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Abstract

Calculating protein stability and predicting stabilizing mutations remain exceedingly difficult
tasks, largely due to the inadequacy of potential functions, the difficulty of modeling entropy and
the unfolded state, and challenges of sampling, particularly of backbone conformations. Yet,
computational design has produced some remarkably stable proteins in recent years, apparently
owing to near ideality in structure and sequence features. With caveats, computational prediction
of stability can be used to guide mutation, and mutations derived from consensus sequence
analysis, especially improved by recent co-variation filters, are very likely to stabilize without
sacrificing function. The combination of computational and statistical approaches with library
approaches, including new technologies such as deep sequencing and high throughput stability
measurements, point to a very exciting near term future for stability engineering, even with
difficult computational issues remaining.

There is considerable evidence that some proteins, or domains, function in an intrinsically
disordered state [1], but the majority of proteins act from a highly ordered folded state [2].
Mutational and combinatorial studies have shown us that these highly ordered states are not
common in ‘sequence space’ [3,4], meaning that most polypeptide sequences are not well
folded like natural proteins. In fact, because the folded state of proteins is only 5-15 kcal
mol~1 more stable than the unfolded state, even a single mutation can significantly
destabilize or unfold a protein. Although most proteins from mesophiles have melting
temperatures far below those of corresponding proteins from thermophiles—which is to say,
their folds can usually be stabilized—the overwhelming majority of mutations to natural
proteins are neutral to unfavorable [5,6].

At a minimum, this is an inconvenience for protein scientists. The instability of natural
proteins or their variants makes them difficult to purify, handle, and study. A well-meaning
mutation to probe the function of some residue must always be analyzed in light of the high
likelihood of unfavorable consequences on the folding or stability of the protein. Protein
stability and instability also underlie biology and disease. Many mutations may reduce
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function or promote disease simply through destabilization, such as many of the mutations
of tumor suppressors like p53 [7] or mutations of SOD1 that may be related to ALS [8]. We
continue to find new uses for proteins as therapeutics due to their exquisite specificities, but
their uses in the clinic are significantly limited by difficulty in handling, poor storage
stability, and aggregation [9].

The solution sounds simple: stabilize the protein. Stabilizing mutations may be rare, but a
great many have been found. The problem has been attacked from virtually every imaginable
angle of random mutagenesis, rational design, bioinformatics, and computational design.
The sheer number of approaches highlights the objective reality: we are not that good at it.
This is especially vexing because the key forces that underlie protein stability are fairly well
understood, such as the burial and tight packing of hydrophobic residues, the ejection of
ordered solvent, and the formation of hydrogen bonds and other electrostatic interactions,
conformational entropy, and bond strain (such as backbone angle strain) [10-12]. The
dominance of core packing in protein stability [13], which encompasses several of these
parameters at once, simplifies the problem. More subtle effects, such as the effect of burial
of charged residues [14] and the role of surface electrostatics [15], are much better
understood in recent years.

But the challenges remain numerous. For one thing, some of these factors are a lot easier to
calculate than others [16]. We are very good at calculating geometric parameters, for
example to maximize hydrophobic surface burial or minimize bond strain. But electrostatics
calculations are greatly hampered by how to treat solvation, in particular due to the
challenge of polarizability. There is no way to compute entropy directly from the force field
itself, and so conformational effects are beholden to long simulations and accurate sampling,
which are both challenging. Matthews’s work on T4 lysozyme taught us that proteins
respond to mutations more by subtle movements of the backbone than adopting unfavorable
side chain rotamers [17], but it is much more difficult to explore non-discretized backbone
conformational space. Moreover, sometimes subtle changes to proteins can cause them to
settle into very different regions of conformational space, as seen in topological changes
from seemingly conservative mutations of the a protein’s hydrophobic core [18]. The gain in
solvent entropy that largely underlies the hydrophobic effect is not explicitly included in
these calculations. And finally, the AG of folding is the free energy difference between the
folded state and the unfolded state, but our knowledge of how to model the unfolded state is
so scant that we generally do not. It is also very difficult to model the effects of misfolding,
or to account for alternative conformations.

Despite these daunting challenges, progress has been made in engineering highly stabilized
proteins in recent years. Here | will briefly examine some important advances and ongoing
challenges in computational and statistical stabilization of proteins.

Rosetta and other computational design

There have been numerous contributors to the modern state of computational protein design
[19], and several successful implementations of design programs, but none has had as broad
an impact as Rosetta [20], emanating from David Baker’s lab (with considerable
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development by many collaborators). The Rosetta modelling and design suite of applications
has produced remarkable successes, from stable folds not seen in nature [21], to de novo
design of enzymes for reactions like the Kemp elimination [22], the retro-aldol reaction [23],
and the Diels-Alder reaction [24]. Two recent papers have focused on the use of Rosetta to
design folds, and in particular the effects of designing ‘ideal’ versions of particular
structures. The results have included some of the most stable proteins observed or designed
to date.

Koga et al. focused on the design of proteins with steep folding funnels arising out of
assembly of structurally optimized elements containing only local interactions (that is, are
close in primary structure), and then assembly of these idealized elements in a way that
strongly favors a single tertiary structure [25]. Fundamental rules for B, Ba and aff elements
were used to discover emergent rules for larger units, like ppa, and then assembled into folds
such as the ferredoxin-like BapBap. Genes for a total of 54 designs for 5 folds were
synthesized, of which 45 expressed and were soluble, 32 had expected CD spectra, and 25
had a 7, greater than 95 °C. No single reason emerges for the high stability of these
variants, and the use of some factors outside of the idealized elements such as selection of
large hydrophobic residues to strongly favor burial is likely important, but the inference is
that the ideality of the elements cumulatively favors folding. That is, getting all the details
right, not a single magic bullet, best explains the successful results.

Huang et al. recently used a parametric approach along with Rosetta design tools to control
the oligomeric state and handedness of designed helical bundles [26]. An antiparallel 3-helix
bundle had a denaturation midpoint of 7 M GdnHCI at 80 °C, corresponding to a AG of
folding of over 60 kcal mol=1 at 25 °C. A designed five-helix bundle did not melt at 95 °C in
PBS; a four-helix bundle did not melt at 95 °C in 8 M GdnHCI. Baker and colleagues note
that the 3- and 4-helix proteins are extreme stability outliers in the ProTherm database [27],
and attribute the stability to ideal side chain complementarity as well as minimal backbone
strain.

Despite these truly remarkable results, it is sobering to note that several related designed
proteins that appeared every bit as ideal as the successes, failed to express, or be soluble, or
have well-dispersed NMR spectra. The exact nature of the differences among these
successes and failures is difficult to discern because it likely comes from multiple
inconspicuous nonidealities. To the point, Murphy et al. redesigned the core of CheA, a four
helix bundle, using four different approaches for backbone flexibility and core repacking
[28]. Two of the designs were very successful, with 7, > 140 °C and a AG of folding of 15—
16 kcal mol~L. But one did not express, and one had wild-type like stability. Kuhlman and
colleagues attempted to discern the differences among the designs by examining
Ramachandran and side chain torsion angle preferences and hydrophobic burial, but no
simple answer emerged.

The very high stability achievable in idealized proteins compared to what is observed in

natural proteins, even from thermophiles, begs the question of whether this kind of ideality
is incompatible with function. My guess is that it is not; natural, active proteins seem more
likely to have only adequate stability because that is all natural selection demands of them.
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This question seems akin to whether thermostable proteins can be active at low temperature,
which Arnold and colleagues convincingly showed to be possible through directed evolution
[29]. But it remains to be seen if dynamic features, binding sites, hydrophobic patches and
other features of functional proteins are actually compatible with these idealized
frameworks, or if functionalization will necessarily degrade their ideality.

Similarly, despite remarkable successes in de novo enzyme design, the activity levels of the
designed enzymes have called for directed evolution for improvements in most cases. In at
least one case, a combination of statistically-derived consensus mutations (see below) and
directed evolution was needed to improve the best computationally designed Kemp
eliminase, KE59, that was too unstable at the outset to evolve [30]. It has become clear that
most of the mutations that will collect in a directed evolution campaign will destabilize the
subject protein, and so starting with more stable homologs is advisable [6]. Similar
considerations may prove useful in computational protein design.

Related issues of positive design (for affinity) and negative design (for specificity) arise in
the computational design of protein interactions, wherein one must find the co-optimum for
the maximum interaction of a protein for its intended partner and minimum interaction with
itself or other near-partner sequences. Design algorithms that specifically address this
tradeoff have been implemented successfully, for example for coiled-coils [31,32], and the
topic has been reviewed by Chen & Keating [33]. Accurate estimates of the affinities are
essential for these calculations, and the success of data-driven over physics-driven
approaches [34] highlights the difficulty of such accuracy even for very simple proteins.

Computational prediction of stabilizing mutations

A number of programs have been written or used specifically to estimate the AAG of folding
for protein mutants. Among the best known, in addition to Rosetta (which was not actually
designed for this purpose), are FoldX [35], Eris [36], and CC/PBSA [37]. Potapov et al. set
out to evaluate these (as well as EGAD, I-Mutant2.0, and Hunter) on a set of over 2,000
single-residue protein mutants with known stability effects [38]. For all methods, the
correlation coefficient was positive (about 0.4-0.6) between the predicted and experimental
results, but less comfortingly, the AAG errors were close to 1 + 1 kcal mol™1 for all
mutations, which appears similar to the distribution of experimental AAG values in the
database. Even the sign of AAG was incorrect about 25% of the time for all methods.

In part because Rosetta performed somewhat worse than most of the other algorithms in in
Schreiber’s study, Kellogg et al. examined the causes for this in detail [39]. Part of the issue
arose from the actual calculation as carried out in Rosetta (increased sampling and
dampening of the repulsive term brought Rosetta in line with the other methods), but the
authors noted poor performance for hydrophobic/hydrophilic exchanges, surface mutations,
volume changes, and where unfolded state effects are observed (as evidenced by changes in
mvalues). Another study by Das concluded that Rosetta’s inability to solve four structural
predictions on small proteins or RNAs likely mostly stems from the energy function, and not
from sampling [40]. In general backbone freedom appears to help computational methods
predict stability, particularly for mutations with large volume changes [41]. It is worth noting
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that the available training sets for stability prediction algorithms are biased by researcher
interest, resulting in the prevalence of Ala mutations (> 25% of the ProTherm database
[277]), which mostly result in underpacking.

Surface electrostatics

One of the difficult areas noted above, changes to solvent-exposed residues, has received
increased attention as a means of computational stabilization. The effects of protein surface
mutations in general are difficult to predict because of our limitations in calculating
solvation and attenuated electrostatic effects. And in general, it is the hydrophobic core of
the protein and not the surface that is critical for determining the fold and overall stability
[13]. On the other hand, structural bioinformatics has demonstrated that proteins from
thermophiles do not have markedly different cores or numbers of disulfide bonds than
proteins from mesophiles, but they do have different surface charge distributions [42]. In
particular, they appear to have more favorable electrostatic interactions.

Makhatadze and Sanchez-Ruiz speculated, based on differences in the pH dependence of
chemical and thermal denaturation of ubiquitin, that surface charge optimization could be a
viable route to rational protein stabilization [43]. Using Tanford-Kirkwood electrostatics
calculations, they showed reasonable agreement to prediction both for stabilizing and
destabilizing mutations on the surface of ubiquitin [44]. Makhatadze further demonstrated
this for other proteins like acylphosphatase and Cdc42 with little change in activity [45], and
has suggested that the stabilization arises mostly from increased folding rates due to
elimination of folding frustration in the native sequences [46].

Buried ionizable groups are rare but sometimes are required for protein function. Garcia-
Moreno and colleagues have found that 25 buried Lys residues have apparent pKj; values

from 5.3 to 10.4 [14], and structural perturbations were observed for many of the variants
when the Lys is protonated [47]. This makes the stability effects of buried polar residues

extremely challenging to predict.

Sequence consensus

Computational approaches to predicting protein stability (or protein stability changes)
generally are physics-based, knowledge-based, or a hybrid. Knowledge-based approaches
include machine learning (e.g., SVM) applications, but as noted above the relative paucity of
experimental data limits these approaches. An alternative knowledge-based approach for
predicting stabilizing mutations is the concept of consensus, the idea that mutation to the
most common amino acid in the position in an alignment of structural homologs is likely to
be stabilizing.

Steipe et al. used this idea to stabilize immunoglobin domains, finding that about half the
time individual consensus mutations were stabilizing [48,49]. Wyss found that making full
consensus variants (i.e., changing every residue to the most common residue in the
alignment) of fungal phytases resulted in highly stabilized proteins [50,51]. This concept has
subsequently been used for the generating very stable repeat protein architectures, while
maintaining the original fold, which has proved useful for engineering binders to a wide
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variety of targets [52,53]. Consensus mutations have also been combined with computational
approaches to stabilize proteins [54].

Effects of sequence correlation

Although it seems intuitive that the most common amino acids might result in stabilization,
it is somewhat more surprising when one realizes that the MSAs used for these studies are
dominated by proteins from mesophiles. So why are consensus mutations stabilizing? The
likely explanation is that drift allows individual proteins to sample only some of stabilizing
mutations needed for adequate stability. Effectively, consensus mutations are causing a
compounding of stabilizing interactions that no one proteins needs to amass. A similar effect
has been observed from mutations in directed evolution [55]. But it is also easy to think of
reasons why this will not always work. Some sites are not well conserved, so the most
common residue is not of obvious information value, and some sites are likely to be coupled.
Indeed, Ranganathan and colleagues have demonstrated that designs of WW domains are
improved in soluble expression and stability by accounting for co-variation of residues [56].
The role of correlated residues is even more poorly understood than those of consensus
mutations, but they have been implicated in allosteric regulation in several instances [57—
59]. Magliery et al. elucidated the source of high charge in consensus TPR motifs using co-
variation analysis, demonstrating that natural TPRs have many charge balancing interactions
in weakly conserved positions [60]. We have recently shown correlated mutations in the LID
domain of adenylate kinase, originally identified through a sequence correlation
visualization modality called MAVL/StickWRLD [61], to be critical to enzymatic activity by
modulating protein dynamics (Nicholas Callahan, Deepa Perera, unpublished results).

Sullivan et al. demonstrated that two consensus variants of triosephosphate isomerase differ
dramatically in their activity and physical properties despite varying in a small number of
unconserved residues [62]. The positions of many of these mutations overlapped positions
that participated in a network of statistically interacting residues, especially seen in
metazoans. Subsequent work in our lab has shown that narrowing the phylogenetic scope of
the database allows one to capture these networks, resulting well-folded, active proteins
(VVenuka Durani, unpublished results).

These observations also suggested an algorithm to improve consensus design, by making
consensus mutations at more-conserved positions and eliminating mutations at highly
correlated positions [63,64]. The result in yeast TIM was a 90+% success rate in identifying
stabilizing mutations, and large numbers of the mutations could be productively aggregated.
Every individual mutant, as well as the algorithmic aggregate mutant, retained high activity.
Subsequent studies in our lab on TIMs from humans and bacteria, as well as two adenylate
kinases from bacteria, found similar success with this approach (Nicholas Callahan, Sidharth
Mohan, unpublished results), although the optimal nature of phylogenetic distribution of the
source MSA remains an area for exploration. These modified consensus methods are much
simpler than computational methods for non-experts to deploy, and do not require structural
information.
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Reconstruction of ancestral proteins bears considerable resemblance to these methods, often
resulting in similar mutations [65,66]. Recent work by Sanchez-Ruiz suggests that
differences between ancestral and consensus mutations are more likely at unconserved
positions, and ancestral reconstructions worked better at least in the limited cases tested
[67]. 1t seems possible that ancestral reconstruction is effectively capturing both sequence
consensus information in well-conserved sites and some sequence correlation information in
poorly-conserved sites.

Experimental approaches

Directed evolution remains a very important tool for stabilizing proteins, and it has the
advantage for enzymes and other functional proteins that it is possible to screen for activity
and stability in the same experiment. The success of totally random methods supports the
distributed role of positions in stabilizing the protein, but the improvement provided by
recombinogenic methods (like DNA shuffling) likewise illustrates that many single
mutations can be so unfavorable that methods are needed to remove them. Experimental
approaches to screening for stabilization have been reviewed elsewhere [68-70]. Methods of
screening or selecting for stabilizing mutations generally are either inferential—which is to
say they are actually a screen for a correlate of protein stability, such as protease resistance
[71]—or direct, such as chemical modification (H/D exchange or Cys reactivity [72]) or dye
binding, as with differential scanning fluorimetry (DSF) and its high-throughput
implementation HTTS [73]. Direct methods in general tend to be more information-rich and
avoid “you get what you select for” sorts of variants (e.g., unstable but protease resistant
sequences), but they also tend to be harder to deploy and lower throughput.

Computational and experimental methods can be used together to generate stable proteins
with other selected properties. Computation ideally allows one to search in a more targeted
region of sequence space, increasing rates of desired selectants and thus reducing library
sizes. One successful method along those lines is SCHEMA, which seeks to break proteins
down into fragments, the structure of which will not be perturbed upon recombination into
another protein [74]. The method was used to engineer thermostable cellulases from a small
number of parent sequences, and the stability effects linearly deconvoluted from the
recombinant proteins were shown to be largely additive (i.e., the schema were in fact largely
independent as predicted) [75]. The deconvolution uncovered a single mutation that
stabilized recombinants by nearly 10 °C. Snow and colleagues recently produced a more
cautionary tale on the concerted use of consensus, FoldX, Rosetta, molecular dynamics, and
SCHEMA, in which additivity was not observed for schema from endoglucanase E1 [76].
While some stabilizing mutations were identified by multiple methods, one destabilizing
mutation looked favorable by FoldX, Rosetta and consensus, raising red flags only in MD
simulation.

A number of approaches have been taken to guide library design with computation, mostly
to narrow down sequence space, such as library score optimization [77], amino acid profiles
derived from families of computational design solutions [78], and probabilistic definitions of
amino acid profiles [79] (see the review by Chen & Keating [33] for more detail). These

Curr Opin Struct Biol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Magliery

Page 8

codon or amino acid profiles may capture both functional and structural aspects (including
stability) of a particular design problem, depending on what is simulated.

One of the most promising new experimental tools for engineering and understanding
stability is the use of next-generation or deep sequencing technologies in combination with
selections. These experiments are no different from other inferential methods of screening
for stability by function (cellular selection, phage or yeast display, etc.), but rather than
collapse down to a small number of “best” selectants, the entire library can be sequenced
over rounds of selection. Fields [80] and Bolon [81] have used this approach to examine
protein fitness landscapes, and Sidhu [82] and Keating [83] have used it to examine binding.
Kelly, Fields and colleagues attempted to identify stabilizing mutations from site that result
in positive epistasis scores in multiple mutant backgrounds [84]. They scanned a library of
single and double mutants of a WW domain for binding to the parent cognate ligand. The
method identified 15 likely stabilizing mutants, of which three were known to be stabilizing.
Of six of the unknown mutants synthesized, two were very destabilized, one slightly
destabilized, one neutral, and two were stabilized. Interestingly, none of the 15 candidate
mutations were identified as stabilizing by FoldX. It remains to be seen if other scoring
algorithms can be developed to more cleanly isolate stability effects, but the prospects are
exciting.

Conclusion

Given the large role of solvent entropy in protein folding and our lack of knowledge of how
to model the unfolded state, it is quite remarkable that we are able to predict stabilizing
mutations at all. Surprisingly, tight core packing must be correlated enough with other
uncomputable factors, and the unfolded state must be sufficiently homogenous, that protein
stability computations can be useful. But it is easy to understand why there is a limit to
accuracy of the current approaches. One thing we have learned in recent years is that very
high protein stability is more a function of getting many subtle factors right than simply
maximizing a single factor (although core packing remains the most important single effect).
The role of backbone strain appears to have been underappreciated to this point, for
example.

Similarly, it is surprising, given the many pressures on proteins throughout evolution and the
non-randomness of our sampling of phylogeny, that stabilizing mutations can be inferred
from sequence alignments as effectively as they are. Co-variation information is likely to be
of increasing use with more sequences and improved alignment accuracy. Both computation
and statistical approaches are beginning to be integrally incorporated into library design, and
reciprocally, library approaches are revealing and fixing the flaws in designs. Recent tools
for large scale sequence analysis and direct high throughput measurements of stability stand
to improve radically our knowledge of and ability to predict stability effects in the coming
years.
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Highlights
e Fundamental flaws in computing protein stability will be difficult to overcome.

e \ery stable idealized proteins have been designed by optimizing many factors at
once.

«  Consensus mutations reliably produce active, stable mutants, especially when
filtered for co-variation.

» Combining these approaches with experimental libraries is feasible and
powerful.
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