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Abstract

A grand challenge in the field of structural biology is to design and engineer proteins that exhibit
targeted functions. Although much success on this front has been achieved, design success rates
remain low, an ever-present reminder of our limited understanding of the relationship between
amino acid sequences and the structures they adopt. In addition to experimental techniques and
rational design strategies, computational methods have been employed to aid in the design and
engineering of proteins. Molecular dynamics (MD) is one such method that simulates the motions
of proteins according to classical dynamics. Here, we review how insights into protein dynamics
derived from MD simulations have influenced the design of proteins. One of the greatest strengths
of MD is its capacity to reveal information beyond what is available in the static structures
deposited in the Protein Data Bank. In this regard simulations can be used to directly guide protein
design by providing atomistic details of the dynamic molecular interactions contributing to protein
stability and function. MD simulations can also be used as a virtual screening tool to rank, select,
identify, and assess potential designs. MD is uniquely poised to inform protein design efforts
where the application requires realistic models of protein dynamics and atomic level descriptions
of the relationship between dynamics and function. Here, we review cases where MD simulations
was used to modulate protein stability and protein function by providing information regarding the
conformation(s), conformational transitions, interactions, and dynamics that govern stability and
function. In addition, we discuss cases where conformations from protein folding/unfolding
simulations have been exploited for protein design, yielding novel outcomes that could not be
obtained from static structures.
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1. Introduction

Protein design is the creation of proteins either from scratch (de novo design) or through the
modification of pre-existing structures (protein redesign). Protein design stands in contrast to
experimental techniques, such as directed evolution, that generate new proteins by
mimicking natural processes. Instead, protein design relies on a combination of chemical
and biological intuition; known relationships between sequence, structure, and function; and
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computational resources to craft proteins. Protein design serves three main purposes. First, it
can lead to the generation of proteins that have real-world applications, such as the design of
more efficient enzymes to catalyze reactions, or the design of biotherapeutics. Second,
protein design serves as a test of our understanding of protein chemistry and protein folding.
Third, in the act of designing new proteins, we gain new insights into the determinants of
protein structure and function.

Early rationally designed proteins were pioneered in the 1970’s by Gutte and coworkers, and
include truncated bovine ribonucleases!2. These designs relied primarily on chemical and
biological intuition. Later, as more protein crystal structures became available,
computational predictions of secondary structure propensity? paved the way for the design
of elements of protein structure® and topologically simple proteins®>~. Deciphering
relationships such as sequence composition, hydrophobic-hydrophilic patterning, and
geometric constraints allowed for the design of more complex structures such as Felix® and
Betabellin®. Richardson and Richardson provide an excellent review of the early days of
protein designl®. The 1990s brought increasingly faster computers, enabling the
development of more computational tools for protein design, such as side chain rotamer
libraries!1:12, Over the next decade components of the protein design toolbox were
developed, refined, and integrated, we saw the first de novo design®3, the design of a fold not
seen in naturel4, and the design of enzymes to catalyze reactions®.

In recent years, routine access to high performance computing resources, accompanied by
refined protein design methodologies, has allowed for the design of increasingly
sophisticated proteins with diverse topologies and functions. Other layers of complexity
have been added to protein design strategies, including the dynamical nature of proteins,
their binding partners, and the interplay between proteins and their environments. Static
representations of proteins often mask the critical relationship between dynamics and
function. Use of rotamer libraries was an early example of incorporating dynamics into
design: allowing residues to sample multiple rotameric states allows for a greater number of
potential sequences.

Protein dynamics are present over different spatial and temporal scales: from local
fluctuations around equilibrium conformations to large-scale conformational changes upon
binding. In most cases, dynamics are intimately connected to protein function. These
functional dynamics range from large-scale conformational changes, such as the power
stroke mechanism of myosin in muscle contraction!® to small-scale rearrangements of active
site conformations mediated by a network of residues in cyclophilin A7:18, Therefore it is
beneficial to incorporate models of protein dynamics and flexibility in designs. When
considering more sophisticated designs, especially designs where function is a target,
flexibility and dynamics become even more important.

One way to integrate dynamics into protein design is to capitalize on insights from
molecular dynamics (MD) simulations. Molecular dynamics uses a physics-based potential
energy function, or force field, to simulate protein dynamics as a function of time according
to classical Newtonian mechanics!®. While biophysical techniques, such as NMR
spectroscopy, can yield insights into protein dynamics2%, MD is unparalleled with regard to
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the spatial and temporal resolution that it can provide, allowing us to see proteins in action,
at least at fast time scales?1:22, MD has the power not only to identify functionally relevant
conformations, which may be ‘hidden’ to experimental techniques, but it can also provide
the details of transitions between these conformations.

No experimental technique is without error or limitation, and molecular simulations are no
exception?3. There are three primary sources of error in MD simulations that dictate the
extent to which a simulation correctly samples from a thermodynamic ensemble. The first
source of error is the accuracy of the force field, an equation used to derive the forces
interacting on all of the atoms in a system?4. Although force fields have been parameterized
empirically, no force field can be truly accurate. However recent force field validations of
model proteins have shown that contemporary force fields can reproduce experimental
observables?5-31 and the studies below demonstrate successful MD-derived predictions
validated through protein design. The second main source of error is the extent of
conformational sampling obtained from the simulation, or the extent to which simulations
sample the heterogeneous distribution of conformational states, which is due to constraints
on computing time and methods that limit the flexibility and sampling of the protein, as
described previously.32 Determining the appropriate length of a simulation is a trade off
between economy (shorter simulations) and sampling (longer simulations), constrained by
the timescale(s) of the dynamics in question33:34, However, longer simulations are not
always better. Numerical errors such as round-off errors and truncation errors propagate as
the simulation is extended as a result of numerical integration19:3:36, Specialized integration
algorithms and other computational methods for performing simulations have been
developed to mitigate numerical error as much as possible37:38, although many of the
approaches merely mask the problems through the use of physically unrealistic procedures
and scaling of properties yield discontinuous pathways.32:39

As evidenced by the validation of long simulations of BPTI40 and ubiquitin®! the combined
errors from force field accuracy, conformational sampling, and numerical integration do not
necessarily corrupt the simulated dynamics, but they don’t necessarily provide more
information beyond what is obtained in shorter simulations. Overall, advances in force field
development26-28, software development#2, parallelization schemes?*3, and high performance
computing resources*’ have paved the way for simulations into the millisecond time scale
and simulations are getting longer all of the time. Experiment is the ultimate arbiter of the
accuracy and reliability of MD simulations. A thorough discussion of error and validation of
MD simulations is beyond the context of this review; however, readers are referred to other
theoretical and practical discussions of simulation validation*4-46, As simulated timescales
approach those of experiment and biological relevance, the community can better assess the
correspondence of simulation and experiment, and the incorporation of MD-derived
predictions in protein design represents another important way to validate the methods.

The validity of protein dynamics derived from MD simulations can be assessed through its
use in protein design and MD can inform protein design both directly and indirectly. Direct
applications of MD include: the use of insights gained from MD to inform rational design

and to generate testable hypotheses that are confirmed through design. Indirect applications
include the use of MD: to rank, screen, and evaluate designs; to obtain general insights into
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protein dynamics; and to explain relationships between protein dynamics and the molecular
mechanisms of protein stabilization. Once the mechanisms are well understood, they can be
applied to other designs. Here, we review studies in which conventional MD simulations
have been used either directly or indirectly in protein design. We cover three broad areas in
which MD simulations have been employed: modulating protein stability, engineering
functional regions, and engineering folding/unfolding pathways (Figure 1).

2. Modulating protein stability

The use of natural proteins in biomedical and industrial applications is often limited due to
the strict determinants of protein stability*’=49. Protein stability is governed by the net sum
of forces that determine whether a protein will maintain a native, folded conformation or
unfold®C. Technological applications of proteins may require exposure of the proteins to
harsh environments or that the proteins remain stable for extended periods of time.
Evolutionary pressure has driven natural proteins toward optimal activity, not stability per se,
in their native environments. Thus, there have been many examples of proteins that have
been mutated leading to increased stability, sometimes at the expense of function®1-56,
Given that protein stability is not necessarily optimized for native conditions, it is unlikely
that proteins are optimized for medical and industrial applications®’. For example, in the
food industry, reactions involving enzymes are often carried out at high temperature to
increase the rate and reduce the potential for contamination®8. However, at elevated
temperatures, proteins are susceptible to thermal inactivation due to unfolding or irreversible
structural damage®®. Just as evolutionary pressure has given rise to proteins with optimal
function in their native environments, it is possible to design protein variants that remain
stable in alternative environments. Theoretical, experimental, and computational studies
have identified strategies for designing stable protein variants such as: reducing mobility in
flexible regions, introduction of disulfide bonds®, introduction of salt bridges®?, and
chemical modification of protein structures®2. However these design strategies are not
guaranteed to always work, and they may lead to unexpected results®8:63. Instead, judicious
selection of design strategies is necessary.

Proteins are inherently dynamic molecules that sample various conformational states beyond
those presented in the crystal structures in the Protein Data Bank (PDB)%*. The ensembles of
conformations proteins explore, the transitions between these conformational substates, and
the response of these dynamic fluctuations to environmental conditions are coupled to
protein stability. In this regard, MD simulations can provide access to atomic details of
protein dynamics to aid in the design of stable protein variants.

One of the most common ways to stabilize proteins is to introduce a disulfide bond in the
hope of locking down the structure. Increases in protein stability due to the introduction of a
disulfide bond have been attributed to lowered entropy of the unfolded state,% enthalpic
changes to the unfolded state,®® and kinetic stabilization of the folded state®”. However the
introduction of a disulfide can reduce protein stability due to poor packing and
flexibility®8.69 or stabilization of the denatured state.50 Thus, it is crucial to identify the
optimal sites for the introduction of disulfide bonds and consider the effects of the disulfide
bond on nonnative states. One early example focused on incorporation of a disulfide bond
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was in haloalkane dehalogenase (DhlA) from Xanthobacter autotrophicus and it catalyzes
the hydrolytic dehalogenation of small, halogenated alkanes. Pikkemaat et al. used MD
simulations of DhlA to identify flexible regions in DhIA that could be stabilized by a
disulfide bond”?. Simulations performed at 298 K revealed a flexible region between
residues 180 and 210. This region was classified as inflexible by the crystallographic -
factors. Pikkemaat et al. then used the SSBOND’ program to identify potential sites for the
introduction of a disulfide bond. By cross-referencing sites identified by SSBOND with
flexible regions identified from MD simulations, the authors selected residue positions 16
and 201 for the incorporation of a disulfide. Experimental studies followed. The residual
activities of the WT protein and designed variants were monitored as a function of
temperature and urea. Analogous to the melting temperature, T,,, denaturation transition
values were defined as the temperature at which residual activity decreased to 50% of the
initial value. The denaturation transition temperatures for the WT, oxidized mutant, and
reduced mutant were, respectively, 47.5° C, 52.7° C, and 39.0° C. The design was
successful, leading to a variant with an increased activity-temperature profile, but
introduction of the Cys residues themselves were quite destabilizing. This study
demonstrates the capacity of MD to aid in the rational selection of positions for the
introduction of disulfide bonds into proteins. This approach improves on the prediction of
amino acid pairs for the introduction of a disulfide bond by factoring in protein flexibility
and conformational heterogeneity within the native state and has been used recently by
others’2,

in harsh environments

The most common method for designing a stable protein variant using data obtained from
MD simulations is known as the rigidification of flexible sites’3. MD is a convenient way to
find such flexible sites, as mentioned above. Simulations at elevated temperatures, initially
performed by Daggett and Levitt, were first used to study the mechanisms of protein folding
by simulating unfolding pathways,’4 7 after ensuring that the force field and methods were
valid at high temperatur3®.76, This approach was subsequently validated through extensive
comparisons with experiment, including ¢-values, pioneered by Fersht and coworkers’”:78,
High temperature unfolding simulations methods have since been employed to design
thermostable proteins. The method utilizes MD simulations to directly identify regions of
the protein that are susceptible to unfolding by performing simulations at elevated
temperatures (Figure 2). Unstable regions are then redesigned through rational design or
other computational algorithms, and MD is typically used to test the designs (Figure 2,
indirect application).

These methods have been applied in several studies of xylanases, as industrial reactions
involving xylanases are often performed at elevated temperatures, which allows reactions to
proceed quickly and prevents contamination by microbes*8. One such example is xylanases,
which represent a class of enzymes that degrade the polysaccharide p-1,4-xylan into
xylose’. They have numerous industrial applications in the pulp, paper, and food
industries®0; however, they are inactivated at high temperature. Xylanases are grouped into
families based on their primary and tertiary structures8l. Family 11 xylanases have a single
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a-helix and two extended beta sheets, forming a jellyroll fold, and they have been the
subject of numerous studies of protein thermostabilization (Figure 3).

To design a thermostable variant of GH11 xylanase from Bacillus circulans, Yoo and
coworkers first redesigned a flexible surface site and then refined their design using MD
simulations.82 In the first generation design, a flexible surface cavity was identified by the
FRODAB83 webserver. Stabilization of this flexible cavity with three mutations (F48Y/T50V/
T147L) resulted in a 15-fold increase in thermostability, as measured by ty,, of thermal
inactivation in functional assays, and 1.3-fold increase in catalytic efficiency®2. In a follow-
up study, Yoo and coworkers used MD simulations to improve the design by optimizing
interactions made by the previously mutated residues®* (Figure 3B). MD simulations
performed at 300 and 330 K showed that residues N52 and N151 became flexible at high
temperature. The RosettaDesign®® server was used to predict stabilizing mutations for the
flexible residues (N52 and N151) and others that line the redesigned cavity. Five mutations
were predicted: 151V, N52Y, T143A, 1144V, and T145D to improve stability. Experimental
evaluation of single mutant designs revealed that the N52Y mutant had higher residual
activity and a longer half-life than the first generation design. The F48Y/T50V/N52Y/T147L
quadruple mutant had even higher catalytic efficiency, melting temperature, and resistance to
heat inactivation. The increase in thermostability caused by the N52Y mutation was
attributed to the formation of a hydrophobic cluster and an aromatic-aromatic interaction
between N52Y and W185. Because residues N52 and W185 are conserved in xylanases
from multiple species, the authors suggest that the N52Y mutation could be adapted to
stabilize homologous xylanases. MD simulations were critical in the identification of the
N52Y mutation. Although coarse-grain models of protein flexibility can yield valuable
insights, MD provides more detailed descriptions of protein flexibility as well as the details
of the interactions that underlie said flexibility.

Another strategy for designing thermostable proteins incorporates insights from the
properties of proteins derived from thermophilic relatives. In a survey of the PDB, Argos et
al. investigated thermophile/mesophile counterparts from 16 protein folds and concluded
that thermophilic proteins are stabilized by an increased number of hydrogen bonds, salt
bridges, and surface charges®. MD simulations may also be used to infer general principles
for protein design. One such application is to compare and contrast the dynamics and
stabilities of homologous proteins from mesophilic and thermophilic organisms. Studies
from our lab8” and others®8:89 have suggested that thermophilic proteins dynamically adapt
to function at higher temperatures due in part to the increased number of polar residues and
salt bridges relative to their mesophilic counterparts. Although broad comparisons of
thermopbhilic and mesophilic counterparts can yield general insights into protein design, the
true challenge is to decipher the optimal residues to mutate that will improve protein
stability without adversely affecting the structure, dynamics, or function of the particular
protein in question.

Once stabilizing mechanisms of thermophilic proteins have been identified, it is possible to
stabilize their mesophilic counterparts by grafting thermophilic sequences into mesophilic
scaffolds. For example, Vierira and Degreve performed MD simulations of a thermophilic
xylanase from Thermomyces lanuginosus and a mesophilic xylanase from Bacillus
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circulans®©. They used MD simulations to compare residue flexibility and salt bridge
occupancy between TLX and BCX at temperatures between 25° and 70° C. TLX has a
larger number of intramolecular interactions among residues in the “fingers’ domain as well
as more favorable interactions between side chains and solvent. Building off of the results
from Vieira et al.%991, Alponti et al. grafted charges from a thermophilic GH11 xylanase
into a mesophilic scaffold®2 (Figure 3C). In total, five mutations were made in the “fingers’
domain: S22E, S27E, N32D, N54E, N181R. These five single amino acid mutants were used
in an experimental combinatorial library, yielding the S22E/N32D mutant, which displayed
higher stability than the WT and single mutant designs. The S22E/N32D mutant had 1.9 fold
higher specific activity (WT: 25.0 U mg™1 vs. S22E/N32D: 46.9 U mg~! where U = activity
units), with a ty, of thermal inactivation 6.3 times that of WT (WT: 13.3 min vs. S22E/
N32D: 84.8 min). Comparisons of thermophilic and mesophilic homologue dynamics also
led to the design of a thermostable variant of nitrile hydratase (NHase)%2. By grafting
thermopbhilic sequences into a mesophilic homologue, the resulting designed protein had
enhanced thermal stability relative to WT.

Successful design of more stable proteins is not limited to enzymes. Repeat proteins,
proteins with modular scaffolds, consist of repeated elements of a fundamental building
block of structure. Ankyrin repeat proteins consist of repeats of a 33-residue helix-loop-
helix-loop motif94.95, The development of highly stable variants of repeat proteins was
accomplished using the consensus design approach,®® by which homologous sequences were
compared to determine the optimal residues at each position in the repeat unit®’-%. To
improve the thermostability of designed ankyrin repeats, Caflisch and co-workers combined
equilibrium unfolding experiments and high temperature MD simulations to investigate the
effects of the number of repeats on stability9%. They modeled ankyrin repeats of the form
NI4C, where Iy refers to the number of internal consensus repeats, and N and C refer to the
N- and C- terminal capping repeats, respectively. Native state simulations (300 K) of NI4C,
NI,C, and NI3C showed that a network of salt bridges formed at inter-repeat interfaces
stabilized the proteins. High temperature unfolding simulations (400 K) showed that NI1;C
and NI,C unfolded while NI3C retained a native-like conformation, in agreement with
experiments showing a correlation between thermal stability and the number of repeat units.
Additional unfolding experiments showed that N1, is more stable than NI,4C and has two-
state folding characteristics, but is less soluble and more prone to aggregate. This suggested
an opportunity to redesign the internal I:C interface to strengthen inter-repeat interactions
while simultaneously providing the aggregation-disfavoring properties of the cap. In total,
six redesigns of N1,C were made, each with between two and 11 mutations grouped into
three categories: mutations to redesign the hydrophobic interface, mutations to facilitate
hydrogen bond formation, or mutations to elongate the second helix of the C-terminal.
Subsequent high temperature MD simulations of the designs predicted that the hydrophobic
mutations did not significantly contribute to protein stabilization while the hydrophilic and
helix elongation mutations did. Thermal unfolding experiments confirmed that the
introductions of hydrogen bond-promoting mutations and helix-elongating mutations
stabilized the protein, as evidenced by an increase in the T, from 60°C for WT to 77°C for
one of the designs. MD simulations were essential in the identification of residues at the
interface where mutation would be most beneficial.
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To design proteins for increased stability in other environments, the general strategy remains
the same; however, instead of performing simulations at elevated temperatures, the
simulation conditions are set to mimic the environment where enhanced stability is desired.
For example, to design pH stable protein variants, simulations are performed at different pH
levels by modifying the protonation states of titratable residues. For example, armadillo
repeat proteins were designed using a consensus method, but NMR revealed unfavorable
interactions at neutral pH that were absent at high pH. A pH stable variant was designed by
mutating Lys residues to GIn based on MD simulations©0.

Mutations involving titratable side chains can modulate pH-dependent protein stability102.
Penicillin acylase from Escherichia coli and other members of the Ntn-hydrolase
superfamily192 cleave amide bonds'93.104, Members of this family have diverse pH stability
profiles and £. coli penicillin acylase becomes inactive at acidic or alkaline pH105. Suplatov
et al. combined sequence analysis with constant pH MD simulations to design a pH stable
variant suitable for industrial applications199. At neutral pH two residues in the B1 domain,
Glu482 and Asp484, share a proton and coordinate a hydrogen bond network that stabilizes
the active site. At alkaline pH, when both residues are negatively charged the hydrogen bond
network collapsed. The authors attributed the pH-mediated inactivation of the enzyme to the
loss of the active site conformation. They then took this a step further and aligned the
sequence of penicillin acylase from E£. colito penicillin acylase from Alcaligenes faecalis,
which does not become inactive at alkaline pH. A potential mutation, D484N, was suggested
by cross-referencing the MD-derived mechanism of instability at alkaline pH with potential
mutations identified by inferring mutability from the sequence alignment. Simulations of the
D484N of E£. coliprotein at neutral pH were comparable to those of the WT but the mutant
was stabilized at alkaline pH, as predicted. Experimental follow-up confirmed that the
inactivation rate decreased 9 fold for the mutant relative to WT.

Simulations of nonnative environments can also be combined with elevated temperature
simulations. For example, to engineer a pH stable variant of the sweet protein MNEI, Leone
and Picone performed MD simulations at native and elevated temperature and for various
protonation states of Glu 23196, When E23 was protonated, the simulations remained stable
over a range of temperatures. Protonated E23 contributed to overall stability through
formation of a hydrogen bond network that was disrupted when it was deprotonated. A pH-
stable variant was designed by mutating E23 to Q, and the melting temperature increased by
~10° C at both neutral and alkaline pH without altering stability at low pH. With careful
modeling of the desired conditions and the selection of appropriate controls, MD is able to
simulate many environments. Once potential design sites have been identified from MD
simulations, it is possible to combine the results with a long list of established protein design
strategies, including performing simulations at high temperature.

2.2 Post-translational modifications and non-standard amino acids

As mentioned above, post-translational modifications (PTMs) and non-standard amino acids
represent another route to stabilize proteins and regulate functionl07. Of the over 25 distinct
PTMs that have been experimentally identified, phosphorylation, acetylation, and N-linked
glycosylation are the most frequent, and extensive databases allow for routine access to
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statistics and properties of PTMs118:-110 |t is possible to introduce or remove PTMs into
proteins through the modulation of sequence motifs (e.g. N-X-T/S for N-linked
glycosylation).

More than half of all proteins are predicted to be glycosylated'11, Protein glycoengineering
is accomplished by the introduction or removal of glycosylation sequences at specific sites
in proteins!12.113, Glycosylation can be incorporated into protein design to confer
advantageous properties, such as increases in /n vivo half-life and stability, burial of
hydrophobic batches, decreases in aggregation, and increasing solubility119. In
pharmaceutical formulations of interferon-g, solvent-exposed hydrophobic residues drive the
formation of protein aggregates, rendering the protein non-functional. The majority of
designed proteins have focused on making mutations to favor a specific conformation or
function, i.e. positive design; however, in some cases it is necessary to make designs that
prevent access to particular interactions, conformational states or functions, i.e. negative
design114.115, To reduce the aggregation propensity of interferon-p, Samoudi et al. used
negative design to create hyper-glycosylated variants of interferon-p. MD simulations were
used to evaluate the designs by comparing the structure, dynamics, residue flexibility, and
solvent flexibility of the designed glycosylation sites to WT16, Glycosylation sites were
selected by combining web server predictions, a literature search, and structure-based design
from available crystal structures. By comparing the flexibility of designed, glycosylated
proteins with wild type (WT), two models were selected for experimental characterization,
which confirmed hyper-glycosylation and retention of function. Negative design can also be
used to avoid conformations and functions such as off-pathway folding intermediates,
conformational substates of the native ensemble, protein-protein interactions, protein-ligand
interactions, aggregation-prone states, and pathological states such as amyloid. High
temperature MD simulations have also been used to generate reference structures for
‘negative states’117.

In an example of the use of MD in this area, Fonseca-Maldonaldo and Ward investigated the
relationship between the pattern of glycosylation and xylanase thermostability by
systematically modulating the pattern of glycosylation118 (Figure 3D). GH11 xylanase from
Bacillus subtilis has 6 putative glycosylation sites (N8, N20, N25, N29, N141 and N181)
and in WT, 4 sites were glycosylated (N20, N25, N141 and N181) when expressed in Pichia
pastoris1®. Fonseca-Maldonaldo and Ward systematically mutated Asn residues to GIn in
order to generate mutants with different patterns of glycosylation. By correlating glycan-
protein, glycan-glycan, and protein-protein interactions observed in silico to experimental
measures of stability, they showed that both the pattern and extent of glycosylation
contributed to protein stability. In general, glycosylation improved stability; however, the
number and pattern of glycosylation sites finely tunes protein stability. For example, the
most stable protein in this study had three of five glycosylation sites occupied. Additionally,
removal of some glycosylation sites allowed previously unoccupied sites (8 and 29) to
become occupied. MD simulations were also used to explain why more glycosylation does
not always increase stability, as well as the molecular mechanisms behind glycosylation and
stability.
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Another technique to expand the repertoire in the computational design of proteins is to use
non-standard amino acids. Non-standard amino acids are amino acids other than the twenty
common amino acids coded for by DNA. The ability to incorporate non-standard amino
acids, such as D-amino acids, and PTMs into designed proteins greatly increases protein
design space and offers alternative strategies for designing stable proteins. One such
opportunity is to use D-amino acids to stabilize unfavorable ¢/ backbone dihedral angles.
The left-handed a-helical (o) region of ¢/ space is rarely populated in ‘normal’ globular
proteins, and is generally an unfavorable conformation for non-Gly L-amino acids!19. In
contrast to L-amino acids, D-amino acids have greater preference for a| conformations and
the right-handed a-helical (ag) region of g/ space is disfavored120. Rodriguez-Granillo et
al. hypothesized that mutation of a C-terminal helix capping Gly residue to a polar D-amino
acid could stabilize the a-helix of Trp-cage version 5b121. A D-amino acid in the a_
conformation at a C-terminal helix capping position additionally allows for helix
stabilization through the formation of a hydrogen bond between the side chain of the D-
amino acid and the backbone of the helix. They first mutated G10 to bulkier L-amino acids,
G10A and G10Q, at the C-terminal end of the a-helix and found that these mutations were
destabilizing by MD. Next, they focused on D-amino acid mutations at this position G10a,
G10n, and G10q (where lowercase is used for D-amino acids). They found that the extent of
fluctuations and hydrogen bond occupancies at the mutation site correlated with stability.
However, they also found that the D-Ala mutation did not increase stability; thus, the
magnitude of gains in stability is, not surprisingly, dependent on both the backbone chirality
and side chain properties of the amino acid. In addition to their use in helix capping, D-
amino acids have also been incorporated into the design of stable B-turns'22, a.-sheet
peptides to inhibit amyloid formation, 123124 design of novel protein folds125:126,
stabilization of large proteins'2’, and stabilizing B-hairpinsl28.

2.3 Tradeoffs between stability and function in design

Candida antartica lipase B catalyzes a variety of organic reactions!29, and it is used in
numerous industrial applications due to its enantioselectivity and wide range of substrates.
One need for a thermostable variant of C. antartica lipase B is in biodiesel production. To aid
in the design of thermostable variants of C. antartica Lipase B, Park et al. performed MD
simulations at four different temperatures: 300, 330, 360, and 400 K130 to determine
vulnerable regions of the structure. Park et al. used the rigidification of flexible sites method
to design thermostable variants. The designs were tested experimentally by determining their
specific activities and residual activities. A T158S mutant had 2x the specific activity of WT
whereas the A251E mutant had 0.5x the specific activity of WT. The WT, T158S, and
A251E designs showed 55%, 44%, and 75% residual activity after 4-5 hours, respectively.
The results of their designs showed an important tradeoff. The mutant most susceptible to
thermal denaturation (T158S) had the highest specific activity under native conditions, while
the design with the lowest specific activity (A251E) retained its activity for longer periods of
time at elevated temperatures. Similar negative correlations between protein stability and
function have been observed for mutants of dihydrofolate reductase,5! the Hesx-1 DNA
binding domain,>2:131 prolactin®3132, troponin C%4, and a M2 transmembrane proton
channel®6. However the relationship between protein thermodynamic stability, function, and
flexibility is complex: positive correlations between stability and function have been
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reported for human fibroblast growth factor 1133 and calbindin Do 134135, These conflicting
results suggest that systems respond to mutations in distinct ways. This highlights an
important design consideration: often multiple objectives must be balanced. Importantly,
designs that increase protein stability should also avoid changes that disrupt the native fold,
dynamics, or functional regions of the design.

3. Engineering functional regions into proteins

Functional sites in proteins include active sites, ligand binding sites, and protein-protein

interaction sites. Proteins depend upon coordinated dynamics of these sites to perform their
functions. It is often desirable to engineer these regions of proteins in order to optimize the
activity of natural proteins or to introduce new functionality into existing protein scaffolds.

3.1 Designing binding sites

The design of protein-protein and protein-ligand binding sites is challenging due to the large
surface areas involved, their conformational flexibility, and the interplay of solvent and
protein dynamics at the sites136:137_ There are two overarching design strategies for
engineering binding sites. The first is to engineer the binding site for enhanced
protein:ligand or protein:protein interactions by mutating residues that are directly involved
in the interaction. The second strategy is to alter the conformational diversity of the binding
site by mutating residues that drive the stabilization of alternate conformational states. By
resolving details of the interactions that favor or disfavor binding and by identifying residues
that regulate binding site geometry, MD simulations can provide a wealth of details to guide
design.

Given its dynamic nature the 13-residue peptide compstatin has been the subject of
numerous MD design efforts. This peptide inhibits the cleavage of human C3138 and has
potential therapeutic use as a treatment for unregulated complement activation139, It is active
against C3 from several primate species, but not in lower mammals!4?, such that rodents are
poor disease models as human compstatin does not interact with rat C3. To create a viable
rat model for evaluating compstatin as a therapeutic, Tamamis et al. capitalized on MD
simulations to design a ‘transgenic’ rat C3 protein that binds human compstatin and retains
its other functions!41. The crystal structure of the complex between C3c and an acetylated
double mutant of compstatin38 (Ac-Val4Trp/His9Ala, henceforth “W4A9’), which is more
active than WT compstatin, served as the starting conformation for MD simulations. The
static structure of the complex sheds little light on the improved activity of W4A9 against
compstatin or why human compstatin fails to inhibit cleavage of C3 in lower mammals. MD
simulations were performed of the complex between W4A9 and truncated human C3c, the
complex of W4A9 and truncated rat C3c, and free human C3c142, resulting in four specific
regions in human C3c with strong interactions with W4A9. In the rat C3c:W4A9 complex,
local conformational changes proximal to the compstatin binding site distorted the structure
of the binding site and eliminated or reduced intermolecular interactions between rat C3c
and W4A9. Two transgenic designs were created in which the positions mostly likely to
introduce W4A9 binding competency in rat C3 were selected on the basis of interactions
that were lost or destabilized in the rat:W4A9 simulation. In this example, it was important
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to balance two design constraints. First the binding region was humanized to promote
compstatin:C3 interactions; second, the structural scaffold was preserved to retain rat-like
characteristics. Subsequent MD simulations of the humanized designs showed increased
interactions between rat C3 and the W4A9 compound. Insights from this paper also aided in
the design of compstatin analogues by the same group43. This work demonstrates how MD
simulations can be used to engineer a binding site to interact with a nonnative ligand and
highlights the fact that the goals of a designed protein must be balanced against other
objectives, such as the retention of other interactions in the designed protein.

Cytochrome bg (cyt bs) is a heme-containing protein that participates in electron transfer
reactions and can interact with multiple proteins. MD simulations of cyt bs demonstrated
that collective motions of surface residues of cyt bs resulted in the transient exposure of a
hydrophobic cleft on the surface of the proteinl44 (Figure 4). While short by today’s
standards, this study was the longest simulation at the time and it was cited as the first time a
simulation had significantly deviated from the starting position and returned,4° and prior to
this deviations led to irrecoverable changes and there was the fear that numerical errors
would spoil long simulations. Furthermore, with respect to the substates sampled, both the
open form, discovered by MD, and the closed form, observed in crystal and NMR structures,
are consistent with solution NMR data. Based on the proximity of the cleft to residues
implicated in protein-protein recognition, it was proposed that cleft dynamics regulate
protein recognition as well as access to the heme through the cleft. In a follow up study,
Storch et al. then engineered Cytochrome bs to alter cleft dynamics46. They created two
designs to inhibit cleft formation. In the first design a single mutation, S18D, introduced a
salt bridge across the site of cleft formation. In the second design, a disulfide bond was
introduced at positions 18 and 47, across the cleft. In this way the formation of the cleft, and
subsequent access to the heme, could be controlled by reducing the disulfide bond or
breaking the salt bridge. Subsequent MD simulations confirmed that the designs prevented
the opening and closing of the cleft (Figure 4). Follow-up experimental studies employing a
variety of techniques, most notably NMR, verified the formation of the cleft as well as the
effects of the mutations designed to rationally control cleft formation.147 This study
demonstrates the power of MD simulations to reveal functionally relevant conformations
that are excursions from the static, averaged experimental structures, as well as the
molecular motions that control exchange between alternate conformations.

Later, de Groot and coworkers used a similar approach to shift the conformational
equilibrium of ubiquitin148. Ubiquitin populates both an open and closed state and
dynamically fluctuates between the two via a pincer-like motion. Ubiquitin’s many binding
partners preferentially interact with one of the two states. de Groot and coworkers
engineered ubiquitin to skew the conformational preferences such that one state was more
populated than the other to obtain selective binding38. To do this MD simulations of
unbound ubiquitin were performed to identify the most promising mutations to alter the
populations of the two states. Umbrella sampling simulations were subsequently used to
construct free energy profiles of the pincer mode, and 11 out of 15 proposed mutations
shifted the conformational equilibrium towards one state over another. They then evaluated
binding properties experimentally and confirmed their computational predictions.
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3.2 Designing enzyme active sites

Enzymes are attractive catalysts because of their efficiency, selectivity, specificity, and
biodegradability>2. However, there is a limited number of naturally occurring enzymes,
which can limit the feasibility of using natural enzymes as catalysts in technological
applications. Computational design seeks to overcome this limitation by engineering enzyme
efficiency, stabilizing naturally occurring enzymes, and designing enzymes to catalyze
arbitrary chemical reactions.

P450 TxtE from Streptomyces scabies is an enzyme from the cytochrome P450 superfamily
that regioselectively catalyzes aromatic nitration49. These enzymes rely on dynamic
rearrangements of the B/C and F/G loops, which seal the active site upon substrate binding,
to regulate the high reactivities of reaction intermediates. Arnold and coworkers obtained
crystal structures of P450 TxtE that revealed a functional role of the B/C loop; however, they
were unable to determine the interactions made by the F/G loop, as it is disordered in the
crystal structurel4®. Computational approaches were used to model the structure and
dynamics of the disordered F/G loop®0. First, the F/G loop was constructed via homology
modeling followed by short MD simulations. Snapshots were taken from the trajectories at
regular intervals and subjected to geometry optimization. Of these snapshots, the Top 100
energetically favorable structures were used as starting points for production MD.

The transition from a disordered state to an ordered closed state occurs on long time scales.
To circumvent this computational bottleneck and to avoid biasing the results via enhanced
sampling schemes, Arnold and coworkers used multiple rounds of adaptive sampling to
exhaustively simulate the open-to-closed transition (Figure 5). The combined production
runs were used to construct coarse-grained and fine-grained Markov models of the
transition. The coarse-grained model encompassed 9 unique conformational states, i.e.
macrostates. The fine-grained model contained many microstates whose conformations
differed by small amplitude changes (such as side chain rearrangements).

The Markov state models were used to organize the trajectories into discrete conformational
states and to identify the connectivity of the conformational states, resulting in a predicted
transition mechanism of the F/G loop from an open, disordered conformation to a closed,
ordered conformation (Figure 5). A single conformational state was observed in all
transitions and had characteristics of both the bound and unbound macrostates. This
conformational state was defined as the transition state of the closing and opening of the F/G
loop. In the closed state, Y175 forms an interaction with Y89; in the transition state H176
interacts with Y89 as opposed to Y175. These results suggested that mutation of H176 could
be used to stabilize the closed state of the FG loop in the presence of substrate. Two
mutations, H176Y and H176F, were tested experimentally and resulted in 15- and 8-fold
higher binding affinities, respectively, and produced 5-nitro-L-tryptophan (5NT) instead of
4-nitro-L-tryptophan (4NT). Additional mutations at these positions modulated the
production of 5NT and 4NT. The WT produces 4NT. The WT protein (H176) produced
4ANT; designs with N, G, S, or M at position 176 produced a mix of 4NT and 5NT; and
designs with F, Y, or W at position 176 produced 5NT. Simulations of the His176 mutations
with aromatic residues (F, Y, or W) also demonstrated a stabilization of the closed
conformation of the F/G loop. Crystal structures of designs with an aromatic mutation at
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position 176 had fully resolved F/G loops in the closed state. For some proteins, such as
TxtE, simulations on the microsecond — millisecond timescale may be necessary to resolve
the functional dynamics. For other proteins simulations on the nanosecond — microsecond
timescale are sufficient. It may be difficult to know a priorithe time scale necessary to
capture functional dynamics, but in general the processes of interest are quite fast with long
waiting times determining the timescale. In such situations performing many independent
short trials can increase the odds of observing conformational changes beyond the
simulation timescale while still maintaining unbiased dynamics.1%1

The Kemp elimination reaction, i.e. the deprotonation of carbon, is a well-characterized
reaction for which no known naturally occurring enzyme exists1%2. Several groups have
designed novel enzymes to catalyze the reaction13-156, Building off of the successes of
other designed Kemp eliminases, Mayo and coworkers combined the “inside out” design
method of Zanghellini et al.1>7” with MD simulations to iteratively design a Kemp
eliminase®®8. Xylanase from Thermoascus aurantiacus was used as the scaffold in the first
generation design, HG-1. Seven mutations were made to the scaffold to create the Kemp
eliminase. Designs in the active site were inspired by prior Kemp eliminase designs from
Roethlisberger et al.153 and the catalytic antibody 34E4154.159, Although HG-1 did fold to
the designed structure, it did not demonstrate any Kemp eliminase activity. To understand
why the design showed no activity, Mayo and coworkers determined the crystal structure of
HG-1 and performed MD simulations. The crystal structure showed that two of the active
site residues were rotated out of the active site, which prevented substrate binding and
exposed the active site to solvent. MD simulations performed in the presence and absence of
substrate showed that the active site was too exposed to solvent and that the active site
residues had a high degree of flexibility. Furthermore, the simulations predicted that the
active site explored conformations that were inconsistent with the initial design and
incompatible with catalytic function. In the second-generation design, HG-2, Mayo and
coworkers redesigned the active site to increase its size, hydrophobicity, and burial in the
protein. MD simulations of HG-2 suggested that it should be active, although two distinct
conformations of the active site were populated during the simulation. Subsequent
experiments confirmed that their design was active, with a catalytic efficiency comparable to
that of the best designs of Roethlisberger et al.1%3. Additional analysis of the HG-2
simulations suggested that the alternate binding mode was more populated than the designed
conformation and had a greater potential for catalytic activity. In the third generation design,
HG-3, an additional mutation (S265T) was made to decrease the flexibility of active site
residues, to reduce the conformational heterogeneity of the active site, and to promote the
alternate conformation. Simulations of HG-3 confirmed a loss of conformational
heterogeneity in the active site. Experimental evaluation of HG-3 showed higher catalytic
efficiency than any of the previous designs, demonstrating the added value of incorporating
MD with other design methods (Figure 5).

MD simulations have also been used to understand the shortcomings of designs to catalyze
the Retro-Aldol reaction. Jiang et al. created de novo designs to catalyze the multi-step
Retro-Aldol reaction80, In that study, 32 out of 72 reported designs showed Retro-Aldolase
activity; however, the best performing designs from that study had rate enhancements 2-3
orders of magnitude lower than catalytic antibodies®161, To investigate whether the
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geometric criteria for Retro-Aldolase activity were maintained, Ruscio et al.162 performed
MD simulations of RA22 from Jiang et al.160 in complex with substrate. The simulations
revealed that two substrate orientations were possible and that two geometric criteria,
corresponding to the nucleophilic attack and proton abstraction steps in the Retro-Aldol
reaction, were satisfied only ~50% and ~25% of the time during simulations, and thus only
rarely were both criteria met simultaneously. Ruscio et al. suggested that explicit exclusion
of protein and ligand flexibility during the design process concealed the inability of the
designs to maintain productive active site geometry. They attributed the low rate
enhancements of the designs to the inability of the active site to maintain the designed
geometry. Later, Baker and coworkers refined another Retro-Aldol design, RA34, using
directed evolution183. The refined RA34.6 variant had higher catalytic efficiency, but
structural studies revealed some persistent design flaws. Namely, the flaws were increased
conformational heterogeneity of catalytic lysine residue and heterogeneity of the substrate
within the binding pocket. These shortcomings are quite similar to those suggested by the
MD simulations of Ruscio et al.162

3.3 Screening and ranking computational designs

Natural enzymes are usually orders of magnitude more efficient than even the best designed
proteins. Furthermore, designed enzymes with high sequence identity can have drastically
different catalytic properties. A challenge in protein design is to successfully distinguish
active from inactive designs and to rank active designs. By providing atomic details of active
site conformations and dynamics, MD simulations have the capacity to aid in the screening
and ranking of enzyme designs64. Simulations of potential designs are screened according
to pre-determined metrics, e.g. the stability of active site conformations, and top performing
designs for refinement or experimental characterization. For example, Houk and coworkers
were not able to differentiate between active and inactive Kemp eliminase designs using
quantum mechanics (QM) cluster models and full enzyme QM/MM and PM3/PDDG/MC
calculations!®®, The major problem was that these approaches cannot model changes in
protein structure and solvent accessibility accurately. They then performed MD simulations
of Kemp eliminase (KE) with and without substrate, and tested whether the active site
geometry was preserved in 23 KE designs using cathepsin K and catalytic antibody 34E4 as
references. Designs were predicted to be inactive if active site geometries deviated from the
designed conformation. The activity of 20 out of 23 designs was predicted correctly. In
another example, Bijelic et al. used QM and MD simulations to design a protein to catalyze
the slow, multistep Morita—Baylis—Hillman (MBH) reaction6®. The MD simulations
predicted designs with stable active site conformations, which were subsequently confirmed
experimentally. Privett et al.1%8 also used MD simulations to predict whether active site
“recapitulation” designs would be active using similar criteria to those used in Kiss et al.165,
MD simulations successfully predicted the activities of five out of six designs. These studies
demonstrate the utility of MD for evaluating designs as a filter for the design process.

4. Design insights from unfolding / folding pathways

Protein folding is a complex process by which an unfolded polypeptide chain adopts a well-
defined, compact structure. Protein folding begins at the denatured state, which can contain
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varying degrees of dynamic residual secondary and/or tertiary structure. The polypeptide
chain proceeds through a series of intermediate states before arriving at a native, folded
state. The relationship between sequence and structure is complex, as highlighted by the
heteromorphic proteins Ga and Gg, which have high sequence identity (77-98%), but
distinct topologies®9:170, The solution to this conundrum came through MD-derived
predictions that interactions in the denatured state determined whether the a-helical GA fold
or B-grasp fold of GB would be adopted?®®. These MD predictions were later confirmed by
experiment70. Thus, atomic details of protein folding that are often hidden or obscured by
experimental techniques can be revealed by MD simulations. Conventional MD simulations
of ab initio protein folding with full atomic resolution remain computationally intense, even
for very small proteins. As an alternative to ab /nitio folding simulations, less
computationally intensive techniques, such as high temperature MD, have been developed to
sample protein unfolding/folding pathways’4 7 and microscopic reversibility has been
demonstrated.171.172 Predictions about the folding/unfolding mechanism of a protein,
whether they are obtained from experiment or simulation, can be tested through protein
design. Once such mechanisms have been characterized, protein design may then be used to
alter the kinetics and thermodynamics of folding pathways.

4.1 Designing fast folding protein variants

The first design based on a simulated protein unfolding / folding pathway focused on the
transition state, paving the way for the design of faster folding proteins. This study entailed
high temperature simulations to obtain the unfolding pathway of chymotrypsin inhibitor 2
(C12)173, The transition state of unfolding/folding was predicted by conformational
clustering and subsequently validated by experiment’8174-175 For a high temperature
unfolding simulation, the putative transition state (TS) ensemble of folding/unfolding can be
identified using conformational clustering!1.176_In this technique, the C,, root mean
squared deviation is calculated between all structures in the trajectory and placed into a N x
N matrix. Then the matrix is reduced to a 3 x N dimensional matrix using a dimensionality
reduction algorithm. This set of points is then viewed as a 3D trajectory with sequential
points connected in time and with the trajectory clustered by conformational similarity. The
TS is predicted to be the when the protein leaves the native cluster (Figure 6). Analysis of
the MD-derived TS using this method revealed two regions of CI2 with unfavorable
nonnative interactions.1”> We reasoned that mutations that minimize these unfavorable
interactions in the TS would accelerate folding provided they did not also stabilize the native
or denatured states. In this way, the MD simulations were extremely useful because the
interactions were evaluated in all WT states and the designed mutations were also simulated
prior to experimental validation. The first region identified for redesign was at the C-
terminus of the a-helix. In the native state, D23 forms a salt bridge with K2. In the TS, the
unpaired D23 made unfavorable interactions with the helix dipole, specifically the unpaired
backbone carbonyl group at the C-terminus of the a-helix. The D23A mutation was made to
relieve charge repulsion and made use of a helix-promoting residue. The second region was
the protease-binding loop, which became distorted in the TS, resulting in charge repulsion
between the three Arg residues that are normally involved in interactions with the main
chain in the native state (Figure 6). A multiple sequence alignment between CI2 and 18
homologous proteins showed that both R46 and R48 are highly conserved, but that Phe was
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observed at position 48 in two homologues and Trp was observed at position 48 in one
homologue. The R48F mutation was selected and predicted to increase the folding rate by
removal of unfavorable electrostatic interactions. Experimental studies supported the
predictions and both mutants folded more rapidly than WT, and R48F yielded that fast
folding CI2 variant with nearly two orders of magnitude improvement in the rate of folding
(Figure 6). MD was critical to achieve this result since knowledge of both native and
nonnative interactions of the TS and denatured state was necessary.

Later, Piana et al. used a similar approach to design a faster folding FiP35 WW domainl?7.
An ab initio folding simulation of the FiP35 WW domain“ was used to construct the
folding pathway of the FiP35 WW domain. They capitalized on knowledge of residual
structure in the unfolded state, rate limiting steps to hairpin formation, and structure of the
transition state ensemble to design a faster folding variant, which they subsequently
validated experimentally.

Myoglobin is heme binding protein and a member of the globin fold family and has 8 a-
helices arranged in two hydrophobic cores: ABGH (formed by helices A, B, G, and H) and
CDEF (formed by helices C, D, E and F). In the absence of the heme prosthetic group,
apomyoglobin (ApoMb) adopts a fold similar to the native structure of holo-myoglobinl78,
The CDEF domain contains more local contacts and it was expected to fold prior to the
ABGH domain. Despite these predictions, stopped flow refolding experiments showed that
in the absence of heme, the ABGH domain forms rapidly, followed by formation of
CDEF179-181 This unexpected behavior was attributed to the stabilization of the CDEF
hydrophobic core by heme. Grubele and coworkers increased the speed of folding of the
CDEF domain by using MD simulations to design apomyoglobin variants with well-packed
hydrophobic cores in the absence of hemel82, Two initial mutants were introduced that were
obtained from the literature that lead to greater stability, secondary structure content, and
faster folding of CDEF: H64F and P88A183.184 Three additional mutations were made that
reduced cavity volume and increased hydrophobic interactions in the heme cavity: L89W,
V68W, 1107M. In total, five variants were simulated and experimentally tested. The heme
cavity in the WT protein has a void volume of 638 A3. MD simulations showed that as the
number of hydrophobic mutations increased, so did the reduction in cavity volume, up to
21%. These mutations also increased the size of the side chain residue interaction network
connecting the C, D, and E a-helices. The ApoMb-3, 4, and 5 designs had ~20% greater
helix content than WT, as monitored by CD. All ApoMb designs had melting temperatures
approximately 20°C higher. Finally, stopped flow refolding measurements showed that two
of the mutants refolded four times faster than WT.

4.2 Stabilizing nonnative and intermediate states of proteins

MD also proved to be instrumental in characterizing the folding/unfolding pathway of the
engrailed homeodomain (EnHD). This simple 3-helix bundle protein is particularly
interesting because it is an ultrafast unfolding and folding protein, allowing the time scale of
the process by MD to be probed directly at experimentally accessible temperatures in a
collaborative study between the Daggett and Fersht groups. In temperature-jump
experiments, EnHD folds to an intermediate state in < 1.5 ps and the transition from | to N
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takes ~15 ps. The relaxation kinetics were followed to 338 K and extrapolated to 348-373
K.185 The thermal unfolding of EnHD was also investigated at a variety of temperatures and
the time taken to reach the TS in the simulations is in agreement with the unfolding times
determined experimentally (Figure 7), and the simulations were done as predictions 3 years
prior.186 The TS of EnHD contains native-like secondary structure and a partially packed
hydrophaobic core. The calculated and experimental ®-values for the TS, using the method
described above for ClI2, are in good agreement (R=0.85, Figure 7), and again the MD
preceded the experimental study.187:188 The simulated unfolding process is independent of
temperature, and essentially the same TSs are obtained at 348, 373, and 498 K.189.190
Higher temperature accelerates the process without changing the overall pathway. By MD,
from the TS, reorientation of the helices, expansion and disruption of the helix docking leads
to the intermediate. This intermediate has a high helical content and few tertiary contacts
(Figure 7).185-187 Fijve years later the structure was determined directly by NMR,1% and it is
in remarkable agreement with the MD prediction (Figure 7).

The EnHD work set the stage for further design efforts. We have also investigated other
members of the EnHD family. There is a change from 3-state to 2-state kinetics of folding
across the homeodomain superfamily of proteins as the mechanism slides from framework
to nucleation-condensation. The tendency for framework folding in this family correlates
with inherent helical propensity. The cellular myeloblastis protein (c-Myb) falls in the
mechanistic transition region. In-depth analysis of the MD trajectories showed that folding
can be attributed to both of these mechanisms in different regions of the protein.188
Experimentally, however, c-Myb folds by apparent two-state kinetics, but the MD
simulations predict that the kinetics hide a high-energy intermediate.188 The primary
distinction between c-Myb and other members of the homeodomain family is that c-Myb has
5 (rather than 4) residues in the loop connecting the second and third helices. A mutant with
a deletion of P174 was predicted to increase the helical propensity of helix 2 and to stabilize
the turn connecting H2 and H3. In simulations, deletion of P174 allowed for the formation
of native like contacts in the helix-turn-helix motif. The intermediate state was more
populated in the mutant than in the WT simulations. Urea induced unfolding of c-Myb fita
two-state folding transition. Urea induced unfolding of c-Myb AP174 deviated from a two-
state folding transition. Additional urea induced unfolding of c-Myb AP174/L.155A showed
evidence for the buildup of an intermediate during folding. We stabilized this folding
intermediate discovered by MD by deleting a residue (P174) in the loop between its second
and third helices, and the mutant intermediate is long-lived in simulations. Later equilibrium
and kinetic experiments demonstrated that folding of the AP174 mutant is indeed 3-state.192
Their results showed that MD simulations can identify intermediate states that may be
‘invisible’ to experimental techniques.

Tenascin C is found in the extracellular matrix and regulates cell-matrix interactions through
the transduction of mechanical forces to biological signals. Application of a stretching force
induces unfolding of the fibronectin type I11 domain of Tenascin-C (TNfn3), resulting in
lengthening of Tenascin-C. Atomic force microscopy (AFM) and steered MD
simulations93:194 showed that force-induced unfolding of TNn3 results in a complex
unfolding pathway with two highly populated intermediate states. One strategy for
modulating the mechanical stability of proteins is to incorporate a bi-His metal chelation site
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into the proteinl9. Based on MD-derived forced-unfolding intermediates of TNfn3, Zhuang
et al. engineered a bi-His metal chelation site into TNfn3 that allows the mechanical stability
of Tenascin-C to be modulated, and it may be used to regulate the activity of ECM proteins
in vivol9. Two intermediate states are populated along the forced-unfolding trajectory, I
and Iy, and AFM suggested that the rate-limiting unfolding transition state lies between the
intermediates. A hydrogen bond between the backbone atoms of residues 6 and 23 was
associated with the transition from I4 to 1, in the simulations and a metal chelation site was
incorporated to increase the energy barrier of the transition state for force-induced
unfolding. Both chemical unfolding experiments and AFM showed increased TNfn3
stability in the presence of Ni2*, which coordinates with the designed bi-His residues. Thus,
the mechanical stability of mutants that incorporate a designed chelation site can be tuned by
the addition or removal of Ni2*. This approach may be extended to other protein where
modulation of mechanical signal transduction is desired.

4.3 Probing misfolded states of proteins

Unfolding simulations, like those discussed above, can also be used to characterize
vulnerabilities in structures associated with disease, such as the consequences of single
nucleotide polymorphisms97 and misfolding diseases. With respect to misfolding diseases,
this is something of a misnomer. Instead of a competition between misfolding and folding
correctly to the native state, these amyloidogenic proteins fold correctly but then partially
unfold, often in response to low pH, and misfold into aggregation prone amyloidogenic
intermediate states. The process of amyloidogenesis is characterized by the conversion of
soluble, native conformations into toxic soluble oligomers and finally mature fibrils198:199,
There are now over 40 different human amyloid diseases2%C. Characterization of the
conformational conversions during amyloidogenesis has not been possible using traditional
structure determination methods due to dynamics, aggregation, and heterogeneity of the
species. To this end, MD simulations can be applied to flesh out the molecular aspects of the
process, typically triggering the process by lowering the pH.

In particular, as it was becoming clear that experimental methods were not able to provide
detailed accounts of the conformational changes involved in amyloidogenesis, MD were
employed in an effort to map the process. The first such account focused on the prion protein
and the pH-induced changes in the structure in MD are in good agreement with
experiment.201.202 Some altered B-sheet-like structure was observed in the resulting putative
amyloidogenic intermediate states and more extensive simulations with other amyloidogenic
proteins with diverse topologies showed that they, too, adopt a-sheet structure, including
transthyretin203-206 lysozyme207, B,-microglobulin298, and polyglutamine209.210,
Interestingly, a-sheet structure was modeled by Pauling and Corey in 1951,211 but they,
rightly, dismissed it in favor of p-sheet structure for native folded proteins. a-sheets are
similar to B-sheets except that instead of being formed by successive residues in the p-region
of (¢, ) space, they alternate between a| and ag conformations, which produce an
extended sheet with the main chain carbonyls aligned on one side of the strand and the
amide NH groups on the other (Figure 8).
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Based on the MD, we proposed the a-sheet hypothesis, which posits that a—sheet structure
is shared by unrelated amyloidogenic proteins and is linked to toxicity and harbored by the
toxic oligomers204212 As such, a-sheet structure represents a novel target for neutralizing
toxicity and inhibiting fibril formation by employing the molecular dynamics-generated
structures for rational structure-based design to create structurally complementary inhibitors
(Figure 8). To this end, anti-a-sheet peptides, which are themselves a-sheets, were designed
in silico, tested by MD and the highest-ranking designs were synthesized and tested
experimentally. The designs make use of alternating D- and L-amino acids to help lock in
the a.-sheet structure, making use of conformational propensity129:213-215 and rotamer
libraries?16-218 for D- and L-amino acids from our Dynameomics project,219-220 which
contains simulations of representatives of essentially all known protein folds and multiple
host-guest peptide systems. This MD-derived Dynameomics database is another way in
which MD can contribute to design efforts, as it contains 10° more structures than the
Protein Data Bank and represents a rich source of information regarding dynamic protein
structures in solution.

If the a-sheet hypothesis is correct, then an a-sheet design should prevent aggregation in
multiple amyloid systems. This is found to be the case, the designs a-sheet inhibitors
preferentially bind the toxic oligomeric species and inhibit aggregation of Ap (associated
with Alzheimer’s disease), transthyretin (systemic amyloid disease) and amylin (type 2
diabetes).123124 Fyrthermore, all a-sheet designs investigated to date inhibit
amyloidogenesis independent of sequence such that the stability of the a-sheet structure
determines inhibitory potency not the sequence per se.124 These inhibitors are unique in
their mechanism of action through selective binding to the toxic oligomers, which supports
the idea that the toxic species formed during amyloidogenesis adopt a-sheet and that
unrelated amyloidogenic proteins and peptides funnel through this structure despite having
different sequences and native structures. MD has been crucial to these design efforts, as
without the MD the a-sheet structure would not have been discovered and this new family of
cross-reacting amyloid inhibitors represent the only compounds that specifically target the
toxic oligomeric species.

MD simulations have also been used to modulate the aggregation propensity of B,-
microglobulin to form amyloid?21.222_ |n particular, Fogolari et al.222 investigated the
behavior of Bo-microglobulin monomers under amyloidogenic conditions and suggested that
W60 and other neighboring hydrophobic residues play a role in the early stages of
aggregation by providing a hydrophobic interface for intermolecular association222,
Interestingly, this region formed a-sheet structure in the earlier simulations discussed
above2%8, and Fogolari et al. also noted that D59/W60 formed the a.-sheet repeating unit in
their simulations. Mutation of W60 to Gly (W60G) resulted in a variant that is less prone to
aggregation223, More recently, Camilloni et al. performed extensive replica averaged
metadynamics simulations of WT and W60G B,-microglobulin to gain insights into the
relationship between conformational flexibility and aggregation propensity. These
simulations allowed for the design of variants with diverse aggregation kinetics221.
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5. Conclusions

Protein dynamics underlie mechanisms of protein stability, function, and folding. Because of
this relationship, consideration of protein dynamics provides unique perspectives for protein
design. Molecular dynamics simulations can provide critical insights into the relationship
between protein dynamics and function, thereby leading to novel designs unobtainable
through the use of static native structures alone. Furthermore, MD is unparalleled in its
ability to provide atomic details of distinct nonnative conformational states as well as the
transitions between these states that may be inaccessible by other techniques. Dynamics can
be incorporated into different points in the protein design cycle. For example, simulations of
wild type proteins performed prior to protein design can directly aid in the rational design of
protein variants. After proteins have been designed, simulations can be used to evaluate and
systematically rank them. A common strength of MD for protein design is to identify the
optimal residues for making mutations. MD simulations can also help filter through
candidate mutations derived from other computational design tools. Finally, there is a high
degree of synergy between MD and other techniques: it can provide atomic details of
mechanisms identified by experiment. In turn, experiment can confirm or reject predictions
made by MD. As computational protein design matures, our understanding of the complex
interplay between structure, dynamics, and function improves and as does our ability to use
this information for applications in industry and medicine.
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Design, System, Application

Knowledge of the relationship between protein sequence, structure, dynamics, and
function has resulted in the design of novel proteins and the optimization of existing
ones. Dynamics often underlie the molecular mechanisms of protein stability and
function. To this end, methods for accurately simulating the dynamics of proteins
represent opportunities to improve protein designs. On such method, molecular dynamics
(MD), uses physics-based energy functions and explicit representations of atomic
systems to model protein dynamics. Such simulations can guide protein design efforts in
several ways. First, by providing atomistic details of the molecular interactions that
contribute to protein stability or protein function, simulations can directly guide the
rational design of proteins. Second, by monitoring specific behaviors over the course of
many simulations, MD can evaluate designed proteins to identify promising candidates
for further study. In addition MD can provide information about target structures or
properties unobtainable from static native structures. Finally, MD can be used to assess
and screen computational designs. The explicit inclusion of protein dynamics in design
strategies has the capacity to improve protein design while simultaneously contributing to
our general understanding of the relationship between sequence, structure, dynamics, and
function.
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A. Modulating Protein Stability B. Engineering Functional Regions
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Figure 1. Applications of molecular dynamicsfor protein design
Molecular dynamics simulations can be used to (A) design stable protein variants, (B)

engineer functional regions, or (C) provide insights from protein unfolding / folding
pathways.
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— Direct ~N
1. Simulate the design target over a range of temperatures; then analyze the simulations
to resolve atomistic details of flexible sites.

Native

e

V
MD, 300 K

Non-Native

Increasing Temperature, Increasing Flexibility

2. Select mutations by combining insights 3. Assess design(s) computationally,
from MD simulations with available data.
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Potential Disulfide Bonds simulate, and assess
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N- Conserved Residues e MD, 360 K

Candidals Mutatins 4. Evaluate the design experimentally

N- -C
. J
r— Indirect A
1. Construct multiple designs using avilable data
Design 1 Design 2 Design 3 Design N

2. Perform simulations of designs at high temperature and rank designs according to their flexibility
and other structural or dynamic criteria

MD, 360 K MD, 360 K MD, 360 K MD, 360 K
&) Flexible Rigid ®) Flexible Rigid
Native-like Native-like (®) Non-Native-like () Non-Native-like

Interactions Interactions Interactions Interactions
Best Design

3. Evaluate the top scoring design(s) experimentally
\_ J

Figure 2. Overview of approachesto rigidify flexible regions of proteins
The rigidification of flexible sites is a common strategy for designing thermostable variants

with MD simulations. In the direct application of the method, simulations are performed at
various temperatures to identify regions of the protein that become flexible at high
temperature. Interactions that underlie the increased flexibility at high temperature are
identified by scrutinizing the trajectories. Then, proteins are designed (rationally or using
other techniques) and simulated at high temperature to confirm that the designed variants are
less flexible. In the indirect application of the method, high temperature simulations of
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multiple designs are performed and the top performing designs are selected according to
their satisfaction of pre-determined criteria such as the retention of native-like contacts or
their flexibility at high temperature.
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A. Structure of Wild Type Xylanase from Bacillus circulans

Thumb |
Fingers
C. Generate Design Rules D. Explain Mechanism
[Indirect Use] [Indirect Use]
<A B. Rigidification of Flexible Sites

[Direct Use]

N181R

Alponti et al. 2016

Fonseca-Maldonaldo et al. 2013

Yoo et al. 2010 & 2011

Figure 3. Molecular dynamicsderived insightsfor designing stable xylanase variants
(A) The structure of wild type xylanase from Bacillus circulans is shown, colored according

to the four structural regions that resemble a hand. The catalytic residues are shown as balls
and sticks. Xylanase has been the subject of numerous protein design studies. (B) [Direct
Use] Molecular dynamics simulations may be used to directly inform rational design efforts
by predicting regions of the protein that become unstructured under destabilizing conditions,
such as high temperature or low pH. The final design of Yoo and coworkers is shown in
which MD simulations were used to inform the redesign of a flexible loop®#53, (C) [Indirect
Use] MD simulations may be used to generate rules for protein design. For example, the
designed structure of Alponti et al. is shown, in which MD simulations of a thermophilic and
mesophilic xylanase were compared to understand structural determinants of xylanase
thermostabilization®. (D) [Indirect Use] MD simulations may also be used to rationalize the
mechanism of protein stabilization and in so doing, provide insights for optimizing designs.
For example, shown is the final design of Fonseca-Maldonaldo et al. in which MD
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simulations of various glycosylation states of xylanase were used to rationalize the
relationship between glycosylation and xylanase stability.
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WT, Crystal Structure
Closed

S$18D, MD S18C/R47C, MD
Closed Closed

Figure 4. Discovery of functional region in cytochrome bs by MD and subsequent computational
design to regulate function

Cyclic opening and closing of a dynamic cleft providing access to the heme for electron
transfer identified through MD simulations. Space-filling representations of cytochrome b5
showing designed salt brige to close the cleft (S18D) and introduction of disulfide bond
(S18C/R47C). The buried hydrophobic residues that intermittently became exposed upon
cleft formation are colored red. The heme group is colored blue.
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Closed lid | (B) |Closed-lid (c) Open lid
states c2

Open-lid
states

M

Closed Lid Transition State Open Lid

Figure5. I dentification of the opening/closing transition of the P450 TxtE F/G loop and
engineering of regioselective Variants

P450 TxtE from Streptomyces scabies adopts both closed (a) and open (c) conformations of
the F/G loop. Molecular dynamics simulations revealed the mechanism of conformational
exchange between these two states, schematically illustrated in (b). In the open
conformation, the binding pocket is exposed to solvent, which enables substrate (L-Trp)
binding and product (4NT) release (f). In the closed conformation, water molecules (W1-3)
and residues G58, Y175, and Y89 form a network of interactions that stabilize and orient
substrate in the binding pocket (d). In the transition state, identified by MD, H176 and Y89

Mol Syst Des Eng. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Childers and Daggett

Page 40

form transient interactions with substrate, which suggested that mutation of H176 would
shift the conformational equilibrium between open and closed states when substrate is bound
(e). Figures reproduced from Dodani et al. 201653 Our panels a and ¢ correspond to Figure
1b, panel b is Figure 2c, and panels 5d,¢e,f correspond to Figures 2a,b,d.
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Figure 6. Thermal denaturation simulationsto map unfolding pathways and characterize
transition state structuresfor therate-determining step of chymotrypsin inhibitor 2 (Cl2)

Top: Conformational clustering to identify putative TS regions and comparison of the
identified structural ensembles with experiment (right). Center: Snapshots from different

MD conformational ensembles are displayed highlighting the loss of structure and increased

conformational sampling upon unfolding. Bottom: Interactions were identified in the MD-

derived TS structures that could be improved upon with mutation while now affecting those
same interactions in the native and denatured states. Designs were made and tested in silico

and the predictions were validated by experiment. The goal of creating a faster folding
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version of CI2 was realized through the designed mutations and the targeted interactions
would not have been evident from static experimental structures or native state MD
simulations.
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Figure 7.
Experimental rates for unfolding and folding of the engrailed homeodomain (EnHD), along

with MD-predicted TS times. Comparison of calculated S-values and experimental ®-
values, which both reflect the extent of structure for each residue probed, S-values through
direct structure in the MD ensemble and ®-values through inferred structure from ratios of
free energies upon mutation. MD-predicted intermediate structure and NMR-derived
intermediate structure determined several years later.
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Figure8.

Schematic highlighting conversion of a p-strand in the amyloidogenic protein transthyretin
at low pH to an a-strand with alignment of the carbonyl oxygens in red. Small a-sheet
hairpins were designed to be complementary to the structure discovered through MD.
Binding of the de novo designed a-sheet hairpin peptides inhibits aggregation and
neutralizes toxicity associated with the soluble oligomers. Furthermore many amyloidogenic
proteins and peptides adopt the a-sheet structure in MD and the same peptide designs cross
react and inhibit aggregation in many amyloid disease systems.
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