. The distribution obtained by RosettaEPR indicates that ‘O
value is on average slightly longer at 6.3 A. The O s related to” "Y0O "YO as an

increasing width of the ensemble will produce a decreasing O . The fact that the
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average O is slightly longer than what would be expected given the average

"Y0O "YO0 is due to the population of MTSSL ensembles with a small width.

Overall we find the cone model parameters accurate within the error of the
experiment. It is apparent that while the cone model rather accurately captures
distances, experimental distance deviations are not adequately represented with a
unified model. Through the atomic-detail description of spin labels during structure
prediction, this study overcomes one critical limitation of the cone model. The cone
model was derived by observing spin label distances over many independent
experiments. Spin label pairs in very different structural and dynamical states were
folded into a single probability distribution. This probability distribution encompasses
uncertainty over the precise conformation of the spin label and its dynamics, convoluting
both contributions. Its allowable distance range is therefore inherently too wide. The
model is very effective in medium-resolution modeling due to its speed and due to
omitting explicit modeling of side chains i an approach that is widely used at this stage.
At the same time it reaches its limitations in atomic-detail refinement of the models i for
example restraints were not employed for atomic-detail refinement in our previous
research on de novo folding of proteins from EPR restraints (Hirst, Alexander et al. ;
Alexander, Bortolus et al. 2008).

Potentially, RosettaEPR could yield insight into the environmental factors that
determine the disorder of the spin label at a site. Such a scenario could occur as the
database of crystallographically observed spin label conformations grows, allowing for
an improved scoring function describing the interactions of the nitroxide with its
environment. With an accurate description of the nitroxides behavior, a refined cone
model would allow for the quick verification of a putative model or structure.

Conclusion
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RosettaEPR can recover and sample experimentally observed conformations of the
MTSSL spin label on single mutants of T4 lysozyme and the membrane protein LeuT.
This has not been previously demonstrated with such a large dataset or with a
membrane protein. RosettaEPR6s ability to rep
also not previously been observed for the number and complexity of measurements.
Such a method will be a powerful tool for investigating the structure and dynamics of
proteins. Compared to proprietary approaches developed specifically for computational
spin label investigations, RosettaEPR is easily disseminated among the EPR scientific

community within the Rosetta protein structure prediction suite.

Experimental Procedures

Development of MTSSL Rotamer Library
The non-canonical methanesulfonothioate spin label residue was created in the
Molecular Operating Environment (MOE). The Pymol Molecular Graphics System
(PyMOL) was then used to create 60 rotamers taking into account all the possible
combinations of the canonical j a n gak elaborated in the Results section. The
potential energy of each rotamer was calculated for use as an indicator of which
rotamers contained intramolecular clashes. The potential energy was calculated in MOE
using the APotenti al oMMFR94xdorce field. Theirdtamers weee def a ul
sorted by energy. Ten rotamers were determined to have clashes because a large
increase in potential energy (54.9%) for the most energetically favorable of the ten
rotamers separated them from the other 50 rotamers. Outside of these ten rotamers, the
largest potential energy increase was 10%. The ten rotamers were subject to energy
mi ni mization in MOE using t hecudddiiootainarinthe i on i n
event that smal.l changes to the } angles coul d
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potential energy of eight of the ten rotamers was minimized into the regime of the other
50 rotamers. In addition to a reduction in potential energy, the eight minimized rotamers
were also filtered by the amount of change in each } angle such that no j angle
changed by more than 30°. Four of the eight rotamers met this criterion. As a result, the
total rotamer library contains 54 conformations of MTSSL.
Single Mutant MTSSL Conformational Sampling

Each of the crystal structures of T4 lysozyme singly labeled with MTSSL were
downloaded from the Protein Data Bank (PDB) (Berman, Westbrook et al. 2000). The
PDB accession identifiers (PDB IDs) are 2IGC, 20U8, 20U9, and 2NTH (Guo, Cascio et
al. 2007), 2Q9D and 2Q9E (Guo, Cascio et al. 2008), and 1ZYT, 2CUU, 3G3V, 3G3W,
and 3G3X (Fleissner, Cascio et al. 2009) (See Supplemental Table 1 for identification of
the mutant for each PDB file). Mutants R080, R119, K065, and V075 (Langen, Oh et al.
2000) were not available to download from the PDB website. Therefore, the single
mutants for these were computationally created from the T4 lysozyme crystal structure
with PDB ID 2LZM (Weaver and Matthews 1987). In order to create the cys-less
sequence (Matsumura and Matthews 1989), which was used for these four single
mutant crystal structures, cysteine residues 54 and 97 were computationally mutated to
threonine and alanine, respectively. All computational mutations were done using the
Rosetta Fixed Backbone Design application (Kuhlman, Dantas et al. 2003). Each
crystallized protein structure, including those involving crystal contacts, was relaxed (see
below) in Rosetta individually without the presence of any other crystallographic
subunits. The starting protein structures were subjected to 1000 independent relaxation
trajectories in Rosetta, which were then used

experimentally observed conformations.

100



For single MTSSL mutants of LeuT, the two experimental structures downloaded
were 3MPN and 3MPQ ((Kroncke, Horanyi et al. 2010)). These structures were relaxed
by Rosetta in 1015 trajectories.

Double Mutant MTSSL Conformational Sampling

A pseudo wild type starting structure was created as described above whereby
cysteine residues 54 and 97 of PDB ID 2LZM were computationally mutated to threonine
and alanine, respectively. Next, structures for 58 double mutants were created from this
pseudo wild type starting structure. Forty-six of these mutants have been previously
described (Borbat, McHaourab et al. 2002; Alexander, Bortolus et al. 2008; Kazmier
2010) with twelve double mutants described below. All computational mutations were
done using the Rosetta Fixed Backbone Design application. Each of these fifty-eight
double mutants was subjected to 2000 independent relaxation trajectories in Rosetta.
For each relaxation trajectory, the distance between the final conformations of the two
spin labels was calculated, where the unpaired electron is taken to be at the midpoint of
the N-O bond. The set of distances from the top 200 of models by Rosetta score was
used as the distance distribution for each mutant, and compared against the
corresponding experimental distance distributions. Double mutants 131/154, 131/151,
140/147, and 116/131 were excluded from analysis because the standard deviation of
the distance measurement was determined to be greater than 50% of the distance. The
experimental distance distributions for double mutants 119/128, 119/131, 123/131, and
140/151 were reanalyzed for this study using Tikhonov regularization (Chiang, Borbat et
al. 2005), producing means and standard deviations of the distributions which differ
slightly from the originally published values (Alexander, Bortolus et al. 2008).

Nineteen previously published EPR distances measured in the transmembrane
region of MsbA (Zou, Bortolus et al. 2009) were used for this study. Computational
double mutants were created from PDB ID 3B60 (Ward, Reyes et al. 2007) for the AMP-
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PNP closed state and from the full atom structure of the open state provided from (Zou,
Bortolus et al. 2009) based on PDB ID 3B5X (Ward, Reyes et al. 2007). Cysteine
residues 88 and 315 were mutated to alanine, resulting in the pseudo wild type used for
creating computational double MTSSL mutants. All double mutants were relaxed at least
1000 times in Rosetta and the top 100 models by Rosetta score were used as the
distance distribution for each mutant.

Three statistical values are used to compare Rosetta to EPR experiment. The

mean absolute error (MAE) is calculated as 0 6 O $r|—$ The root mean square

deviation (RMSD) is calculated as RMSD = Bn—. The correlation coefficient

(R) is also used for comparison of Rosetta to experiment.
Rosetta Relaxation and Computational Mutant Protocols

The standard Rosetta refinement protocol (Bradley, Misura et al. 2005; Misura and
Baker 2005) was used to relax the T4 lysozyme protein structures and determine
MTSSL conformations. For MsbA and LeuT, the relaxations took place using the
membrane specific potentials of Rosetta ((Barth, Schonbrun et al. 2007)). During
relaxation all side chains are repacked and small perturbations of the backbone occur.
This means that the starting conformations of side chains do not impact the final
rotamers chosen. A single Rosetta relaxation trajectory takes about 15 minutes on an
Intel Xeon W3570 3.2 GHz processor for T4 lysozyme. Please see Supplemental
Experimental Procedures for the specific command line flags used.

The fixed backbone design application of Rosetta was used to introduce MTSSL at
desired sites in the benchmark proteins. The protocol does not allow any backbone
optimization and all other side chains were held fixed in their native conformation. So,
only the conformation of the specific mutated residue was optimized, which was

sufficient because the mutants later underwent Rosetta relaxation. The application takes
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approximately one minute to run on an Intel Xeon W3570 3.2 GHz processor. Please
see Supplemental Experimental Procedures for specific command line flags used.
Fitting of Rosetta Generated Ensembles to Experimental EPR Distance Distributions
Fifty-seven experimental EPR distance distributions analyzed by Tikhonov
regularization were used as the dataset for finding Rosetta generated ensembles that
give spin-label to spin-label distance distributions similar to experiment: thirty-eight from
T4 lysozyme and nineteen from MsbA. For each T4 lysozyme double mutant, all 2000
relaxation models were possible constituents of the matching sub-ensemble. For MsbA,
the top 1000 models according to Rosetta score were available for fitting. A Monte Carlo
process of adding or removing models and allowing only favorable moves was used to
determine the matching sub-ensembles. Agreement between the EPR measured and

Rosetta recovered distance distributions calculated from the sub-ensemble was

measured by the cumulative Euclidian distance 'Q i B B 1§ B n
(Kamarainen, Kyrki et al. 2003), where p and q give the probability of a given distance

bin, and u and i are iterations over the distance bins. This value Q nhy is normalized by

h

the number of bins summed over, N, such that Q nMm

Derivation of implicit spin label cone model parameters

The primarily alpha-helical T4 lysozyme pseudo-wild type starting structure and
the primarily beta-strand chitinase (PDB ID 2CWR (Nakamura, Mine et al. 2008) were
used as the basis to determine the implicit model parameters. Single mutations
introducing MTSSL were computationally created for the two proteins at residues having
a neighbor count (Durham, Dorr et al. 2009) less than ten. 63 and 99 sites met this
neighbor count criteria for T4 lysozyme and 2CWR, respectively. Each of these single

mutants was subjected to 500 independent relaxation trajectories in Rosetta.
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For each single mutant, the effective spin label position, SL¢, was calculated as
the average of all the observed positions of the N-O bond midpoints on the nitroxide
moiety of the spin label. In order to determine SL¢, the backbone Cgy, Hg, C, N, and CB
atoms of the spin label were used to superimpose the 500 structures for each mutant.

Superi mposition was done usi.Blg wdshhen céldulatedd ¢ o mme
for each single mutant along with the corresponding™ "YO 6 ¢ and O parameters.

Also, " "Y06 "YO was determined for each single mutant after superimposition, by
calculating all pairwise ™ "Y00 "Y0 for the 500 models and finding the maximum value

observed.

These updated parameters for the cone model were then used to simulate spin-
spin label distances, Dg., in multiple proteins. 4379 single chains from soluble proteins
filtered by PISCES (Wang and Dunbrack 2003) for not more than 25% sequence identity
and resolution of at most 2.0 A were used to calculate the distances. These spin label
distances, Ds., were then compared to the distance between the Cg atoms of the
residues containing the spin labels, Dcp A histogram describing the difference between

Ds. and D¢y, was then calculated.
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CHAPTER IV

INTERACTION OF A G PROTEIN WITH AN ACTIVATED RECEPTOR OPENS

THE INTERDOMAIN INTERFACE IN THE ALPHA SUBUNIT

This chapter is based on (Van Eps, Preininger et al.).

Summary

In G protein signaling, an activated receptor catalyzes GDP/GTP exchange on the
G, subunit of a heterotrimeric G protein, leading to activation of the subunit. In an initial
step, receptor interaction with G, acts to allosterically to trigger GDP release from a
binding site located between the nucleotide binding domain and a helical domain, but the
molecular mechanism is unknown. In this study, Site Directed Spin Labeling and Double
Electron Electron Resonance spectroscopy are employed to reveal a large-scale
separation of the domains, providing a direct pathway for nucleotide escape. The inter-
domain opening is coupled to receptor binding via the C-terminal helix of G,, the

extension of which is a high-affinity receptor binding element.

Introduction
T h e-subunit (Gy) of heterotrimeric G proteins (Gy ) Mmediates signal transduction in
a variety of cell signaling pathways (Tesmer 2010). Multiple conformational states of Gy
are involved in the signal transduction pathway shown in Figure 21A. In the inactive
state, the Gy subunit contains a bound GDP [GyGDP)] and has a high affinity for G ,

When activated by an appropriate signal, a membrane-bound G-protein coupled
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receptor (GPCR) binds the heterotrimer in a quaternary complex, leading to the
di ssociation of GDP and f or pgi@st],iwbich subdequently
binds GTP. The affinity of Gz(GTP) for Gg ,is dramatically reduced relative to Gy(GDP),
resulting in functional dissociation of active GyGTP) from the membrane-bound
compl ex. T h €GTR) subsequently ®idds downstream effector proteins to
trigger a variety of regulatory events, depending on the particular system. Thus, the
GPCR acts to catalyze GDP/GTP exchange via an empty complex. Crystallographic
(Noel, Hamm et al. 1993; Coleman, Berghuis et al. 1994; Lambright, Noel et al. 1994;
Wall, Coleman et al. 1995; Lambright, Sondek et al. 1996; Coleman and Sprang 1998),
biochemical (Higashijima, Ferguson et al. 1987), and biophysical (Oldham, Van Eps et
al. 2006; Van Eps, Oldham et al. 2006; Oldham, Van Eps et al. 2007) studies have
elucidated details of the conformational states of Gy that correspond to the discrete
steps indicated in Figure 21A, but the mechanism by which receptor interaction leads to
release of the bound GDP from Gy and the structure of the empty complex remain a
major target of research in the field.

The Gusubunit has two structural domains, namely a nucleotide binding domain and
a helical domain that partially occludes the bound nucleotide (Figure 21B). From the
initial Gucrystal structure in 1993, Noel et al. (Noel, Hamm et al. 1993) recognized that
nucleotide release would probably require an opening between the two domains in the
empty complex, but in the intervening 18 years there has been little compelling
experimental support for this idea. Nevertheless, some constraints on the general
topology of the complex are known. For example, numerous studies indicate that the C
terminus of Guis bound tightly to the receptor in the empty complex (Oldham, Van Eps et
al. 2006). In addition, the N-terminal helix of Guis associated with Gs.and with the
membrane via N-terminal myristoylation (Linder, Pang et al. 1991; Resh 1999).
Together, these constraints fix the position of the nucleotide domain with respect to the
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membrane. The helical domain is connected to the nucleotide domain through two
flexible linkers, and linker 1 (switch 1) undergoes conformational changes upon receptor
binding (Oldham, Van Eps et al. 2007). These observations provided the motivation to
look for relative motion of the two Godomains during formation of the empty complex.

For this purpose, Site Directed Spin-Labeling (SDSL) and Double Electron Electron
Resonance (DEER) spectroscopy were employed to measure distances between pairs
of spin labels, with one label in each domain. Distances were measured for each state of
G, along the activation pathway using activated rhodopsin (R*) as the GPCR. The
results indicate that receptor-catalyzednucleotide exchange in G proteins requires a

large-scale reorientationo f domai ns i n-subimé G protein U

Results and Discussion
Using SDSL and DEER spectroscopy, distances were measured for each state of Gu
along the activation pathway using activated rhodopsin (R*) as the GPCR. In these
experiments, the R1 nitroxideside chain (Figure 22) was introduced via cysteine
substitution mutagenesis into the background of Gu with reactive cysteines removed,
Hexal (Ga HI) (Medkova, Preininger et al. 2002). Figure 21B shows the set of sites from

which pairs were selected and the five specific interdomain distances investigated.
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Figure 21 Receptor activation of G proteins leads to a separation between domains.

(A) The pathway of Ga activation via activated rhodopsin (R*). The alpha subunit is color coded
to denote the four different states investigated by SDSL/DEER spectroscopy. (B) Ribbon model
of Gai (pdb 1GP2). The helical and nucleotide binding domains are colored green and light blue,
respectively, and GDP is shown as magenta spheres. Relevant secondary structural elements
are noted for reference. The C-terminal helix a5 is colored yellow; six disordered residues at the
C-terminus are not shown. The N-terminal helix is truncated for convenience. Sites from which
R1 nitroxide side chains were selected pair wise for distance measurements are indicated by
spheres; dotted traces indicated specific distances measured for each state in (A). (C) Distance
distributions for the indicated doubly spin-labeled mutants. The top panel compares Gai(GDP)
and Gaibg(GDP); the center panel compares Gaibg(GDP) and Gaibg(0); the lower panel
compares Gai(GDP) and Gai(GTP); traces are color coded to match states in (A).
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Figure 22 The nitroxides R1 side chain.
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All doubly spin-labeled proteins bind to R* to an extent similar to the Gu HI parent
protein as shown in direct endpoint binding assays (Figure 23). In addition, they are all
functional with respect to receptor-mediated nucleotide exchange, although mutants
138R1/276R1 and 157R1/333R1 have, respectively, about 40% and 55% of the
receptor-catalyzed nucleotide exchange rate of the parent Ga HI protein (Figure 23). The
reduced rates suggest that the residues involved are important in modulating
receptormediated nucleotide exchange. In crystal structures of the inactive protein,
residues Asnl57 and Glu276 are involved in side chain H bonding and electrostatic

interactions, respectively, and mutation of these may influence local conformation.
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Figure 23 Binding and functional assays for doubly labeled G protein.
(A) Binding of doubly spin-labeled mutants to rhodopsin in disc membranes. (B) Basal and
receptor catalyzed nucleotide exchange rates for the doubly spin-labeled mutants. Assays were

performed as described in Methods.
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DEER spectroscopy relies on magnetic dipolar interactions between spin labels to

measure interspin distances in the range of 17i60 A (Pannier, Veit et al. 2000),

(Jeschke 2002). Of particular importance is the ability to resolve multiple distances and
the widths of the distributions. Figure 21C compares the distance probability distributions
for the five transdomain R1 pairs in each of the four states of Gua, i.e., Gu(GDP),
Gu(GDP)s ; Gu(0)s o and Gu(GTP). For each pair, the measured most probable distances
for Gu(GDP) and Gu(GDP), ,agree well with expectations from the crystal structures
(Coleman, Berghuis et al. 1994; Wall, Coleman et al. 1995; Coleman and Sprang 1998)
and models of the R1 side chain (Fleissner, Cascio et al. 2009). In all cases there is little
difference between Gu(GDP) and Gu(GDP)s a

Upon photoactivation of rhodopsin and formation of the R*AGu(0)s complex, there is a

remarkable increase in each interspin distance, with increases being as large as 20 A (at

90 238) (for details, see Supporting Information section and Figure 24 and

Figure 25). Moreover, there is a dramatic increase in width of each distribution as
well as multiple distances in most cases. It is of interest that distances present in the
Gu(0)s odistributions correspond approximately to minor populations already present in
Gu(GDP) and Gu(GDP)s ; suggesting that activation may shift an existing equilibrium.
Although the exact widths of the distributions in Gu(0)s smay not be well determined in
each case, they are clearly broader than possible from multiple rotamers of R1,
suggesting spatial disorder of the Guprotein in the empty-pocket state of the activated
complex (see Supporting Information section). Finally, addition of GTP2S restores a
state with a most probable distance and width of distribution similar to the GDP bound
state. This is in agreement with expectations from GTP2S bound crystal structures

(Coleman, Berghuis et al. 1994).
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Figure 24 Individual EPR spectra along the activation pathway.
(A) Background corrected dipolar evolution data for each double-labeled mutant along the
activation pathway. Gray traces show fits to each individual dipolar evolution. (B) Fourier
transformation of the dipolar evolution data given in A yields the dipolar spectra in B. The data are
shown for eachspin-labeled double mutant along the activation pathway.
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Figure 25 Normalized integral representations of the distance distributions shown in Figure
21C of the main text.
Such representations are particularly useful for visually estimating the relative populations of the
distances. This is illustrated, for example, in the top panel of the 907 238 mutant; the major
population is about 80%. The most probable distance for a population is estimated from the
midpoint of the transition.
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The EPR spectra of R1 residues at the sites shown in Figure 21B have little or no
changes upon receptor activation (Figure 26). This result, taken together with the very
large distance changes observed, ensure that the detected distance increases reflect
global domain movement rather than simple R1 side chain rearrangements due to
changes in local environment. Collectively, the data strongly support a model for a
Gu(0)s ,in which the helical domain is displaced relative to the nucleotide domain in the
heterotrimer, and in which the structure is highly flexible with respect to the relative

domain orientations.
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Figure 26 CW EPR spectra of the spinl abel ed double mutants in GUi
along the activation pathway.

(Left) Compares EPR spectra of the doubly | abeled
compares GUI ( GHBRI0fbp(Raht)dompBares GU(GDP) and GU(GTP).

To visualize the domain opening, a model of the empty complex on the receptor was
constructed that is consistent with the DEER and other available experimental data (see
Supporting Information text). To generate the model, the heterotrimeric Gi was docked
with the photoreceptor using crystal structures of Gy{GDP); ,(Lambright, Sondek et al.

1996) (Wall, Coleman et al. 1995) and opsin in complex with the high-affinit y GU't C

terminal peptide (Scheerer, Park et al. 2008).
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t he hi gh a ftefminalipepyide Bound © opsin (for details, see Supporting
Information text and Figure 27 and Figure 28), which provided a convenient starting
point for the model (Scheerer, Heck et al. 2009). The myristoylated N-terminal
amphipathic helix was placed parallel to the membrane surface and the heterotrimer
oriented such that both the myristoyl group and the nearby farnesylated C terminus of
the Go-subunit can be inserted into the membrane; together these hydrophobic
interactions cooperatively drive membrane binding of the intact heterotrimer (Herrmann,

Heck et al. 2006).

GUt / GUI chimera (1GOT) ---- HSRMMEKIKEBAEKDARTVKLLLLGAGESGKSTIVKQXKIIKQD 56
MG SAE+K S+ +++ L+ED EK AR VKLLLLGAGESGKSTIVKQ KIIH+ G
GUIi rat AAVERSKNUIROIIRESGERAAREVKLLLLGAGESGKKQMKIIHEAG 60

GUt / GUi chi mer a (YSLEECTHFIAIYSNTLQSILAIVRAXTTLNIQYGDSARQDDARKLXHXADTIEEGTXA16

YS EEC ++ A++Y NT+QSI+AlI+RA L1 +GD+AR DDAR+L A EEG

GUi rat YSEEECKQYKAWYSNTIQSIIARAMGRLKIDFGDAARADDARQLFVLAGAAEEGFMIR0

GUt / GUI chi mer a KEXSODIMRLWKDSGIQACFDRASEYQLNDSAGYYLSDLERLVTPGYVPTEQDVLRIREY/K

E + +I+RLWKDSG+QACF+R+ EYQLNDSA YYL+DL+R+ P Y+PT+QDVLR+RVK

GUIi rat AELAGVIKRLWKRIGVQACFNRSREYQLNDSAAYYLNDLDRIAQPNYIPTQQDVLRIBO/K

GUt / GUi chi mer a (TCEBMFSFUDINFRXFDVGGQRSERKKWIHCFEGNT 236
TTGI+ET F+FKDL+F+ FDVGGQRSERKKWIHCFEGVTAIIFCVALSDYDLVLAEDEE

GUirat 181 TTGIVETHFTFKDLHFKMFDVGGQRSERKKWIHCFEGVT! 240

GUt / GUI chi mer a (RGOILF2ZT AGE296
NR HES KLFDSICNNKWFTDTSIILFLNKKDLFEEKIKKSPIICYPEYAGSNTYEEA

GUi rat 2410 AA-1300

GUt / GUi chimera (1GOT) 297 NYI KVQFUE{UINXRRDMKKEKDCSHXTCA B

YI+ QF +LN R+D KEIY +H TCATDT+NV+FVFDAVTD+IIK NLKDCGLF

GUIi rat 301 AYI QCQFEDLNKRKDIKKNEKDCEHFTCA BM

Figure 27 A BLAST sequence alignment of Gai and the Gat/Gai chimera of 1GOT, which
was used in comparative modeling.
The sequence alignment features a single gap (red) within the N-terminal U-helix of the protein.
The G, region (residues 216-294 of the 1GOT sequence) is shown in orange. The U-helical
domain is shown in green. The C-terminal helix and 11 residues of the opsin bound peptide are
shown in yellow and blue, respectively.
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Figure 28 Superi mposi ti on -terminalt helix nishdthecopsm-daund @eptide
ligand.
(A) The opsin structure is shown as orange ribbon with the eleven residue C-terminal peptide of
transducin as blue sticks (PDB 3DQB). The C-terminus of the a-s u b u n i t-1GOT in y@lldw
has been superimposed so that residues 344-347 overlap with the first four residues of the
peptide. (B) The residues fr ol@OTthy eplapimgpdsidudse ar e
344-347 of the a- subunit with the first four residues of the peptide.
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The procedure required chain breaks within the linker regions of the U-subunit
(between residues 591 60 and 184i 185) and resulted in clashes in loop regions within
the heterotrimer that were then resolved through loop reconstruction and model
relaxation in Rosetta (Hirst, Alexander et al. ; Kaufmann, Lemmon et al. 2010). A rigid
body docking protocol was executed to find placements of the helical domain consistent
with the DEER distance restraints (Supporting Information text, Figure 29, and Table
24). An ensemble of models was found to be in agreement with the experimental
distances from DEER data, consistent with the increase in width of the distance
distributions (Figure 30). The model that agrees best with the most probable distances
from DEER data (Figure 32B) fulfills all distance restraints within the error of the
experiment and involves an approximately 8-A motion of the helical domain away from
the nucleotide domain as well as an approximately 29° rotation relative to its starting

position (Figure 31).
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Figure 29 The 1,000 models with repositioned helical domain filtered by EPR-score and chain

break distance.

(A) The models were scored for agreement with the distance measurements according to the
knowledge-based potential of Hirst et al. (Hirst, Alexander et al.) The potential provides a score

between -1 (perfect agreement) to zero (no agreement). Shown is the fraction of models for which

a given score is observed for each EPR measurement. (B) It is important that the helical domain

does not move too far from the initial -sghongdg.i ti on o
Shown is the fraction of -@dd aticsis gsetvéd fowthd twohcuta gi ven
points. In both (A) and (B), grey areas have counts of zero.
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Table 24 Agr eement dGOT tmiodel af@k) Rosetta loop building and relaxation with
experimentally measured EPR distances.

The EPR distances in the unbound and bound state are the most probable distance. The

di stances measured in structures are measured
heterotrimer were calculated using the experimental crystal structure (PDB 1GOT). Distances for
the bound to activated receptor s 1@QT cmodek €he wer e c ¢
distance agreement between the model in the bound state and the EPR measurement in the

bound state is calculated according to the knowledge-based scoring potential (KBP) (Hirst,

Alexander et al.). Perfect agreement would be -1.0 and no agreement would be 0.0.

bet

Mutant: 90/238 | 157 /] 171 /| 141 /] 138 /
333 276 333 276
EPR experiment:
Free heterotrimer 19 A 28 A 26 A 33A 20 A
Bound to activated receptor 37 A 45 A 34 A 46 A 34 A
Distance change 18 A 17 A 8 A 13 A 14 A
Structures:
Free heterotrimer 11 A 25 A 23 32A 16 A
Bound to activated receptor 32A 40 A 25 A 41 A 29 A
Distance change 21 A 15 A 2 A 9 A 13 A
Agreement between experiment | -0.96 -0.96 -0.71 -0.96 -0.97
and model according to KBP
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Figure 30 The 1,000 models resulting from repositioning the helical domain were

hierarchically clustered.

Using a distance cutoff between clusters of 2.0 A results in five cluster centers. Residue 90 is
shown as spheres as a guide to the eye in distinguishing the different orientations of the helical
domain. The cluster centers show relatively similar placements of the helical domain

120



' 7 7 ./ ‘

Figure 31 Shown is the position of the helical domain in the unbound heterotrimer as
determined in the structure PDB 1GOT.
(magenta; rest of heterotrimer is translucent). Also, shown is the position of the helical domain in
t h e -1GOT structure (green). The relative positions of the helical domains were determined by
aligning ress$udhbesitinndthewiOt hin the -rcdl idciaslt achacmaasi na.
opposite ends of the helical domain are calculated in order to demonstrate the extent of the
movement captured by the docking protocol. The distances were calculated between residues 51
and 66 (top), and 90 alGOT ddardhatds werd usen fio) the refererce G U i
(i.e. not moving) residues that are outside the helical domain (residues 51 and 277). The helical
domain rotates 29°. (B) The change in distance of residue 66 from residue 51 is 8.1 A. (C) The
change in distance of residue 90 from residue 277 is 7.1 A.
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A Inactive Receptor B Active Receptor

<

Nucleotide
Binding Domain

Figure 32 A model showing the opening of the interdomain cleft in formation of the empty
complex.
(A) The inactive receptor (1U19.pdb) and inactive G protein (see Supporting Information text),
with color coding as in Figure 21. (B) Model of the complex with active receptor (3DQB.pdb)
showing the reorientation of the helical domain.

The model shown in Figure 32 incorporates a constraint gleaned from an interesting
feature of ctheeGUinsthe structure, helix UA h
circle, Figure 21B) that is not due to proline or glycine residues in the sequence. Rather,
the strained kink may be stabilized by a three-element network of packing interactions

bet ween Hbtéhet utSn, the UF helix, and the helix
receptor interactionp@i thr Ui amehasngehe h&d6 co

three-element interaction and trigger kink relaxation, thus moving the body of the helical
domain relative to the nucleotide domai n. Courg
by several GUI proteins that act bausd sfatenct i on:

(Preininger, Funk et al. 2009). Kink relaxation is incorporated into the preliminary model
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of Figure 32, but the actual relative movement of the helical domain shown in the figure
does not depend on this mechanism, which will be examined in future studies.

The C terminus of Guis a critical interaction site between the G protein and the
receptor (Hamm, Deretic et al. 1988; Martin, Rens-Domiano et al. 1996; Marin, Krishna
et al. 2002; Oldham, Van Eps et al. 2006) as illustrated in the model of Figure 32.
Previous studies demonstrate that the C terminus undergoes a disorder-to-order
transition upon binding to activated receptors, inducing structural changes that are
important for efficient GDP release (Dratz, Furstenau et al. 1993; Kisselev, Kao et al.
1998; Van Eps, Anderson et al. 2010). Gu with a flexible 5-glycine linker inserted at the
base of the Ub helix (at residue 343, Figure 33A) binds to R* but eliminates a receptor-
mediated movement of this helix, increases basal exchange, and uncouples nucleotide
exchange from binding (Natochin, Moussaif et al. 2001; Oldham, Van Eps et al. 2006).
We have introduced the same 5-glycine insertion into the interdomain pair,
R90R1/E238R1. Figure 33 shows the distance distribution for the various states of Gu, to
be compared with those of the parent protein shown in Figure 21C. Remarkably, the 5-
Gly insertion results in a bimodal distance distribution in all states, the components of
which correspond approximately to the open and closed positions of the helical domain.
However, the distribution for the population at longer distances (approximately 40 A) is
substantially sharper than that in Figure 21C. Apparently, the perturbation of U6 by the
insertion uncouples movement of the helical domain from receptor interaction. Although
additional studies would be required to characterize the states of the insertion mutant,
the result suggests a critical role of the C terminus in allosteric communication from the

receptor to helical domain opening and the nucleotide binding pocket.
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Go(GDP)
Go(GDP)By
R%Gai(0)By
Go(GTPyS)

20 30 40 50 60
Distance (A)

Figure 33A5-Gly insertion in U5 of GUi wuncouples domai i
(A) Ribbon model of GUi (ofGhe B-Bly issbrtiowbetween redidees 348ic at i on
344; additional residues (345i354, blue ribbon) from the opsin/peptide crystal structure
(3DQB.pdb) were added after the insert to suggest the subunit bound to activated rhodopsin. (B)

Distance distributions of 90 R1/ 23 8R1 compared for GUi ( GDP) anoc
GUi (GDP) boA@thid( OR bo (Middle), and GUi ( GBlIpinserand GUi (
bearing the 90R1/238R1 double mutation binds to R* in native disc membranes to approximately

the sameextentas t he GUiI HI parent.
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Is the domain rearrangement required for GDP release? To address this question,
the two domains were cross-linked, disallowing the domain opening. For this purpose, a
bifunctional, thiol-directed bis-maleimide was selected to cross-link cysteine residues in
the R90C-E238C protein, based on the predicted proximity between these thiols in the
Gy(GDP) protein (Figure 34A). Cross-linking resulted in a Gy(GDP), sprotein competent
to bind activated receptors to approximately the same extent as the parent protein
(Figure 34B). Moreover, the cross-linked protein undergoes aluminum fluoride-
dependent conformational changes (Figure 34C, Inset) consistent with an active,
properly folded protein. On the other hand, this protein exhibited severely impaired rates
of receptor-mediated nucleotide exchange as compared to either the parent or uncross-
linked protein (Figure 34C), demonstrating the essential nature of the domain separation
in receptor-mediated G-protein activation. The basal nucleotide exchange rate was only
slightly reduced (Figure 34C), suggesting an effect specific to receptor-mediated

nucleotide release, the slow step in G-protein activation.
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Figure 34 Cross-linking of the helical and nucleotide domains of a R90C-E2 38 C GUii doubl e
mutant.
(A) Model of the bis-maleimide interdomain cross-linker; the color code is as in Figure 21. (B)
Binding of the cross-linked mutant to rhodopsin in disc membranes. (C) Basal and receptor-
stimulated nucleotide exchange rates for the bis-maleimido cross-l i nk e d ( XL) GUI
comparison, the GgHI and R90R1/E238R1 nucleotide exchange rates are shown. (Inset)
Tryptophan fluorescence changes of the XL Gg;subunit upon aluminum fluoride addition.
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Conclusions

This study demonstrates that the result of G-protein interaction with an activated
receptor is propagated allosterically to reorient the distant helical domain of Gu, opening
the domain interface in formation of a flexible ternary receptori G-protein complex.
Preventing the large interdomain movement through cross-linking markedly reduces the
rate of catalyzed nucleotide exchange, demonstrating the crucial role of the interdomain
opening in receptor-mediated G-protein activation. Although the detailed mechanism is
currently under further investigation, this domain opening would be predicted to reduce
the GDP binding energy as interactions are lost upon opening of the domain interface.
Together these changes help broaden our understanding of the conformational changes

in the G protein that lead to GDP release, the slow step in G-protein activation.

Methods

Membrane binding assays

The ability of wild-type and Gu proteins containing the side chain R1 (Figure 22) to
bind rhodopsin was tested as described previously (Preininger, Parello et al. 2008). G U i
(5 eMnhigwbuwere preincubated with Gbo (10 &M) s
the dar k, rhodopsin (50 €M) within native memb
protein in a buffer containing 50 mM Tris (pH 8.0), 100 mM NacCl, 1 mM MgCI2 and
incubated on ice for 5 min. For dark measurements, reaction mixtures were protected
from light for the rest of the procedure. Light activated samples, as well as light activated
samples with GTP2S (100 &M), were incubated o
each treatme n t (dar k, l'ight, and 1light plus GTP2S)
20;000 x g for 1 h at 4 °C, and supernatants were removed from pellets. For the dark
samples, supernatants were removed under dim red light. The supernatants and pellets
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of each treatment were boiled and resolved by SDS-PAGE. The protein samples were
visualized with Coomassie blue and quantified by densitometry using a BioRad
Mul ti mager. Each sample was evaluated by compa
pellet (P) or supernatant ( S) to the tot al amount of GUI s u
and expressed as a percentage dRigurda 28 aret ot al
averages from at least three independent experiments.
Comparative Model of the Heterotrimeric G-Pr ot ei n Transducin with GUi
The structure of the heterotrimeric G-protein transducin (PDB ID code 1GOT) was
used as a template. The heterotrimeric protein consists of three subunits, U b, and o,
and has GDP bound. The U-subunit (chain A) of the protein is a chimera of Gu of bovine
and Gu of rat. A comparative model was constructed that consists entirely of the Gu rat
sequence using the sequence alignment shown in Figure 27. The sequence alignment
shows an extension of the N-terminal U-helix by one winding (four-residue gap) that was
built in the comparative model as a straight U-helix. The Rosetta side chain construction
algorithm (Kuhlman, Dantas et al. 2003) was then used to convert the appropriate
residues of 1GOT into Gu sequence, yielding a comparative model termed Gu-1GOT.
The command line options used were :
fixbb.linuxgccrelease -database -in:file:s -out:file:fullatom i resfile -out:prefix.
Superposition of the Transducin C-Terminal Helix with the Opsin- Bound Peptide Ligand.
The structure of G-protein coupled receptor opsin in complex with the C-terminal 11
residues of the Ussubunit of the G-protein heterotrimer (PDB ID code 3DQB) was fused
with the comparative model Gua-1GOT. Specifically, residues 344i 347 in the U-subunit of
the Gu-1GOT structure overlap in sequence with the first four residues of the peptide
ligand in 3DQB (Figure 28). Using these four overlapping residues, the heterotrimer was
positioned relative to the receptor. This defines an initial position of the heterotrimer

relative to the receptor. As already described by Scheerer et al. (Scheerer, Park et al.
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2008), this procedure positions portions of the heterotrimer in the membrane core in a
nonphysical way. In order to resolve the penetration of the heterotrimer into the
membrane core, rotations of portions of the heterotrimer are performed at two pivot
points. Subunits b and o are rotated along with the N-terminal helix and switch-2 region
of  t-suleunit@uch that the resulting position of the N-terminal helix is approximately
parallel with the membrane (40° rotation). A second rotation of 15° of the heterotrimer is
applied at the junction of the 3DQB peptide and C-t er mi n a | RLEOTi, movimgf G Ui
the N-terminal helix parallel with the membrane. The combination of these two rotations
creates a physically r eal-i sdbunits fronotleenembtatieat r e mc
core, places the N-terminal amphipathic helix parallel to the membrane surface, and puts
the N terminus in a location that allows the alkyl chain of the myristoyl group and the
nearby farnesyl at ed -subunitt te pemétratal thhe noembranheh €he o
procedure results i n -soburdtiamd minor eastesin loop tedionsn t he U
within the heterotrimer that are resolved via the Rosetta loop building protocol.
U-Helical Domain Docking
EPR distance measurements display a reorientation of the helical domain of the U-
subunit when the heterotrimer binds to the receptor (Figure 21). In order to capture this

conformationahemotabndomhenUwas det a-suhueid fr om

by introduction of chain breaks between residues 59H60 and 184H185 of chain A of the

G U1GOT structure. Next, a rigid body docking protocol was executed to sample
possible placements of t he hel-suluaitl A tdtalmfai n  wi t
140,000 structures were created using Rosetta (Gray, Moughon et al. 2003). The
starting position of the U-helical domain was initially perturbed by up to 1.5 A and 4°
rotation. During docking trajectories translations of up to 0.05 A and rotations of up to

2.5° were performed in a stepwise procedure. The command line flags used follow:
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docking_protocol.linuxgccrelease -in:file:s start.pdb -out:nstruct 100 -docking:dock_pert
1.5 4 -docking:dock_mcm_trans_magnitude 0.05 - docking:dock_mcm_rot_magnitude
2.5 7 out:overwrite
Fi | t e r-Hefical Donfain Docking Models
Docking models were filtered for agreement with EPR distance data after docking.
Agreement with the EPR distance restraints is calculated according to the knowledge-

based potential given by Hirst et al. (Hirst, Alexander et al.). Agreement can be

expressed with a value between 0 (no agreement) and HL (perfect agreement, Figure
29). In addition to the EPR distances, a filter was applied to ensure the chain break
created at the cut points can be resolved through remodeling a minimal number of
residues around the cut points. This filter minimizes the distances between residues 59H
60 and 18441 8 5 o0 f-s u thwen iUt-1GOT (Figbre R9B). The 1,000 models that pass

both filters undergo a clustering analysis (Figure 30), and the cluster center that agrees

best with the experimental data is used for all further analysis (Table 24). This model

shows a translation of approximately 8 A and arotat i on of  2-lelcal domaint h e

compared to its starting position. The increased width in the distance distributions
obtained from EPR spectroscopy (Figure 21C) suggests a flexible relative orientation of
the helical domain with respect to the heterotrimer in the receptor-bound state. The
ensemble of 1,000 models in agreement with the EPR data might reflect part of this
spatial disorder. A single model was selected to facilitate discussion of the general
movement o f -helidaledomain, as it is consistent between all models (Figure 30). We
conclude that this movement is well defined by the experimental data. Additional
experimental measurements will be necessary to determine the parameters of the
spatial disorder. Rosetta loop building (Wang, Bradley et al. 2007) and relaxation
protocols (Misura and Baker 2005) were utilized in order to reconnect the helical domain

back to the -submrsttand oefine thén eompléx within the Rosetta energy
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of the activated heterotrimeri receptor complex solely for demonstrative purposes of a

possible mechanism of leverage for generating the helical domain movement.
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CHAPTER V

A ROTATION OF THE C TERMINAL HELIX CONNECTS BINDING OF THE Gl
PROTEIN AND ACTIVATED RECEPTOR TO DISASSOCIATION OF HELICAL

DOMAIN AND GDP RELEASE

This chapter is based on the manuscript in preparation of the same name.

Summary

We have developed a unified model of R*-Gi interaction that reconciles the b2AR-Gs
structure determined by X-ray crystallography with experimental data from EPR
spectroscopy, hydrogen/deuterium exchange, and fluorescence. An in silico analysis of
energetic changes upon interaction with the activated receptor links the binding event to
displacement of the helical domain and GDP release. The 67° rotation and 3.6A
movement of the U5 helix weakens its interaction with the Ul helix and with the b sheet
scaffold. The unwinding of the N-terminal turn of the U5 helix induces a conformational
change in the b6-U5 loop that pushes on the UG helix. Both changes loosen the
interaction between GTPase and helical domain ultimately triggering its release from the
GTPase domain and opening of the GDP binding pocket. Loosening of the b6-U5 loop
decreases further the affinity for GDP. Further, we have performed calculations
specifically designed to determine structural dynamics of the helical domain in the
receptor-bound state. Specifically we compute an ensemble of 10 structures that
reproduces closely the distribution of distances measured in EPR DEER experiments.
The helical domain movement is large. The space sampled by the helical domain is
markedly different from the orientation seen in the crystal structure of b2AR-Gs, identical
with our previous model (PNAS, 2011, Van Eps et al), and EM structures. We further
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validate the unified model through comparison with accessibility information deduced
from new and previously reported EPR CW, fluorescence, and deuterium exchange
measurements. The present model integrates all experimental data into a model of
conformational states associated with G protein activation pin-pointing energetic
contributions to activation. It thereby provides a roadmap for future experimental studies

of this process.

Results

An ensemble of helical domain positions consistent with EPR distance restraints

The pool of docked models was used to find a subset of models that can reproduce
the distance probability distributions of five EPR DEER distance measurements(Van
Eps, Preininger et al. 2011). A Monte Carlo Metropolis (MCM) simulation was used to
select subsets of models that collectively reproduce the distance distributions observed
in the EPR DEER experiments. The cone model (Alexander, Al-Mestarihi et al. 2008;
Hirst, Alexander et al. 2011) was used to convert CB-CB distances measured in the
models to EPR DEER distance probability distributions. For a given ensemble of models,
these probability distributions are compared with the EPR DEER measurement using the
cumulative EUCLIDIAN distance (Kamarainen, Kyrki et al. 2003). The overall score of a
given ensemble of models is the sum of the scores for the five EPR distance
measurements. 1000 independent Monte Carlo simulations were conducted. The
ensemble of ten structures with the best agreement score constitutes the ensemble of
the R*-Gi complex. Figure 35 compares the experimentally observed distance
distributions with the distance distributions of the final ensemble model of the R*-Gi

complex. Figure 36 illustrates the space sampled by the helical domain.
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Figure 35 Placement of helical domain and rotation of a5 as observed by EPR
measurements.
Panel (A) shows Gai in the basal state. Panel (B) displays the Gai bound to activated receptor R*.
To illustrate motion landmark residues are colored: L092 (red), E122 (green), D158 (yellow),
V335 (cyan), 1343 (blue). Panel (C) compares the experimental distance distribution as observed
in EPR DEER measurements (blue) with the predicted distribution computed from the ensemble
mode of the R*-Gi complex (red). In green we show the distance distribution of our previous
model which reproduces average distance accurately but not the distance distribution (Van Eps,
Preininger et al. 2011).
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Figure 36 Space occupied by helical domain.
Panel (A) shows Gai in the basal state. Panel (B) displays the Gai bound to activated receptor R*.
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Agreement of model with accessibility/mobility data from CW EPR, Fluorescence, and
H/D exchange experiments

Solvent accessibility in the ensembles is calculated using a neighbor count measure
that has been optimized to correlate with relative solvent accessible surface area
(rSASA) (Durham, Dorr et al. 2009). To calculate the accessibility change between the
unbound and bound states predicted by the model all pairwise neighbor count changes
were calculated. The average, standard deviation, and Z-score was calculated and
classified into five groups (strong increase: gV > 3, moderate increase: 3 > qgNV > 1,
about equal: 1 > qNV > -1, moderate decrease: -1 > NV > -3, strong decrease: -3 >
g\V). For H/D-exchange data, values are averaged over the length of the peptide of
interest. The magnitude and direction of accessibility change was compared with the
experimental data which had been manually classified in five corresponding groups
(Table 25 and Table 26). We generally find that the predicted changes in accessibility
track the experimental data (Figure 37). The correlation coefficients are 0.51 for the
fluorescence measurements, 0.49 for the CW EPR measurements, and 0.55 for the H/D-
exchange data. A notable difference is observed for CW EPR and fluorescence data in
switch 1 and 2 regions. Experimentally observed changes in these regions often
contradict each other suggesting the introduction of large labels into the interface of GU

and Gb amight perturb the structure.
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Table 25 Agreement of unified model with changes in accessibility observed EPR CW and
fluorescence measurements

entity amino acid CW EPR fluorescence @ e x p o (Z-score) commen
t
al V050 -1 0 -0.3 #0.2 2)
helical Q171 1 1 1.4 05 3
switchl V179 1 -1 -1.1 04 (3)
switchl K180 2 -1 -1.0 #0.7 (1)
switchl T182 0 -1 0.9 04 2
switchl 1184 0 -1 0.8 0.6 (1)
GTPase E186 2 -1 -0.5 #0.2 (3)
GTPase T187 0 N/A -04 0.1 3
GTPase F191 2 -1 -0.6 0.1 (6)
GTPase L194 -1 -1 -0.3 #0.1 (3)
switch2 S206 1 -2 3.1 0.2 (13)
switch2 K209 0 -1 0.0 0.0 0)
switch2 w211 0 0 0.1 0.1 (1)
switch2 C214 1 0 0.0 #0.1 0)
switch2 G217 -1 -1 0.6 0.2 3
aG L273 2 N/A 0.2 0.1 3
a4 A300 -1 N/A 0.4 0.0 (8)
GTPase E318 -2 N/A -2.1 #0.1 (26)
GTPase Y320 -2 N/A -1.2 #0.0 (30)
a4-b6 T321 1 N/A -0.7 #0.1 (14)
b6-a5 K330 -2 N/A -0.7 #0.1 (5)
b6-a5 N331 -2 N/A -0.5 #0.1 (7
as Q333 0 N/A 0.3 0.0 (7
a5 F334 -1 N/A -0.9 0.0 (21)
a5 T340 0 N/A 04 0.1 (6)
a5 V342 -2 N/A -0.8 #0.1 (7
a5 1344 -2 N/A -1.0 #0.1 9)
a5 K349 -2 N/A -0.8 #0.0 (21)
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Table 26 Agreement of unified model with changes in accessibility observed H/D exchange

measurements
entity amino acid H/Dexchange @ e x p 0 s (Z-score) com
ment

GTPase A033-Q038 2 -0.3 0.3 (1)
al A041-Q052 2 06 1.0 (2)
al/helical MO053-1081 1 0.1 15 )
helical 1082-A087 0 -0.3 0.5 (1)
helical F095-A099 1 00 04 (0)
helical A101-A104 1 0.1 0.1 (2)
helical Q106-L110 0 0.3 0.7 ©)
helical Al111-Al114 0 0.7 19 (0)
helical E116-M119 0 -1.1 £17 (1)
helical E122-.123 0 0.7 01 (5)
helical V126-G135 0 0.2 05 ©)
helical 1127-F140 0 0.1 04 (0)
helical L148-A153 2 0.3 0.7 )
helical N157-1168 0 -04 0.9 ©)
helical T170-L175 1 1.7 14 Q)
helical/switchl T177-V185 2 0.1 2.7 0)
GTPase H188-F196 1 -0.7 0.6 (1)
switch2 F199-C214 1 05 19 (0)
GTPase G217-A220 0 -0.1  +0.9 0)
b4-a3 A226-L232 2 27 20 (1)
b4-a3/ GTPase A235-L249 1 04 0.8 (1)
GTPase S252-W258 0 -04 05 (2)
GTPase F259-S263 0 -0.7 #0.6 (2)
GTPase 1264-L268 0 -0.3 0.5 (1)
aG N269-L273 2 0.7 04 (2)
aG F274-1278 1 0.2 0.6 (0)
aG E289-Y290 0 -0.8 0.2 (5)
aG A291-N294 0 -0.8 1.8 ©)
GTPase T295-Y302 0 -0.2 0.6 (0)
GTPase E297-Y302 0 -0.2 0.6 ©)
GTPase Q304-E308 0 -1.1 £1.0 (1)
a4-b5 L310-Y320 1 25 21 @)
GTPase H322-A326 1 14 18 1)
b6-a5 D328-Q333 2 0.7 1.7 ©)
a5 F334-T340 0 -1.0 13 (2)
a5 D341-F354 -2 -2.7 £1.8 1)
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Experimen

Figure 37 Agreement of unified model with changes in accessibility observed in EPR CW,
fluorescence, and deuterium exchange measurements.
Panel (A) illustrates CW EPR experimental data in C-terminus | Gai interface. Experimentally
observed changes were classified into five groups from strong decrease (-2) to strong increase
(+2). Average amino acid accessibility changes were classified likewise into five groups from
strong decrease (-2) to strong increase (+2). Plotted is the difference, i.e. yellow and green colors
indicate good agreement of model and experiment. Panel (B) illustrates Fluorescence
experimental data. Panel (C) displays H/D exchange in C-terminus | Gai interface. Panel (D)
illustrates H/D exchange in helical domain | Gai interface. Note that no perfect correlation is
expected as (1) experiments capture additional aspects beyond amino acid exposure and (2)
exposure is estimated from the CB position alone.
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Targeted energetic analysis of selected interfaces using Rosetta

The stabilizing interactions between key interfaces in GU were examined before and
after receptor binding. Specifically, we studied four interfaces: GU-helical domain|GU4
GTPase domain interface (Figure 38), GDP| GU4GTPase domain interface (Figure 39),
R*|GU4GTPase domain interface (Figure 40), and C-terminal helix h5|GUiGTPase
domain (Figure 41). The Rosetta o o® protocol (Kortemme, Kim et al. 2004) was used to
determine all interactions that contribute to the stabilization of these interfaces before
and after receptor binding. The resulting o ® values are broken down on a per-residue
basis to identify hot-spots (Table 27). Looking at the difference in the qp® values
between the unbound and bound states for a given interface indicate changes in key
interactions. Calculations were conducted over the ensembles for the unbound and
bound states to compute mean P and standard deviations. Only statistically
significant contributors (Z-score larger than 2) that are large (jpd®| > 0.5 REU) were

considered for further analysis.
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Figure 38 Energetics of helical domain | Gai interface in free Gai.
Residues are colored by the interaction energy in Rosetta Energy Units (REU) from red
(repulsive) over white (neutral) to blue (attractive). Attractive polar interactions between the
helical domain and Gai are indicated by dotted, magenta lines. Residues that contribute more
than 0.5 REU are displayed as sticks and labeled.
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Figure 39 Energetics of GDP | Gai interface in free Gai.
Residues are colored by the interaction energy in Rosetta Energy Units (REU) from red
(repulsive) over white (neutral) to blue (attractive). Attractive polar interactions between GDP and
the GUi are indicated by dbatdordribute mora than®.6 REUlaien e s . Re
labeled are displayed as sticks and labeled.
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