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Implications of the Unfolded State in the Folding Energetics of
Heterogeneous-Backbone Protein Mimetics'

Jacqueline R. Santhouse,** Jeremy M. G. Leung, ®* Lillian T. Chong,** W. Seth Horne ®*

Sequence-encoded folding is the foundation of protein structure and is also possible in synthetic chains of artificial chemical
composition. In natural proteins, the characteristics of the unfolded state are as important as those of the folded state in
determining folding energetics. While much is known about folded structures adopted by artificial protein-like chains,
corresponding information about the unfolded states of these molecules is lacking. Here, we report the consequences of
altered backbone composition on the structure, stability, and dynamics of the folded and unfolded states of a compact helix-
rich protein. Characterization through a combination of biophysical experiments and atomistic simulation reveals effects of
backbone modification that depend on both the type of artificial monomers employed and where they are applied in
sequence. In general, introducing artificial connectivity in a way that reinforces characteristics of the unfolded state
ensemble of the prototype natural protein minimizes the impact of chemical changes on folded stability. These findings have
implications in the design of protein mimetics and provide an atomically detailed picture of the unfolded state of a natural

protein and artificial analogues under non-denaturing conditions.

Introduction

The functional diversity of proteins is founded on the many
architectures that can result from folding of polypeptide chains
built from different combinations of the 20 canonical a-amino
acids. The capacity for sequence-encoded folding is not unique
to biomacromolecules, and a variety of artificial amide-based
oligomers have been shown to fold into well-defined
conformations.! Historically, most studies on such entities have
involved formation of secondary structure;25> however, recent
examples show the capacity for more complex tertiary folding
patterns.® Compared to a wealth of information on folded
structures possible in protein-like backbones, much less is
known about the folding thermodynamics of chains artificial in
chemical composition.’-10 Understanding the detailed energetic
consequences of non-native backbone composition on the
folding process has the potential to inform the design of more
effective protein mimetics as well as yield insights into natural
protein behavior.

Prior work has demonstrated the value of backbone
modification for elucidating fundamental aspects of protein
folding and function. Substitution of a backbone amide with an
ester has been applied to probe the energetic contributions of
hydrogen bonding,1113 and backbone N-methylation used to
disrupt protein dimerization or aggregation.'415 Backbone
modification has also been employed to investigate influences
of altered conformational freedom on folding, examining the
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role of turn nucleation, helix nucleation, as well as loop
dynamics in different systems.16-21 Motivated by a desire to
develop artificial mimetics of protein tertiary structure, we and
others have explored folded structure and stability in
extensively modified artificial protein-like molecules that
display biological side-chain sequences.® These efforts have
shown a variety of oligomers that blend natural and artificial
amino acid monomers, so-called heterogeneous backbones,
can faithfully manifest the tertiary fold of a prototype protein
sequence; however, backbone modification can impact folded
stability in ways that are counterintuitive. As an example,
comparison of variants of the B1 domain of Streptococcal
protein G with different backbone compositions in the a-helix
showed modifications that enhance conformational freedom
had a favorable effect on folding entropy, while those that
increase rigidity were entropically unfavorable.”.8

To understand folding energetics in artificial protein-like
chains, a vital issue to address is the impact of altered backbone
composition on the unfolded state. In defining energetics
associated with the folding equilibrium of a natural protein, the
characteristics of the ensemble that defines the unfolded state
are as important as those of the folded state.22 Furthermore,
experiments conducted under strongly denaturing conditions
have revealed substantial presence of residual secondary
structure and sometimes tertiary structure in the unfolded
state.?3.24 Compared to a wealth of data on folded structures in
artificial protein-like backbones, corresponding information
about the unfolded states of these molecules is unknown. Given
that many artificial monomers used to construct protein
mimetics have fundamentally different conformational
preferences than L-a-residues, it is a reasonable hypothesis that
changes to backbone connectivity may have profound effects



on the unfolded state. Elucidating these effects is crucial to fully
understand the molecular origins of the changes to folding
energetics that result from altered backbone composition.
Molecular dynamics (MD) simulation has proved a powerful
tool uniquely equipped to provide information about structure
and dynamics of protein unfolded states in atomic detail and
high temporal resolution.25-29

Here, we report a systematic examination of the
consequences of altered backbone composition on structure,
stability, and dynamics of the folded and unfolded states of a
small helix-rich bacterial protein through a combination of
experimental biophysical analysis and atomistic MD simulation.
Two different artificial monomer types with opposite
anticipated effects on local backbone conformational freedom
are incorporated in different sequence contexts of a common
host protein to produce a series of heterogeneous-backbone
variants. Comparison of the folding behavior of these variants
to the native protein shows effects on the unfolded state and
folding energetics that depend on both the chemical
composition of the backbone as well as the context for
incorporation of artificial monomers. Our simulations, which
employ the weighted ensemble enhanced sampling
strategy,3%31 sample both unfolding events and the resulting
unfolded state of a protein under native (i.e., non-denaturing)
conditions with atomic detail—in contrast to prior conventional
simulations of unfolding events at elevated temperatures 29.32
or collapsing of fully extended chains to unfolded
conformations at room temperature.2627 Collectively, the
results reported here provide fundamental insights into the
behavior of natural proteins in the unfolded state as well as new
considerations to guide the design of protein tertiary structure
mimetics based on artificial backbones.

Results

System design and preparation of heterogeneous-backbone
variants.

In selecting a host protein to explore the impacts of altered
backbone composition on folding, we sought the following
characteristics: (1) a compact well-defined tertiary structure
with multiple a-helices, (2) a folded stability that could
withstand some degree of destabilization from backbone
alteration, (3) a chain length accessible by total chemical
synthesis, and (4) a two-state folding mechanism amenable to
analysis experimentally and by atomistic MD simulations.
Guided by the above considerations, we chose the B domain of
protein A from Staphylococcal bacteria (BdpA) as the basis for
this work. With 58-residues in its sequence, BdpA adopts an all-
a tertiary fold consisting of an antiparallel three-helix bundle
(Figure 1A).33 The relatively fast, ps-timescale folding process of
BdpA has been extensively studied both by experiment and
simulation.293442 While its three a-helices are structurally
similar, they play different roles, with helix 2 thought to act as a
nucleus for folding.341 Having multiple helices in a single
compact domain provides a means to compare effects of the
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same backbone modification type made in different local
contexts of the same protein.

A previously reported G29A point mutant of BdpA served
as the prototype sequence for backbone modification.43 The
structures of BdpA and this mutant are similar;4445 however, the
alanine substitution leads to three-fold faster folding kinetics
along with a marginal increase in thermodynamic folded
stability.37.38 We designed and prepared five proteins based on
BdpAG29A; the native backbone (WT) and four heterogeneous-
backbone variants in which artificial monomer type and
sequence placement were systematically varied (Figure 1A). We
examined two types of artificial residues in the variants: B3-
residues and the Cq-Me-a-residue aminoisobutyric acid (Aib).
Both Aib and B3-residues are compatible with a-helical folds in
a range of complex, protein-like tertiary architectures.® Relative
to a canonical L-a-residue, Aib has restricted backbone
conformational freedom due to the geminal disubstitution on
Co. The helical propensity of Aib is comparable to that of
alanine, attributed to competing factors of backbone
rigidification and the unfavorable possibility of adopting a left-
handed helical conformation due to its achiral nature.* By
contrast, B3-residues have enhanced conformational freedom
due to the addition of a third backbone rotatable bond and are
typically destabilizing to tertiary folds.1947 In contrast to Aib,
a—PB3 substitution retains the side chain of the replaced a-
residue.

We selected four sites in BdpA helix 2 and four sites in helix
3 to incorporate the above modifications. Artificial residues
were kept distal from the hydrophobic core of the domain in all
cases to minimize impact of the loss of a side chain (in the case
of substitution with Aib) or subtle change to side chain
orientation (in the case of substitution with B3-residues) relative
to the native backbone. Each heterogeneous-backbone BdpA
variant is named based on the type of artificial residue it
contains and where the protein is modified (e.g., B3-H2 contains
B3-residues in helix 2). Proteins were prepared by total chemical
synthesis using Fmoc solid-phase methods and purified by
preparative HPLC. Purity and identity of final products was
confirmed by analytical HPLC and mass spectrometry (Figure S1-
S5) before subsequent experimental analysis detailed below.
Experimental characterization of folded structure and folding
thermodynamics.

With BdpA and heterogeneous-backbone variants in hand,
we assessed the impact of backbone alteration on tertiary
folded structure using NMR spectroscopy. As global isotopic
labeling is cost prohibitive in synthetic proteins of this size, our
analysis exclusively relied on water-suppressed homonuclear
experiments. After completing a 'H resonance assignment for
each protein, a high-resolution folded structure was
determined using simulated annealing with NMR-derived
restraints (Figure 1B, Table S1-S5). The ensemble obtained for
the native-backbone protein WT is in good agreement with an
NMR structure previously reported for this sequence (Figure
S6), confirming the methods utilized here produce similar
results as those involving additional heteronuclear
measurements.#*  Structures obtained for the four
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Fig. 1 (A) Sequence, secondary structure map, and NMR structure (PDB 1BDC) of the B domain of Staphylococcal protein A (BdpA) alongside sequences of BdpA variants synthesized
and characterized in the present work. “R” groups in B3-residues match that of the a-residue specified by the corresponding single letter code. (B) NMR structures of BdpA variants.
Ensembles (10 models per protein) determined by simulated annealing with NMR-derived restraints are shown in cartoon representation for WT, B3-H2, AibH2, B3-H3, and Aib-H3.
Artificial residues are marked with spheres colored according to the scheme in panel A. A disordered N-terminal segment consisting of residues 1-4 is omitted.

heterogeneous-backbone variants indicate the backbone
alterations employed have minimal impact on the tertiary fold
of the domain. The B3 and Aib residues are both well-
accommodated in the local helical secondary structure (Figure
S7), and the hydrophobic core packing is conserved across
variants (Figure S8).

Having established folded structures of the protein series,
we assessed the influence of backbone alteration on the
thermodynamics of the folding process. A circular dichroism
(CD) spectrum of the native backbone WT featured minima at
208 nm and 220 nm consistent with its helix-rich fold (Figure
2A), and a thermal melt showed a cooperative transition with a
melting temperature (T,,) of 79.5 °C (Figure 2B, Table 1). CD
results for the heterogeneous-backbone variants revealed
subtle changes in spectral features and thermal stability as a
function of both artificial residue type and the context for its
incorporation. The shape of the CD signatures for variants
containing Aib are similar to WT, while the intensity at 220 nm
is attenuated and the band ~208 nm slightly blue shifted in the
variants containing pB3-residues; the latter finding is in
accordance with prior CD analyses of other heterogeneous a/B-
peptide backbones in a helical conformation.47.48 Variants in
which the backbone of helix 2 is modified show reduced CD
intensity relative to the corresponding variants where helix 3 is
altered. A cooperative thermal unfolding transition is retained
in all variants, with the T, values of variants containing Aib close
to WT and those with B3-residues ~30 °C lower. Following trends
seen in CD intensity, thermal stabilities of variants where the
backbone of helix 2 is modified are consistently lower than the
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corresponding protein in which helix 3 is altered by the same
residue type.

To gain insights into the thermodynamic basis for observed
thermal stability differences seen as a function of altered
backbone composition, we subjected each protein to chemical
denaturation with guanidinium chloride (Figure 2C) and
monitored the unfolding transition as a function of temperature
in parallel samples with differing concentrations of denaturant
(Figure S9).4950 A global fit of the resulting combined thermal /
chemical denaturation data sets to a two-state folding model
yielded the thermodynamic parameters for the folding
equilibrium of each BdpA variant (Table 1). The unfolding free
energy observed for WT at 25 °C (5.2 + 0.2 kcal mol1) agrees
well with that reported previously for the closely related
sequence BdpAG29AF13W by the same method (5.1 £ 0.5 kcal mol-
1)37

The tertiary fold of native-backbone WT was the most
thermodynamically stable among the proteins examined.
Comparison of folding free energy, entropy, and enthalpy for
each heterogeneous-backbone variant relative to WT illustrates
effects on folding energetics that depend on both the type of
artificial residues present as well as where they are located.
Variants containing Aib were closest to WT in overall stability,
with Aib-H3 identical within uncertainty and Aib-H2 only
modestly destabilized. Enthalpy and entropy parameters for
Aib-H3 are also close to those of WT, while the small change to
folding free energy in the case of Aib-H2 conceals large
compensating unfavorable enthalpic and favorable entropic
components. Context dependent effects of PB3-residue
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Fig. 2 Circular dichroism (CD) analysis of the unfolding transition for BdpA variants. (A)
CD scans at 20 °C. (B) Thermal melts monitored at 220 nm. (C) Chemical denaturation
profiles at 4 °C. All measurements carried out on samples consisting of 50 UM protein in
10 mM phosphate buffer, pH 7.

incorporation on folding free energy showed the opposite trend
as Aib, with incorporation of PB3-residues in helix 2 more
destabilizing than the same substitutions in helix 3. The

destabilization for B3-H2 relative to WT is primarily entropic,
while that for B3-H3 is entirely enthalpic and compensated for
by a favorable entropic effect on the folding process. In general,
Aib-containing variants were less susceptible to chaotropic
agents than the native backbone, reflected by lower linear
dependence of AG° on the concentration of guanidinium (m). By
contrast, m values for B3-residue containing variants were
somewhat elevated relative to WT, particularly for B3-H2. These
differences suggest altered solvation effects associated with the
folding process,” a hypothesis explored further in the
simulations discussed below.

Characterization of folded state and unfolded state
ensembles by simulation.

To examine the effects of altered backbone composition on
the structure and dynamics of the folded and unfolded states of
BdpA, we carried out atomistic MD simulations to generate
conformational ensembles of both states for WT and each
variant. We employed the weighted ensemble (WE) approach
to extensively sample both states under native conditions. The
starting point for each simulation was the folded structure of
the corresponding protein determined by NMR above,
parameterized using the AMBER ff15ipg-m force field recently
developed and validated for application to heterogeneous-
backbone protein mimetics.5! Simulations were run in two
stages and reweighted using a history-augmented Markov State
model (haMSM) analysis procedure 52 to estimate state
populations under equilibrium conditions. In the first stage,
simulations were run at 25 °C to sample the folded state as well
as unfolding transitions to generate representative unfolded
conformations. In the second stage, simulations were initiated
from the unfolded conformations to extensively sample the
unfolded state.

The folded and unfolded state ensembles of the native-
backbone protein WT can be defined as well-separated, highly
populated regions in a two-dimensional probability distribution
(Figure 3A) as a function of fraction of native contacts and radius
of gyration (Ry); the same is the case for the heterogeneous-
backbone variants (Figure S10, Table S6). On average, the folded
state ensembles among the series exhibit 80-95% native
contacts (i.e., contacts present in a reference model from the
NMR structure) with 52-67% native contacts between the
helices, while the corresponding unfolded state ensembles
exhibit 67-80% native contacts with only 2-13% native contacts
between the helices (Figure 3B, Table S7). While only 52-67% of

Table 1. Thermodynamic parameters for the unfolding transition of BdpA variants.?

- AG® aH as® Mgna AG,
(kcal mol?)? (kcal mol?)? (cal moltK?1)d (kcal mol*M?)  (kcal moltK?)
WT 78.5+0.3 3.95+0.02 5.2+0.3 21.3+0.3 54.1+0.7 1.49 £ 0.02 0.57 £0.01
B3-H2 46.7£0.1 1.62+0.01 1.9+0.4 20.6+0.3 63+1 1.67 £0.02 0.62 £0.02
Aib-H2 75.4+£0.1 3.56 £ 0.01 3.4+0.2 14.1+0.1 359+04 1.08 £ 0.01 0.51+0.01
B3-H3 49.5+0.1 1.08 £ 0.01 1.1+0.4 12.5+0.3 38.2+0.8 1.52+0.03 0.43£0.02
Aib-H3 81.6+0.1 4.72 £0.01 5.1+0.3 20.8+0.2 52.6+£0.5 1.22+0.01 0.51+0.01

aValues obtained from fits of the unfolding transition monitored by CD as a function of temperature and concentration of guanidinium chloride
denaturant in 10 mM phosphate at pH 7. Reported uncertainties are the standard error for the indicated parameter from the fit. » Midpoint
of the thermal unfolding transition at 0 M denaturant. ¢ Midpoint of the chemical denaturation transition at 4 °C. 9 At 25 °C.
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Fig. 3 Probability distributions of various features that describe the unfolded state and folded state ensembles of BdpA variants obtained from simulation. (A) State definitions of
folded and unfolded states of native-backbone protein WT based on two-dimensional probability distributions as a function of fraction of native contacts and radius of gyration (Rg).
States are defined as regions with values of -In(P) < 4, where P is the statistical weight (probability). (B-D) One-dimensional probability distributions for the folded state (top) and
unfolded state (bottom) of each BdpA variant as a function of (B) fraction of native contacts, (C) Ry, and (D) all-atom solvent accessible surface area (SASA).

the interhelical native contacts are maintained in the folded
states, the majority of native contacts in the hydrophobic cores
(79-80%) are present in these states. Similar results were
obtained for the WT folded state using conventional simulations
with two other force fields and water models (Table S8). The
unfolded state ensembles exhibit larger most probable Rq
values and a wider distribution relative to the corresponding
folded state ensembles; however, the characteristics of the
distributions vary considerably as a function of backbone
composition (Figure 3C).

The enhanced backbone conformational flexibility resulting
from B3-residue substitution results in more expanded unfolded
state ensembles relative to WT, indicated by a ~¥15% increase in
the most probable R, value (12.7 A for WT vs. 14.5 and 14.8 A
for B3-H2 and B3-H3, respectively). The impact of backbone
rigidification from Aib substitution on the compactness of the
unfolded state varies with the context for incorporation of the
artificial residue. The Ry distribution for the unfolded state
ensemble of Aib-H3 resembles that of WT, while that for Aib-
H2 exhibits an additional peak (~11.5 A). Hierarchical clustering
of the corresponding unfolded state ensemble using the Ry as a
structure similarity metric reveals that this additional peak
corresponds to a more compact misfolded sub-population
(Figure S11). In contrast to differences seen in the unfolded
states of the proteins, Ry probability distributions for the folded
state ensembles are similar among WT and the heterogeneous-
backbone variants (most probable values within 1 A).

As experimental observations on the folding energetics of
the BdpA variants suggested possible roles for altered solvent
effects as a function of backbone composition, we mined the

This journal is © The Royal Society of Chemistry 20xx

simulation results for insights related to this issue. We
calculated probability distributions for the solvent accessible
surface area (SASA) of the folded state ensemble and the
unfolded state ensemble of each BdpA variant. In addition to
all-atom SASA (Figure 3D), SASA values were calculated using
three atom subsets (Figure S12): hydrocarbons, backbone
amides, and all amides. The SASA probability distributions
reveal that the Aib variants have a lower total solvent accessible
surface area than their B3 counterparts in both folded state and
unfolded state ensembles. While the Aib variants also exhibit
smaller all-atom SASA values than WT, the corresponding
hydrocarbon SASA values and backbone amide SASA remain
similar to WT. This suggests that apparent differences in
solvation of the Aib variants compared to the native backbone
primarily result from side chain functional groups removed by
backbone alteration.

To gain atomic-level insights into the effects of altered
backbone composition in BdpA on the conformational diversity
of the unfolded state ensembles, we applied hierarchical
clustering to the entire set of unfolded conformations obtained
from simulation of WT and each variant using the pairwise
“best-fit” C, RMSD of the three helices. The conformational
diversity of the unfolded state ensemble, as quantified by the
number of clusters needed to describe it, follows the trend Aib
variants < WT < 3 variants (Figure S13). This result shows that
the altered backbone conformational freedom expected for
each monomer type from first principles has a corresponding
measurable impact on the structural diversity of the unfolded
state—rigidification leads to a less disordered unfolded state

J. Name., 2013, 00, 1-3 | 5
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contains heavy atoms within 5 A.

ensemble and flexibility enhancement leads to a more
disordered unfolded state ensemble.

To illustrate the diversity of the unfolded state ensemble
for each BdpA variant, we selected one representative
conformation from each of the clusters that collectively account
for 85% of the unfolded state ensemble of that variant (Figure
4A). Inspection of these conformations shows substantial
residual helical content in the unfolded state of each protein—
consistent with previous NMR studies, which revealed the
preorganization of helices in the unfolded state as a
determinant for the fast-folding kinetics of BdpA.>3 A detailed
helix population analysis of the entire ensemble bears this out;

6 | J. Name., 2012, 00, 1-3

however, no clear correlation is seen between the extent or
location of this residual structure with the position or type of
residue substitution (Table S7). Although the unfolded state
ensembles exhibit a large extent of native secondary structure
(i.e., relatively preformed helices), the extent of native tertiary
structure is relatively low, ranging from 0-20 % interhelical
native contacts (Table S7).

In an effort to obtain more quantitative insights into the
structural similarities and differences among the unfolded
states, we calculated a probability map for pairwise tertiary
contacts (|/ —j| = 6) in each protein, categorizing each contact
as “native” or “non-native” based on whether it was also

This journal is © The Royal Society of Chemistry 20xx
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present in the corresponding NMR reference structure of the
folded state (Figure 4B). All five proteins retain significant native
tertiary contacts in the unfolded state ensemble involving
residues in the vicinity of helix 3, with high probabilities
surrounding hydrophobic core contacts between Leu2? and
Leu>! seen in the folded state. Further, regardless of backbone
composition, a substantial loss in tertiary native contacts is seen
between helix 1 and helix 2, and between helix 2 and helix 3
(Figure S14-S15). Some characteristics of the tertiary contacts
present in the unfolded state vary in a systematic way with
backbone composition. For example, in both WT and the Aib
containing variants, we observe extensive medium-range non-
native contacts (6 = |/ — j| = 8) that are less probable in the
unfolded state ensembles of the B3 variants, possibly due to the
increased flexibility of the backbone. These contacts, along with
non-native contacts in the vicinity of helix 3, are the most
probable in the unfolded state ensembles.

Discussion

Despite the structural similarity of the heterogeneous-
backbone BdpA variants in their folded states, our experiments
reveal that the corresponding folding energetics varies
considerably as a function of the type of artificial residue
incorporated (Aib vs. B3) and position of the substitution (helix
2 vs. helix 3 of the domain). Aib substitution is better
accommodated in helix 3 than helix 2, while the opposite is seen
for B3-residue incorporation. Interpreting the molecular basis
for effects of backbone alteration on folding energetics from
folded structure alone is difficult; however, the picture becomes
clearer when characteristics of the unfolded states, as probed
by atomistic MD simulation, are considered. In some respects,
Aib and B3-residues have effects on the unfolded state that
follow from their fundamental chemical characteristics.
Incorporation of Aib, which is more conformationally restricted
than an L-a-residue, leads to an unfolded state ensemble that is
more compact and less heterogeneous than the native
backbone. In contrast, increasing backbone conformational
freedom through incorporation of B3-residues leads to an
unfolded state ensemble that is both more expansive and more
heterogeneous.

A comparative analysis of unfolded states also reveals
insights into the context dependence of thermodynamic
impacts of backbone alteration (Figure 5). Our simulation
results suggest that the majority of residual helical structure
present in the unfolded state of native BdpA is found in helix 3.
Backbone rigidification in this region (i.e., Aib-H3) leads to an
unfolded state ensemble with increased helix 3 content as well
as a pattern of long-range contacts that most closely resembles
that of the natural backbone among the analogues examined.
Similarities between the unfolded states of Aib-H3 and WT
correlate with similarities in folding energetics observed by
experiment, where Aib-H3 was found to be closest to the
prototype natural protein in folding free energy. Helix 2 is less
populated than helix 3 in the unfolded state of native BdpA.
Bolstering rigidity in helix 2 through Aib incorporation (i.e., Aib-
H2) leads to an unfolded state that less resembles that of the
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Fig. 5 Summary of the effects of backbone alteration on the unfolded state ensemble
and folded stability observed in the BdpA system.

natural backbone, with greater secondary structure content in
helix 2 and a lower probability of tertiary contacts between helix
2 and 3 in the unfolded state. Correspondingly, Aib
incorporation in helix 2 is destabilizing to the fold and leads to
a significant change in the balance of enthalpic / entropic
contributions. Enhancing backbone conformational freedom in
helix 3 of BpdA (i.e., B3-H3) leads to an unfolded state with
decreased helicity in this region and altered long-range contacts
relative to the natural backbone. These changes in unfolded
state characteristics are accompanied by a significant
destabilization of the fold. The same flexibility enhancing
modifications made in helix 2 (B3-H2) exert a smaller
thermodynamic penalty and lead to an unfolded state with a
network of long-range contacts more like that seen for the
natural backbone.

Conclusions

Collectively, the findings reported here suggest a
previously unappreciated consideration important to the design
of heterogeneous-backbone protein mimetics of high folded
stability—backbone modification should be guided by the
unfolded state of a prototype protein as well as its folded
tertiary structure. Incorporation of artificial monomers in way
that is compatible with structural features of the folded state of
the prototype and reinforces underlying characteristics of the
unfolded state ensemble minimizes the impact of altered
backbone composition on folding energetics. Beyond
implications related to protein mimetic design, our results
provide new insights into natural protein behavior in the form
of an atomically detailed picture of the unfolded state of the
well-studied protein BdpA under non-denaturing conditions. In
contrast to collapsing an extended chain, this unfolded state
was obtained directly from unfolding the protein. Thus, it has
value in being guaranteed to be on-path for the
folding/unfolding process. Not normally possible using
conventional simulations without biasing potentials or other
changes to conditions (e.g., elevated temperature), we obtain
room temperature unfolding events by employing the WE
enhanced sampling strategy. While the power of the WE
strategy for generating rare events and kinetic observables is
now well established for diverse processes (e.g., protein
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folding,>4 protein-protein binding,>> and the large-scale opening
of the coronavirus spike protein>¢), the present results highlight
its effectiveness to also provide enhanced conformational
sampling of stable states of interest and their corresponding
equilibrium observables. The unfolded state ensembles
obtained here for BdpA and variants have potential future utility
in studying the impacts of backbone alteration on folding
kinetics and mechanism. Efforts to this end are ongoing in our
laboratories.
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