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Summary

Protein design tests our understanding of protein stability and structure. Successful design
methods should allow the exploration of sequence space not found in nature. However, when
redesigning naturally occurring protein structures most fixed backbone design algorithms return
amino acid sequences that share strong sequence identity with wild-type sequences, especially in
the protein core. This behavior places a restriction on functional space that can be explored and is
not consistent with observations from nature, where sequences of low identity have similar
structures. Here, we allow backbone flexibility during design to mutate every position in the core
(38 residues) of a four-helix bundle protein. Only small perturbations to the backbone, 1-2 A, were
needed to entirely mutate the core. The redesigned protein, DRNN, is exceptionally stable
(melting point > 140 °C). An NMR and X-ray crystal structure show that the side chains and
backbone were accurately modeled (all-atom RMSD = 1.3 A).

Keywords
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Introduction

A primary goal of protein design is to create proteins that have sequences, structures and
functions not found in nature. This goal can be reached by designing new protein structures
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from scratch or by modifying sequences and structures of proteins found in nature. The
second approach is appealing, because in many cases it should be more likely to succeed,
and it is the approach nature typically uses to evolve new functional proteins. There are
many examples of naturally occurring protein pairs that are structurally homologous (have
the same fold), but have different functions and low sequence identity (< 15%).
Recapitulating or expanding on this sequence diversity by design, however, is not
straightforward. Most computational methods for protein design are built on side-chain
optimization algorithms that work most efficiently with a fixed protein backbone (Gordon et
al., 1999). When redesigning naturally occurring proteins with these methods, the
computationally optimized sequences often closely resemble the native sequence, especially
in the protein core, where >60% sequence identity is common(Desjarlais and Handel, 1999;
Kuhlman and Baker, 2000; Pokala and Handel, 2001). It is clear from these studies and from
the structural analysis of naturally occurring homologs that to expand sequence diversity it is
necessary to allow perturbations to the protein backbone conformation. Even small changes
to the backbone (<2 A), can open large regions of sequence space (Yin et al., 2007). The
challenge for protein designers is to identify backbone and sequence perturbations that are
energetically favorable.

A variety of strategies have been developed for performing protein design with backbone
flexibility (Apgar et al., 2009; Dantas et al., 2007; Davis et al., 2009; Desjarlais and Handel,
1999; Friedland et al., 2008; Fung et al., 2008; Georgiev and Donald, 2007; Grigoryan and
Degrado; Havranek and Baker, 2009; Mandell and Kortemme, 2009; Su and Mayo, 1997),
however, few have been experimentally validated with high-resolution structures of the
design model(Correia et al.; Harbury et al., 1998; Harbury et al., 1995; Hu et al., 2007;
Kuhlman et al., 2003; Kuhlman et al., 2002; Murphy et al., 2009; Sammond et al.). Perhaps
the most tested approach has been iterative rounds of sequence optimization and backbone
refinement with the molecular modeling program Rosetta. Sequence optimization is
performed using a simulated annealing protocol that searches for low-energy combinations
of side-chain rotamers. Structure refinement uses Monte Carlo sampling of small backbone
torsion angle perturbations coupled with gradient-based minimization of dihedral angles.
Both stages of optimization use an energy function that rewards tight packing, commonly
observed side-chain and backbone torsion angles, favorable hydrogen-bond geometries and
low energies of desolvation. This approach has been used to design a protein from scratch,
design a protein-binding peptide and design new protein loop conformations (Dantas et al.,
2007; Hu et al., 2007; Kuhlman et al., 2003). In this study, we explore whether iterative
optimization of sequence and structure with Rosetta can be used to aggressively redesign an
entire protein core.

Our specific goal was to mutate every residue in the core of the four-helix bundle protein,
CheA phosphotransferase, while maintaining the overall fold and stability of the protein
(Figure 1A). Several de novo design and redesign projects have focused on helix bundle
proteins(Hecht et al., 1990). From these studies, it is evident that many sequences will adopt
collapsed helical structures as long as the amphipathic nature of the helices is preserved and
the sequence has significant helical propensity (DeGrado and Nilsson, 1997; Kamtekar et
al., 1993). What is more challenging to design are sequences that adopt a specific pre-
determined structure and show characteristics of natural helix bundle proteins, such as
cooperative thermal unfolding. Many previously reported helical bundle designs formed a
molten globule, i.e., an ensemble of collapsed structurally degenerate conformations. In
cases where the structure for a design was experimentally determined, it often did not agree
with the initial design model (Hill and DeGrado, 2000; Lovejoy et al., 1993; Willis et al.,
2000). One striking success story is the accurate de novo design of a symmetric four-helix
coiled-coil with a right-handed super-helical twist(Harbury et al., 1998). A key component
of this work was optimization of packing energies via backbone refinement as well as
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sequence design with a reduced amino acid alphabet. Here, we show that flexible backbone
design can be used to perturb the structure and sequence of a pre-existing protein with
atomic-level accuracy.

Core Redesign of the CheA Four Helix Bundle

The four-helix bundle CheA phosphotransferase was chosen as the design template (PDB
ID: 1TQG] because of its simple up-down helix bundle topology and its moderate size of
105 amino acids. Thirty-eight positions from the CheA X-ray crystal structure were
identified as being completely or partially buried and were targeted for mutation (Figure 1A
and Figure 2). Our initial hypothesis, based on previous protein redesign experiments, was
that the protein backbone would need to be perturbed in order to completely redesign the
protein core. To test this hypothesis, four different computational procedures were used to
generate designed sequences: (1) fixed backbone design with all amino acid types allowed at
each design position (FBAA), (2) fixed backbone design with the native amino acid
disallowed at each design position (FBNN), (3) flexible backbone design with all amino acid
types allowed at each design position (DRAA) and (4) flexible backbone design with the
native amino acid disallowed at each design position (DRNN). In the naming scheme, FB
stands for fixed backbone, DR stands for the design and backbone refine strategy of flexible
backbone design, AA denotes that all amino acids were allowed during design and NN
indicates that only non native amino acids were allowed during design.

The fixed backbone design protocol used Rosetta’s standard rotamer-optimization method,
which uses Monte Carlo sampling of backbone-dependent side-chain rotamers to search for
low energy sequences. The flexible backbone protocol used the same sequence-optimization
algorithm, but iterated sequence optimization with high-resolution backbone refinement
using Monte Carlo sampling and gradient-based minimization of backbone torsion angles.
Backbone perturbations with this protocol are generally modest, 1-2 A. 25,000 independent
trajectories were generated for each protocol. As anticipated, in the two approaches where
all amino acid types were allowed, FBAA and DRAA, the flexible backbone procedure
DRAA generated sequences with lower sequence identity to the wild-type protein. The
average sequence identity over the designed positions was 26% in the DRAA protocol and
65% with the fixed backbone protocol. To check if the fixed backbone protocol generated
models with lower sequence identity we searched for the best scoring fixed backbone
models with less than 50% core identity to the wild-type sequence. Models with Rosetta
energies within 6 Rosetta Energy Units of the lowest scoring fixed backbone model were
identified that had sequence identities between 40% and 50%. The final FBAA sequence
chosen for experimental characterization was selected from this filtered set. Sequence Logos
of the 200 lowest energy sequences for each computational protocol illustrate the types of
amino acids designed at each position (Supplemental Figure 8).

The RosettaHoles algorithm was used to evaluate packing density in the redesigned proteins
compared to wild-type CheA and statistics from high-resolution X-ray crystal
structures(Sheffler and Baker, 2009). RosettaHoles explicitly searches for small voids in the
protein that are inaccessible to water, and assigns a score to each residue between 0 and 1
that reflects the quality of packing around that residue. RosettaHoles scores closer to 1
indicate fewer voids. Residues in high-resolution crystal structures generally have scores
between 0.5 and 1.0 for the entire protein. Models generated with the FBAA and FBNN
protocols had RosettaHoles scores between 0.2 and 0.3 for the core residues, while the
DRNN and DRAA models had scores between 0.4 and 0.5.
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For each of the four protocols, a single sequence was selected for experimental validation
(Figure 2). Sequences were selected for experimental testing based on their total Rosetta
energy, the quality of packing, correctly predicted secondary structure, performance in ab
initio folding experiments and deviation from the wild-type sequence (see methods for more
details). In choosing a sequence from the FBAA protocol, we also did not consider
sequences that had >50% core sequence identity with the wild-type sequence. For
comparison, Figure 2 also shows the lowest scoring sequence generated with the FBAA
protocol, labeled as TRAD. The TRAD sequence has 61% identity with the wild-type
sequence in the core of the protein.

The computational experiments that incorporated flexible backbone design show subtle but
important backbone movements (Figure 1B, 1C, 1D, Figure 3 and Supplemental Figures 3,
4, and 5). The backbone movements generated by this procedure are most often small local
changes, with the most variation occurring at loops and termini, larger lever arm movements
associated with small backbone dihedrals are limited because gradient based minimization
favors collapsed, well-packed protein chain. The designed sequence, DRNN, and the DRNN
design model are the most varied from the native sequence and CheA crystal structure
(Figure 1B, 1C and 1D) and will be used to illustrate the types of backbone changes due to
flexible backbone design. The final DRNN design model has a backbone RMSD of 1.6 A
compared to the CheA crystal structure. The largest backbone deviations between the design
model and the crystal structure are seen in loop 3, helix 1, and helix 4. Although its
sequence was not varied, loop 3 is pushed away from the center of the helix bundle because
of the incorporation of a tryptophan at position 39, previously an isoleucine. Using a global
alignment, the backbone RMSD of loop 3 compared to the wild-type protein is 1.9 A and the
all atom RMSD is 2.9 A. Helix 1 is perturbed by 1.9 A and helix 4 is perturbed by 2.1 A
(Figure 1C and 1D). The sequence identity of the 38 designed core residues is 0% compared
to the native CheA and the total sequence identity is 57%. A diverse set of mutations were
predicted for the 38 core design positions, 27 mutations were hydrophobic/aromatic residues
mutated to different hydrophobic/aromatic residues, 6 mutations were hydrophobic/aromatic
residues mutated to polar residues, 3 mutations were polar residues mutated to hydrophobic/
aromatic residues, and 2 mutations were polar amino acids mutated to polar amino acids. In
this study, residue positions on the template CheA were classified as buried core positions if
they were greater than 50% buried and made significant contacts with residues that were
completely buried. This is an intentionally broad definition of the protein core and was
intended to capture as much of the protein core as possible, without redesigning the entire
protein.

Protein Expression and Behavior

Three of the designed proteins, FBAA, DRAA and DRNN expressed in E. coli in soluble
form at a variety of induction temperatures, 16 °C-37 °C, and produced greater than 33 mg/
L of purified protein of culture. The proteins eluted as single peaks from size exclusion
chromatography with apparent molecular weights consistent with the expected monomer
weights, ~14 kD. In contrast, FBNN was found only in an insoluble form. This behavior was
seen at all tested temperatures and IPTG induction concentrations.

Biophysical Characterization of Redesigned CheA

Far-UV circular dichroism experiments confirmed that the designed proteins are primarily
a-helical, with strong minima present at 208 nm and 220 nm (Figure 4A and Supplemental
Figures 1 and 2). Two of the designed proteins (FBAA, DRNN) did not unfold when
subjected to temperatures of up to 97 °C (Figure 4B and Supplemental Figure 1). Chemical
denaturation with guanidine hydrochloride (GdnHCI) shows that the designed proteins
undergo highly cooperative unfolding events (Figure 4C and Supplemental Figures 1 and 2).
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To determine accurate values for m, the temperature of the midpoint of unfolding (Tm), AH
°, ACp®, and AG®, a Gibbs-Helmholtz surface was constructed by fitting several thermally
induced denaturations in the presence of varying amounts of GdnHCI to the Gibbs-
Helmholtz equation modified to take into account the effect of denaturant concentration
(Table 1, Figure 4D, 4E and Supplemental Figures 1 and 2)(Kuhlman and Raleigh, 1998).
The designed proteins are hyperthermostable with Tm values between 96 and 142 °C and
AG° values for unfolding between 5.5 and 16.2 kcal/mol. Remarkably, the computationally
most ambitious design, DRNN, was the most stable. For comparison, the wild-type protein
has a AG® of unfolding of 3.5 kcal/mol and a Tm of 91°C. The designed proteins have ACp°
ranging from 0.83 to 1.1 kcal/moledeg, which are typical values for proteins of this size
(Myers et al., 1995). The AH® values range from 63 to 128 kcal/mol and the m values range
from 1.9 to 3.4 kcal/(mol*M), the wild-type protein has values of 41 kcal/mol and 1.4 kcal/
(moleM) respectively.

Because DRNN was the most aggressive redesign of CheA and the most stable redesign, we
choose it for high-resolution structure determination by NMR and X-ray crystallography.

X-ray Crystal Structure of DRNN

The structure of the designed protein DRNN was determined by X-ray crystallography using
diffraction data to a resolution of 1.85 A. The structure was determined by molecular
replacement using the design model with all side-chain atoms removed (to test for potential
model bias). In the resulting 2F,-F. electron density map almost all of the side chains of the
designed residues were clearly defined (Figure 5A). The final model has excellent
stereochemical parameters (as determined by Molprobity (Davis et al., 2004)) and also ranks
in the ~95t percentile for RosettaHoles packing score, 0.64, in the 1.0-2.0 A resolution
range (Figure 5B-F)(Sheffler and Baker, 2009).

There is strong agreement between the DRNN design model and the experimentally
determined structure (Figure 6, Supplemental Figure 9). The all-atom RMSD between the
design model and both chains A and B in the asymmetric unit of the experimental structure
are 1.5 Aand 1.3 A, respectively. The 38 core design positions were predicted with good
accuracy, 34 positions were observed in the correct rotamer state. Three design positions
(Y37, K90, K92) were observed in different rotamer states due to the presence of crystal
contacts (K90), or hydrogen bonding with nearby waters (Y37 and K92) that were not
included in the design model. Valine 29 was observed in a rotamer different from that in the
design model for unknown reasons. The prediction of the backbone of loop 3, which was
extensively remodeled, is also highly accurate, with RMSD values of 0.32 A and 0.38 A,
respectively, over backbone atoms for both chains A and B. Additionally, a hydrogen bond
between the side chain of W39 and the backbone carbonyl oxygen of P33 in loop 1 is
present in the crystal structure as designed.

We also compared the DRNN X-ray crystal structure to the 1TQG X-ray crystal structure,
the starting template for the flexible backbone design procedure. The DRNN X-ray crystal
structure is more similar to the DRNN design model than the starting template
(Supplemental Figure 9). The Ca RMSD between the DRNN crystal structure and the
DRNN model is 0.8 A, while the Ca. RMSD between the DRNN crystal structure and the
1TQG starting template is 1.7 A. The structures were further compared by making a
histogram of distances between equivalent Ca atoms in the DRNN design model or 1TQG
template and the DRNN crystal structure. While 48% of the equivalent Ca atoms were
within 0.5 A of each other when comparing the DRNN model to the DRNN crystal
structure, only 29% were within 0.5 A when comparing the 1TQG template to the DRNN
crystal structure. Visually, the most striking comparison is for loop 3, where the DRNN
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design model is similar to the DRNN crystal structure while loop 3 from the template is
more tightly packed against loop 1 (Figure 9).

NMR Structure of DRNN

In order to also obtain an NMR solution structure, DRNN, was nominated as a PSI:Biology
community outreach target assigned to the Northeast Structural Genomics Consortium
(http://www.nesg.org; NESG target ID OR38). The 2D [*°N, 1H]-HSQC spectrum of DRNN
(Figure 7A) shows that a homogeneous NMR sample containing well-folded DRNN was
obtained. Furthermore, the estimated correlation time for isotropic reorientation (¢ = 5ns)
confirms that DRNN is monomeric in solution.

A high-quality NMR solution structure was obtained (Supplemental Table 3), which like the
crystal structure is similar to the design model: the RMSD calculated for the backbone
heavy atoms N, C and C’ between the DRNN design model and the mean coordinates of the
20 conformers representing the solution is 2 A. Deviations between the design model and
NMR structure are, however, primarily observed for the poorly defined conformations of the
N-terminus of helix 1 and C-terminus of helix 4 (Figure 7B). Hence, the corresponding
RMSD calculated for residues 15-105 only is 1.2 A. Both the DRNN design model and the
DRNN X-ray crystal structure are in excellent agreement with the NMR derived
conformational constraints, /.e., only 11 out of 1,406 distance constraints are violated by
more than 0.5 A in the crystal structure or the design model.

Comparison of x 1-angles in the NMR structure (Figure 8) and the design model reveals that
35 of the 38 designed core residues are in the expected (i.e., designed) rotameric state, and
that significantly different rotamer states are observed only for L15, L18, and T53. Notably,
the closest agreement between the NMR structure and the design model is observed in the
region surrounding W39, with the all heavy atom RMSD calculated for the 19 closest
neighbors of W39 being only 1.35 A (Figure 7C and Supplemental Figure 6).

Discussion

The experimentally determined X-ray and NMR structures of DRNN show that it is possible
to use flexible backbone design to aggressively sample sequence space compatible with a
naturally occurring protein fold. The redesigned protein DRNN, has zero core sequence
identity with the parent CheA but adopts a structure that is similar to CheA with distinct
conformational perturbations that were predicted by the design protocol. The remodeling of
protein sequences and conformations is a common path used by nature to evolve new
functional proteins. Our results suggest that it should be possible to use computational
protein design to achieve precise placements of backbone and side-chain atoms as a critical
step in building novel binding and active sites. Of the four proteins that were experimentally
characterized, only FBNN failed to express in a soluble form in bacteria. This result
suggests that there may be a limit to the degree that a sequence can be redesigned without
explicit modeling of backbone relaxation, although additional experiments of this type are
needed before more general conclusions can be made. Also, if constrained to using a fixed
backbone during the design process, protocols that adjust the energy function to soften
repulsive forces may be better suited for dramatically redesigning protein cores (Dahiyat and
Mayo, 1997; Grigoryan et al., 2007).

The DRNN sequence has exceptional thermostability with a T, > 140 °C and a free energy
of folding of —16 kcal / mol at 25°C. High stability has also been observed in previous
computational redesigns of naturally occurring proteins (Dantas et al., 2007; Dantas et al.,
2003; Malakauskas and Mayo, 1998; Schweiker and Makhatadze, 2009). In many of these
studies the whole protein was redesigned or mutations were dispersed between buried and
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exposed residues. Our results confirm that high thermostability can be achieved by
computational remodeling of just the hydrophobic core. This was also demonstrated in a
recent study from Borgo and Havranek (Borgo and Havranek, 2012). Iterative computational
cycles of point mutations and backbone relaxation were used to identify small sets of
mutations that fill voids in protein cores. The redesigns were stabilized by several
kilocalories per mole.

Why is DRNN more stable than the wild-type protein? Possible sources of stability include
the incorporation of amino acids with higher intrinsic propensity to form a helix, a burial of
more hydrophobic surface area, and a preference for lower energy side-chain rotamers. One
of the Rosetta scoring terms used during sequence optimization is based on the probability
of observing an amino acid with a particular ¢ and y angle in naturally occurring protein
structures. This scoring term accounts for the intrinsic preferences of the amino acids to be
in a-helices and B-strands. Interestingly, the value for this score term on average is only
slightly more favorable, 1-2%, for DRNN than the wild-type protein. In fact, eighteen of the
designed residues in DRNN are p-branched amino acids (valine, threonine or isoleucine),
which are typically enriched in B-strand structure(Minor and Kim, 1994). In contrast, ten of
the designed positions are B-branched amino acids in the wild-type sequence.

Each amino-acid side chain has intrinsic preferences for the various rotamers that it can
adopt. These preferences are highly dependent on the backbone ¢ and  angles of the
residue. These preferences are incorporated in the Rosetta scoring function by evaluating the
log odds of observing a particular rotamer in the protein database, conditioned on ¢ and
angle. Rosetta uses backbone-dependent rotamer statistics compiled by
Dunbrack(Shapovalov and Dunbrack). On average, the rotamers used in DRNN (both in the
model and in the crystal structure) are only slightly more favorable, 2-3%, than the rotamers
adopted in the wild-type structure (Supplemental Figure 7).

The hydrophobic effect is the primary driving force for protein folding (Dill, 1990) and the
burial of more hydrophobic atoms can increase protein stability (Lim et al., 1994; Munson et
al., 1996). To evaluate the number of hydrophobic atoms buried in DRNN and wild-type
CheA, the solvent accessible surface area of each atom was calculated using a 1.4 A probe,
representative of water solvent. Fourteen additional non-hydrogen hydrophobic atoms were
completely buried in DRNN, versus the wild-type CheA and an additional sixteen
hydrophobic atoms are greater than 50% buried (Supplemental Table 1). This suggests that
the extreme thermostability of DRNN may be partially due to the burial of an additional 27
hydrophobic atoms. However, a similar analysis of the FBAA, FBNN and DRAA design
models indicates that there is not a simple correlation between the number of buried
hydrophobic atoms and the observed changes in protein stability (Supplemental Table 1).
While the FBAA design was nearly as stable as DRNN, in the FBAA design model there is
one less buried hydrophobic atom than in the wild type protein. In summary, we have not
identified a single metric or characteristic that explains why FBAA and DRNN are more
stable than DRAA and the wild-type protein. Like DRNN, the FBAA, FBNN, and DRAA
models all have favorable Ramachandran dihedral angles and the side chains are modeled
using favorable side chain torsion angles.

In this study we characterized DRNN using both X-ray crystallography and NMR
spectroscopy. The X-ray structure is valuable for validating the details of side chain packing
in the protein core, while the NMR structure allows one to detect internal dynamics in
solution. The NMR spectra obtained for DRNN show that the protein’s global conformation
is not affected at room temperature by chemical exchange on the chemical shift timescale
(milli- to micro-seconds). In future work, it will be interesting to explore the backbone and
side-chain dynamics of DRNN at faster timescales (nanoseconds) and compare results with
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the wild-type protein and other computationally designed proteins: in a previous study of a
designed three-helix bundle, DeGrado and co-workers demonstrated, by measuring NMR
spin relaxation parameters, that the side chains in the core of a designed protein were more
dynamic on average than is commonly observed for natural proteins(Walsh et al., 2001).

In conclusion, the redesign strategy applied here promises to be valuable for the stabilization
of enzymes, ligand-binding proteins, and protein-protein interface partners where
preservation of a functional surface or pocket is important. In these cases, our approach can
be extended by constraining the relative spatial locations of functionally important residues,
while surrounding residues are remodeled in sequence and structural space. Design with
backbone flexibility will also be important for repurposing proteins to bind nove/ substrates
and ligands. In this case, constraints can also be used to direct functional residues into
desired conformations, while the surrounding sequence and backbone are optimized for the
targeted new ligands.

Experimental Procedures

Computational Methods

Fixed Backbone Protein Design Protocol—The fixed backbone protein design
protocol used here is the standard fixed backbone design protocol released with Rosetta3.3.
The design protocol consists of applying a side-chain packing algorithm, which uses
simulated annealing to search rotamer space, using rotamers from the Dunbrack rotamer
library and using the Rosetta energy function to evaluate the fitness of sequences(Leaver-
Fay etal.).

Flexible Backbone Protein Design Protocol—The redesign sequences were
generated using a new protocol within the Rosetta framework. The protocol has two stages,
fixed backbone sequence design and fixed sequence backbone and side-chain dihedral
optimization. The protocol iterates between these two stages until the energy difference
between cycle i and cycle i-1 is less than 1.0 Rosetta Energy Units (REU), in practice this is
~5 redesign simulations for proteins between 100 and 200 residues. The fixed backbone
sequence design step uses the standard Rosetta side-chain packing algorithm described
above and elsewhere. The fixed sequence backbone and side-chain dihedral optimization
employs the Rosetta structure-optimization protocol used in structure prediction and
refinement.

Computational Protein Design Experiments—~Four different types of computational
experiments were performed: (1) fixed backbone design where all amino acids were allowed
at design positions (FBAA), (2) fixed backbone design where the native amino acid was not
allowed at design positions (FBNN), (3) flexible backbone where all amino acids were
allowed at design positions (DRAA) and (4) flexible backbone design where the native
amino acid was not allowed at design positions (DRNN).

Core Redesign of the CheA Four-Helix Bundle—To redesign the core residues of the
CheA four-helix bundle, 38 positions were identified as buried or partially buried. These
positions have at least 15 neighbors each within 10 A, where a neighbor is defined by the
distance between CP atoms on residues i and j. Positions identified as core residues were
visually inspected to remove any non-buried surface positions with a high number of
neighbors. During this visual inspection, all attempts were made to include all partially
buried side-chain positions, excluding positions identified as being in a loop by the DSSP
algorithm(Kabsch and Sander, 1983). During the design stage, the 38 designable core
positions were allowed to change amino-acid identity as described for each type of protein
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design experiment. An additional seven surface positions were allowed to design and mutate
to any amino acid identity. The remaining 60 positions were not allowed to change amino
acid identity but were free to change rotamer state. The possible rotamer states for each
amino acid type are taken from the Dunbrack backbone dependant rotamer
library(Dunbrack, 2002). The 38 core designable positions were given more rotamer
freedom, allowing additional sampling of rotamer states, the side-chain chi angles where
given 12 extra rotamer states at + 0.25, 0.50, 0.75, 1.00, 1.25, and 1.50 standard deviations
from the most favorable dihedral angles for each rotamer. The seven designable and 60
surface positions were given extra rotamer states at + 0.5 and 1.0 standard deviation from
the most favorable rotamer states. All positions were free to sample ¢, , w, and all dihedral
x angles during backbone and side-chain perturbation and minimization. A total of 25,000
design simulations were performed for each computational protein design experiment.

Selection of Designed Sequences for Experimental Characterization—The
25,000 designed sequences were ranked by their quality of core packing, as measured by
RosettaHoles, sequences with scores less than 0.5 (0.4 for FBAA and FBNN) were
pruned(Sheffler and Baker, 2009). Sequences where the core design positions were
predominately of a single amino-acid type, greater than 50% of the design positions, were
pruned. This filter eliminates sequences where the protein core is composed primarily of
only a few amino-acid types, mostly alanine and leucine. The 50 lowest-scoring models,
based on total Rosetta energy, were evaluated for their secondary structure propensities
using the secondary structure prediction server JPRED3(Cole et al., 2008). All 50 design
models were predicted to have similar secondary structures compared to the design model
and the native CheA. The ten lowest-energy models were subjected to structure prediction
using Rosetta’s structure prediction method. This filter evaluates if the designed sequence is
predicted to adopt the desired fold, all designed sequences recovered the desired fold. The
ten lowest-energy sequences for each experiment were evaluated by eye and one sequence
from each experiment was chosen for experimental characterization. It is interesting to note
that the sequence chosen from the DRNN experiment was also the lowest-scoring sequence
out of the 25,000 designed sequences generated in that experiment.

Experimental Methods

Protein Expression and Purification

A codon-optimized gene for each designed sequence, and a modified version of the wild-
type CheA was purchased from Genscript, lowercase letters are due to cloning and capital
letters are the designed sequences.

> 1TQG_MOD_WT

MGSHQEYLQQFVDETKEYLQNLNDTLDELEKNPEDMEL INEAFRALHTLKEMAETMGFSSMAKLC

HTLEN I LDKARNSE IKITSDLLDK IKDGVDMITRMVDKIVS

gsylvprgslehhhhhh*

>FBAA

MGSHQEYLQKFADEAKELLQN INDFLKELEKNPEDMEMINKVLRAFHTLKELAETMGFSSMAKMA

HTAANLADKAANSE IK1TSDLLDKLKDMADMLTRFVDKLVS
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gsylvprgslehhhhhh*
>FBNN
MGSHQEY IQKVADELKEHFQN INDF I KEMEKNPEDMEKVNKIQREFHTAKE I FETMGFSSAAKIA
HTAHNLADKSSNSEIKITSDL I1DKLKDYADMLTRFMDKLVS
gsylvprgslehhhhhh*
>DRAA
MGSHDEYRKKAADELKELLQN INDVLDELEKNPEDMEK INKAQRLFHT IKDKAQTMGFSSAAKYA
HTGENIADKAANSE IKITSDLLDKLKDYADMITRELDKYVS
gsylvprgslehhhhhh*
>DRNN
MGSHQEY IKKVTDELKEL IQNVNDD I KEVEKNPEDMEYWNK 1 YRLVHTMKE I TETMGFSSVAKVL
HT IMNLVDKMLNSE IKITSDL I DKVKKKLDMVTRELDKKVS
gsylvprgslehhhhhh*

Each gene was supplied as 4 g of lyophilized DNA in pUC57 vector. The gene of interest
was amplified from the parent vector using polymerase chain reaction (PCR), purified using
a PCR-clean-up kit from Fermentas, double digested with Ndel and Xhol from NEB,
purified again using a PCR-clean-up kit, and finally ligated into a pET-21 b(+) vector from
Novagen that had been prepared by double-digesting with Ndel and Xhol and using a
Fermentas gel-extraction clean-up kit. The ligation reaction product was transformed into
XL-10 Gold cells from Stratagene.

Each protein was expressed in BL21 (DE3) pLysS cells from Stratagene. Cells were grown
in LB media with 100 pg/ml ampicillin at 37°C to an ODggq of 0.6 and induced with 0.5
mM IPTG for 12 hours at 16 °C. Cells were centrifuged at 4500 x g for 30 minutes and cell
pellets were resuspended in 0.5 M NaCl, 0.2 M Na,HPO,4/NaH,PO,4 pH 7.0, 10% (v/v)
glycerol, 1% (v/v) Triton-X 100, dithiothreitol, and treated with DNAase, RNase,
benzamidine, and phenylmethanesulfonylfluoride after three rounds of sonication. The cell
lysate was cleared twice by centrifugation at 18,000 x g for 30 minutes. The supernatants
were then filtered using a 0.22 wM filter from Millipore. The supernatant was purified by
immobilized-metal affinity chromatography using a HisSTRAP column from GE Healthcare.
The elution was concentrated to 2 mL and further purified by size exclusion chromatography
using a Superdex S75 column from GE Healthcare. For the FBNN sequence, induction
conditions with IPTG concentrations ranging from 0.1 mM to 0.5 mM and induction ranging
from 4 hours to 12 hours were tested. Ultimately, the FBNN sequence did not generate
soluble protein.

Circular Dichroism

CD data were collected on a Jasco J-815 CD spectrometer. Far-UV CD scans were collected
using a cuvette with a pathlength of 1 mm at concentrations between 10-20 .M protein in 50
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KM sodium phosphate at pH 7.4 and 20 °C. Thermal denaturation of samples was conducted
between 4 °C and 97 °C while measuring the CD signals at 208 and 222 nm.

Chemical denaturation by guanidine hydrochloride (GdnHCI) was induced by mixing 15
KM designed protein in OM GdnHCI with 15 uM designed protein in 7.8 M GdnHCI. Great
care was taken to ensure the concentration of designed protein in each sample was the same.
The protein calculation was calculated using predicted extinction coefficients. The GdnHCI
concentration was monitored by the change in refractive index. Thermodynamic parameters
were calculated assuming and observing that the unfolding of the designed protein was a
reversible two-state process by fitting both the thermal and chemical denaturations to the
Gibbs-Helmholtz equation (Kuhlman and Raleigh, 1998).

Nuclear Magnetic Resonance Spectroscopy

The NMR samples of U-13C, 15N-DRNN and 5% 13C, U-15N-DRNN were prepared at
concentrations of ~1.0 mM in 90% H,0/10% D50 solution containing 20 mM sodium
phosphate (pH 6.5). An isotropic overall rotational correlation time of about 5 ns was
inferred from averaged 1°N spin relaxation times, indicating that DRNN is monomeric in
solution.

The following spectra were recorded for U-13C, 1°N-DRNN at 25 °C on a Varian INOVA
750 spectrometer (total measurement time: 6.5 days) equipped with a

conventional IH[13C, 15N] probe: 2D [1°N, 1H]-HSQC, aliphatic and aromatic 2D constant-
time [13C, 1H]-HSQC, 3D HNCO, HNCACB, CBCA(CO)NH, HBHA(CO)NH,
HN(CA)CO, aliphatic (H)CCH, (H)CCH-TOCSY (Cady et al., 2007; Feher et al., 1997),
and simultaneous 3D 15N/13caliphatic/13caromatic_resolved [1H, IH]-NOESY (mixing time 70
ms)(Shen et al., 2005). For 5% 13C, U-15N-DRNN, aliphatic 2D constant-time [13C, 1H]-
HSQC spectra were acquired as described(Penhoat et al., 2005) at 25 °C on a Varian
INOVA 600 spectrometer (total measurement time: 12 hours) equipped with a

conventional TH[13C, 15N] probe in order to obtain stereo-specific assignments for Val and
Leu isopropyl groups (Neri et al., 1989).

All NMR spectra were processed using PROSA (Guntert et al., 1992) and analyzed using
CARA(Keller, 2004). Sequence-specific backbone (HN, N, C*, H*, and CO) and HP/CP
resonance assignments were obtained by using the program AutoAssign (Moseley et al.,
2001; Zimmerman et al., 1997). Resonance assignment of side-chains was accomplished
using 3D (H)CCH, 3D (H)CCH-TOCSY, and 3D 15N/13caliphatic/L3caromatic_regp|yed

[*H, 1H]-NOESY. Overall, for residues 1-113 sequence-specific resonance assignments
were obtained for 95.2% of backbone and 95.7% of side chain resonances assignable with
the NMR experiments listed above (Supplemental Table 3). Chemical shifts were deposited
in the BioMagResBank (BMRB ID: 17612). 1H-1H upper distance limit constraints for
structure calculation were obtained from 3D 15N/13caliphatic/13caromatic_regolved [1H, 1H]-
NOESY, and backbone dihedral angle constraints for residues located in well-defined
regular secondary structure elements were derived from chemical shifts using the program
TALOS+ (Cornilescu et al., 1999).

Automated NOE assignment was performed iteratively with CYANA (Guntert et al., 19974,
b; Herrmann et al., 2002), and the results were verified by interactive spectral analysis.
Stereospecific assignments of methylene protons were performed with the GLOMSA
module of CYANA, and the final structure calculation was performed with CYANA
followed by refinement of selected conformers in an “‘explicit water bath’ (Linge et al.,
2003) using the program CNS (Brunger et al., 1998). Validation of the 20 refined
conformers was performed with the Protein Structure Validation Software (PSVS) server
(Bhattacharya et al., 2007). The NMR structure was deposited in the PDB (PDB ID: 2LCH).

Structure. Author manuscript; available in PMC 2013 June 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Murphy et al. Page 12

Protein Crystallization and X-ray Crystallography

Crystallization of the designed protein was performed using the hanging-drop vapor-
diffusion method at 20 °C. Crystals formed in a drop consisting of 0.5 pl of protein (20 mg/
ml in 100 mM ammonium acetate) and 0.5 pl of well solution (0.2 M magnesium acetate
and 20% (w/v) PEG 3350. Prior to data collection, crystals were cryo-protected by
transferring them into well solution supplemented with 15% (v/v) ethylene glycol before
plunging into liquid nitrogen. Crystals diffracted X-rays to a resolution of better than 1.8A,
exhibited the symmetry of space group P1 with cell parameters of a=25.6 A, b=43.9 A,
c=47.7 A, a=63.89°, =80.02°, y=87.00°, and contained two molecules in the asymmetric
unit (solvent content = 36%). Diffraction data were collected at 100 K at the Advanced
Proton Source GM/CA CAT 23IDB beamline. The diffraction data were processed using
HKL2000 (Otwinowski and Minor, 1997). The crystal suffered from directional diffraction
anisotropy. This was corrected using an automated webserver (Strong et al., 2006).

The structure was determined by molecular replacement using the program Phaser (McCoy
et al., 2007); the computationally designed model was used as a search model. To test for
model bias, side-chain atoms were not included in the search model. After molecular
replacement and an initial round of refinement the designed side-chain positions were
clearly visible in Fy-F¢ and 2F,-F electron density maps. Iterative rounds of refinement
were conducted with Refmac5 (Vagin et al., 2004) from the CCP4 suite (Winn et al.)
interspersed with manual adjustments to the model using the program COOT (Emsley et al.).
The final model contains two molecules in the asymmetric unit with all residues defined in
the electron density, except for residue 1 in chain A and residues 1-3 in chain B.
Ramachandran statistics for the final DRNN structure model show that the backbone
dihedral angles of all residues are in the favored region (Supplemental Table 2). The
structure was deposited in the protein data bank as pdb code 3U3B.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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H1

A B

Figure 1.

Global comparison of the wild-type template and DRNN design model.

Thirty-eight design positions shown as grey sticks were identified in the wild-type template
(A). The final design model for DRNN with the designed positions shown as green sticks
(B). DRNN’s backbone and helix crossing angles have been subtly changed by the flexible
backbone design procedure (C and D). The helices are labeled H1-H4 in panel C. Panels A,
B, and D are in the same orientation and panel C is a top down view of the bundle.
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Figure 2.

Comparison of wild-type and designed sequences.

The core sequences for wild-type(WTO00), the traditional output from RosettaDesign

Core ID

100%
61%
34%

0%
20%

0%

Core RH

0.41
0.28
0.23
0.27
0.42
0.50

Total ID

100%

Total RH

0.63
0.47
0.46
0.50
0.57
0.61
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(TRAD), and the four design experiments FBAA, FBNN, DRAA, and DRNN are shown.
The core and total sequence identity and the core and total RosettaHoles scores are given for
each sequence. The percent of burial for each core position is shown as %BRD. Residue
number is listed as RES#. Gray boxes indicate that a position is conserved between the wild-
type sequence and one or more of the designed sequences. The one letter amino-acid codes
are colored red (E,D), orange (M,C), green (L,A), blue (K,R,H), black (I,V), pink (N,Q,S,T),
plum (F,W,Y), and glycine is shown white on a black background. See also Supplemental

Figure 8.
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Figure 3.
Comparison of wild-type template and DRNN design model.

The design and the wild-type bundle can be divided into five layers of interacting side-
chains. Panel A shows the global view of the side-chain layers. Panels B-F show the layers
with wild type in salmon and DRNN in green; positions that were not designed are shown in
grey. See also Supplemental Figures 3, 4, & 5.
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Figure 4.

Biophysical characterization of DRNN and wild-type template.

Far-UV Circular Dichroism (A), Thermal Denaturation (B), and Chemical Denaturation (C)
of DRNN (green) and wild-type (salmon). Global fits (mesh) of thermal and chemical
denaturation data for wild type (D) and DRNN (E) obtained by fitting the data to the Gibbs-
Helmholtz equation. All experiments were carried out at 10-20 .M protein concentration in
50 iM sodium phosphate at pH 7.4 and 20°C .
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Figure 5.

X-ray crystal structure of DRNN.

A) Fo-Fc electron density (green) for residue W39 after molecular replacement using DRNN
without side-chain atoms as the search model. Ribbon-presentation of the DRNN backbone
in cyan. B-F) The final 2Fo-Fc density (purple) for molecule A of the DRNN X-ray crystal
structure in the five layers used to describe the wild-type and design model; sticks are shown
for all design positions and residues 56M and 58F in F. See also Supplemental Table 2
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833 33

Figure 6.

Comparison of DRNN design model and DRNN X-ray crystal structure. The DRNN design
model (green) and chain B of the X-ray crystal structure (cyan) shown in a global view (A)
and as the five layers that make the bundle core (B-F); positions that were not designed are
shown in grey in F.
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Figure 7.

2D [*®N,1H] HSQC and NMR solution structure of DRNN.

2D [*°N,1H] HSQC spectrum (~1 mM protein concentration, 20 mM sodium phosphate, pH
6.5) recorded at 750 MHz 1H resonance frequency. Resonance assignments are indicated
using the one-letter code for amino acids (A). Global comparison of the DRNN model
(green) and the DRNN solution structure (orange) (B). The region around W39 of the
DRNN model and the solution structure (C) (corresponds to layer B in figures 5 and 6) See
also Supplemental Figure 7.
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Comparison of DRNN NMR Structural Ensemble, DRNN X-ray Crystal Structure, and

DRNN design model in ¢, v, and x* space. The values of the ensemble of conformers

representing the NMR solution structure are shown in orange with boxes drawn around the
observed range. The values observed for the two chains of the X-ray structure are shown in

blue, and the values for the design model are shown in green. The black bars at the top

indicate the location of the a-helices. See also Supplemental Figure 6.
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Figure 9.

Comparison of wild-type template, DRNN design model and crystal structure. The wild-type
template (salmon), DRNN design model (green), and the DRNN X-ray crystal structure
(cyan) compared in the region of W39 (helix layer B shown in figures 3B, 5B, and 6B). See
also Supplemental Figure 9.
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