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Sequence-encoded protein folding is a ubiquitous biological process that has been successfully engineered
in a range of oligomeric molecules with artificial backbone chemical connectivity. A remarkable aspect of
protein folding is the contrast between the rapid rates at which most sequences in nature fold and the vast
number of conformational states possible in an unfolded chain with hundreds of rotatable bonds. Research
efforts spanning several decades have sought to elucidate the fundamental chemical principles that dictate
the speed and mechanism of natural protein folding. In contrast, little is known about how protein mimetic
entities transition between an unfolded and folded state. Here, we report effects of altered backbone
connectivity on the folding kinetics and mechanism of the B domain of Staphylococcal protein A (BdpA),
an ultrafast-folding sequence. A combination of experimental biophysical analysis and atomistic

molecular dynamics simulations performed on the prototype protein and several heterogeneous-
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Introduction

The idea expressed by Feynman that “what I cannot create, I do
not understand”' has inspired numerous efforts in nano-
science, including the creation of artificial systems that repro-
duce biological processes vital to life. One such process is
protein folding. Sequence-encoded folding is not the exclusive
purview of natural polypeptide chain connectivities,> and
diverse synthetic oligomeric molecules of artificial backbone
composition are able to adopt discrete folded conformations.**®
One approach to defined folding behavior is to engineer back-
bone composition in a natural peptide or protein sequence
through replacement of a subset of a-amino acid residues with
artificial monomers to produce a heterogeneous-backbone
analogue.”® This approach can yield secondary structure
mimetics and their assemblies as well as artificial analogues of
complex tertiary folding patterns.’

As the sophistication of folded structure in protein mimetics
has increased, questions arise as to how the folding process of
these entities compares to that of natural biomacromolecules.
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into how protein mimetic chains adopt an ordered folded state.

The mechanism by which an unfolded protein finds its way to
a precise three-dimensional folded structure has long been
a subject of intense study.'* Among many remarkable aspects of
protein folding is the apparent disconnect between the vast
number of conformational states theoretically possible in
a given chain and the fact that most proteins in nature fold in
seconds or much faster — the so-called Levinthal paradox.™
Despite revolutionary breakthroughs in the de novo prediction
of protein folded structure from sequence,'*** important gaps
in knowledge remain surrounding the fundamental chemical
principles that dictate the speed and mechanism of natural
protein folding.*>*

While the structural and functional versatility of
heterogeneous-backbone protein mimetics is well established,
the fundamental folding behavior of these molecules is less
explored. Most work to this end has focused on determining
how changes to backbone composition influence folding
thermodynamics.””* In contrast, efforts to probe folding
kinetics in these systems are rare. In one pioneering example,
a series of artificial B-turn mimetics were introduced in
a hairpin loop found in the WW domain of the human protein
Pin1.>**” Altering local conformational behavior and thus B-turn
nucleation had significant effects on folding rates; however,
rigidification alone was not sufficient to achieve faster folding
than the native.”” Another study measuring kinetic effects of
backbone modification in B-turns focused on the consequences
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of enhanced conformational freedom through introduction of
a B-dipeptide moiety as a reverse turn surrogate in ribonuclease
A, where increased chain flexibility led to a faster unfolding
rate.”® The kinetic effects of backbone alteration have also been
examined in B-sheet secondary structure in the form of amide-
to-ester substitution, which perturbs a backbone hydrogen
bond.* An important finding in that work was a pronounced
context dependence—a single substitution could dramatically
slow folding or have no measurable effect, depending on the
exact position in sequence.

As part of an ongoing program seeking insights into funda-
mental folding behavior of protein tertiary structure
mimetics,”*>** we recently explored the effects of altered
backbone composition on the folded structure and thermody-
namic stability of the B domain of protein A from Staphylococcal
bacteria (BdpA), which adopts a compact tertiary fold consisting
of three antiparallel a-helices.* A combination of experimental
biophysical analysis and atomistic simulation yielded insights
into the folded states, unfolded states, and equilibrium folding
thermodynamics of BpdA and heterogeneous-backbone vari-
ants in which artificial monomers of different types were
introduced in different regions of the domain.** Folded struc-
tures of the variants were virtually identical to the prototype
natural protein; however, pronounced context-dependent
effects of altered backbone composition on folding energetics
and the conformational properties of the unfolded state
ensemble were observed.** Based on the above findings, we
hypothesized altered backbone composition would impact the
folding kinetics and mechanism of BdpA. Motivated by the
demonstrated power of applying experiment and simulation in
concert for the study of natural protein folding,** we
employed both methods in concert to gain an atomically
detailed picture of how the folding process of BdpA is influ-
enced by backbone alteration.

Results
Experimental analysis of folding kinetics

BdpA is an extremely fast folding protein sequence,®* and
a G29A mutant has an even faster reported folding time (7¢ = 3
us at 37 °C)* that is near the theoretical “speed limit” for
a protein of its size.***” BdpA®*** (WT, Fig. 1A) served as the
prototype sequence in our prior work to understand structural
and thermodynamic impacts of backbone alteration on the
stable states (folded and unfolded) that define the folding
equilibrium.** Among variants we prepared and characterized
in that study were two sequences in which identical side-chain
retaining «—p* residue substitutions were made in two
different contexts of the native sequence. Replacing four o-
residues at solvent exposed sites in helix 2 with the corre-
sponding B*-residue analogue led to variant B*-H2, while four
o.— B* substitutions at solvent-exposed sites in helix 3 led to
variant B3-H3 (Fig. 1A). The rationale for selecting solvent-
exposed sites for incorporation of artificial residues was to
minimize the impact of altered backbone composition on the
long-range contacts that stabilize the tertiary fold. Experimental
analysis of folded structures by NMR showed that B3-H2 and B>-
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H3 adopt tertiary folds virtually identical to the prototype
natural backbone (Fig. 1B).** Compared to a canonical all-o-
peptide backbone, each B’-residue substitution adds a freely
rotatable Csp®>-Csp® bond to the chain. Curious to see the
effects of such altered conformational flexibility on the folding
kinetics of BdpA, we undertook experiments to that end.

The folding kinetics of BdpA and mutants have been
assessed in prior work by a variety of experimental methods,
including dynamic NMR,3*% temperature jump
fluorescence,*®**° and single molecule FRET.** Among these, we
were drawn to NMR due to the lack of need for an extrinsic label
as well as local availability of suitable instrumentation. Pio-
neering efforts by Oas and co-workers have shown that an H,
resonance in the side chain of residue His'® of BdpA is a highly
sensitive probe for the folding transition.***® When measure-
ments are performed in D,O, this signal is a readily resolved
singlet in a region of the "HNMR spectrum otherwise devoid of
signals. Further, it undergoes a large shift in frequency between
the folded and unfolded states. Analysis of "HNMR line shape
for this signal over a range of concentrations of chemical
denaturant yields folding (k) and unfolding (k,) rate constants
over the transition region that can be used to extrapolate cor-
responding folding and unfolding rate constants under benign
conditions.*** Here, we applied the same NMR-based approach
to BdpA B3-substitution variants p>-H2 and B*-H3. Experiments
were carried out in 20 mM sodium acetate-d;, 100 mM NacCl in
D,0 at pH 5 (uncorrected for presence of deuterium). A mixture
of urea and thiourea was employed as the denaturant, matching
conditions used previously for WT, to avoid complications
arising from the use of the ionic denaturant guanidinium
chloride in the experiment.*® As the heterogeneous-backbone
variants have lower thermal stability than WT,** we performed
NMR experiments at 10 °C rather than the 37 °C used previously
for the native protein.

Based on NMR analysis of the His'® H, signal for B*-H2 and
B*-H3 (Fig. S17), the apparent k; and k, values obtained showed
the expected linear correlations in semi-log plots versus
concentration of denaturant across the transition region
(Fig. 2). Fits of these data sets provided kinetic parameters for
the folding processes (Table 1 and Fig. 3). One finding apparent
in comparing results for the two variants is that, despite their
close structural similarity, the proteins have dramatically
different folding rates. Variant B3-H3 (1 = 23 ps) folds on
a timescale similar to WT reported at the same temperature (z¢
= 12 ps, as determined by temperature-jump fluorescence for
a F13W mutant), while the folding process of B*-H2 is slowed
dramatically (tf = 2.5 ms). Recall, B*>-H2 and B*-H3 are regioi-
someric molecules differing only in the placement of four
methylene (-CH,-) units along the backbone of a 58-residue
chain and are virtually indistinguishable in their folded states.
Considering this close structural similarity, the >100-fold
difference in folding rate is remarkable and suggests context
dependent effects of enhanced chain flexibility on the folding
process.

Based on the reduced folding rate resulting from flexibility
enhancing backbone alterations in B*-H2, we designed and
synthesized an additional BdpA variant intended to rigidify the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Sequences of BdpA and variants. “R” groups in B>-residues match that of the a-residue specified by the corresponding single letter
code. (B) Overlay of a representative model from the NMR structure ensembles of each indicated protein. Structures for WT (PDB 7TIO), B3-H2
(PDB 7TIP), and B3-H3 (PDB 7TIR) were previously reported,3 while that of B*/B<Y-H2 was determined in the present study. (C) Zoomed view
around sequence position 32 in WT, B3-H2, and B3/B<Y°-H2 showing the structural similarity among the native a.-residue, * analogue, and cyclic
B-residue ACPC in the corresponding proteins.

helix that had been altered. Thus, we replaced two of the B>~ backbone composition in B3/B*-H2 did not have a significant
residues in B*-H2 with the conformationally constrained cyclic effect on the folded state of the protein, we acquired "H/'H
B-residue ACPC*? to generate BdpA variant B*/B¥°-H2. The trans- COSY, TOCSY, and NOESY spectra, completed a full 'H reso-
substituted five-membered ring in the ACPC monomer sets the nance assignment, and determined the folded structure by
central torsional angle at a value that promotes helical simulated annealing with NMR derived restraints (Table S1 and
secondary structure in heterogeneous o/B-peptide back- Fig. S31). These results support the innocuous nature of the two
bones.?>?*3 B3/BY-H2 was synthesized and purified following B*— ACPC substitutions with respect to the tertiary fold of the
methods applied previously to WT and the other variants domain (Fig. 1B and C).

(Fig. S21).** While two side-chains are lost as a result of *>— Subjecting B*/BY-H2 to the same dynamic NMR experi-
ACPC substitution in B?/BY°-H2 relative to B>-H2, these resi- ments described above (Fig. 2 and S41) and comparison of the
dues are solvent exposed and not engaged in long-range polar resulting kinetic parameters to those for B>-H2 (Table 1)
contacts in the structure of WT. To confirm the altered revealed the enhanced backbone rigidity resulting from two
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Fig. 2 Folding (filled circles) and unfolding (open circles) rate constants determined for BdpA variants B*-H2, B*-H3, and B*/BY°-H2 as
a function of denaturant concentration by *HNMR line shape analysis of the signal for the H, resonance in residue His® (Fig. S1, $2 and S4+). Lines
depict linear regression fits of the natural logarithm of the rate constant versus denaturant concentration used to determine kinetic parameters
reported in Table 1. Experiments were carried out in 20 mM sodium acetate-ds, 100 mM NaCl, pH 5 (uncorrected for presence of deuterium) at
10 °C.
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Table 1 Kinetic parameters for folding of native-backbone BdpA and heterogeneous-backbone variants®

wrt? B3-H3¢ B3-H2¢ B3/BYe-H2°
ke x 107° (s 83 +12 43.7 + 4.3 0.39 £ 0.13 1.1+0.1
ka(s™) 2.5 + 0.4 240 + 30 8+3 1143
¢ (1s) 12 +1 23 +2 2500 4 800 900 + 100
mg (keal mol ' M%) 0.93 & 0.19 0.85 £ 0.02 0.67 & 0.06 0.59 + 0.04
my (keal mol™* M™1) 0.55 & 0.19 0.33 £ 0.02 0.27 £ 0.08 0.93 £ 0.11

“ Conditions: 20 mM sodium acetate, 100 mM NaCl, pH 5 at 10 °C. ” Values were reported previously®® and determined by temperature-jump
fluorescence on a sequence with a F13W substitution relative to WT shown in Fig. 1. © Values determined in the present study by NMR with d3-

acetate and in D,O.
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Fig. 3 Comparison of relative folding rate constants for BdpA and
variants determined by experiment and simulation. All values
normalized to WT. Experimental values and uncertainties depict best
fit parameters and parameter errors obtained from NMR analysis (Table
1). Simulation values depict averages from three independent haMSM
estimates and uncertainties represent 95% confidence intervals (see
Methods).

B® — ACPC substitutions led to a ~2.5-fold faster folding rate
(decrease in ¢ from 2.5 ms to 900 ps). We attempted to rigidify
the backbone further through replacement of all four B*-resi-
dues in B?-H2 with ACPC; however, the resulting protein
showed evidence for aggregation in solution and was not
amenable to biophysical analysis (data not shown).

The above comparison of folding behavior among WT and
heterogeneous-backbone variants B*-H2, B*-H3, and B*/BY*-H2
focused on folding rates; however, unfolding rate constants also
differ considerably across the series. B3-H3, which folds on
a timescale within 2-fold of WT, has an unfolding rate that is
~100-fold faster. The origins of this effect are not clear. In
contrast, data for B*>-H2 and B*/BY*-H2 show that impacts of
altered backbone composition in helix 2 on the unfolding rate
are modest.

Characterization of folding mechanism by simulation

To determine the impact of altered backbone composition and
corresponding changes to chain flexibility on the BdpA folding
mechanism at the molecular level, we applied all-atom molec-
ular dynamics (MD) simulation using the weighted ensemble
(WE) path sampling strategy,** as implemented in the
WESTPA 2.0 software package,*® to simulate complete folding
pathways and corresponding rate constants for wild-type BdpA
and the three heterogeneous-backbone variants. The WE
strategy enhances the sampling of rare events by running

678 | Chem. Sci., 2024, 15, 675-682

multiple weighted trajectories in parallel and iteratively
applying a resampling procedure in which promising trajecto-
ries are split and less-promising trajectories are merged while
maintaining rigorous kinetics.**** This strategy has been
demonstrated to be orders of magnitude more efficient than
conventional MD simulations in generating pathways and rates
for rare events such as protein folding*” and protein binding.***°
The WE simulations employed the AMBER ff15ipg-m force field
we recently developed and validated for simulation of protein-
mimetic chains of the type under study here.* The overall
trend in the relative k¢ values for BdpA and variants observed in
NMR experiments is reproduced by the simulations (Fig. 3 and
Table S21). WT folds the fastest, variant B3-H3 folds on a similar
time scale to WT, and variants B>-H2 and B*/B¥°-H2 fold
dramatically slower.

One difference between the two methods was that relative k¢
values obtained for the slowest folding variant pair from
simulation were within error of each other, while NMR analysis
suggests B*/BY-H2 folds slightly faster. However, the uncer-
tainty in the k¢ values from simulations for this variant pair is
much larger compared to WT and B*-H3 as a result of the
greater challenge in reaching converged non-equilibrium
properties (i.e., rate constants) for the slower folding
processes. The absolute k; values determined for all four
proteins from simulations were similar to experimental obser-
vations despite differences in conditions for the two
approaches. In particular, the simulations were performed at
25 °C, while experimental measurements made at 10 °C. In
addition, simulations were initiated from an unfolded state that
was sampled under non-denaturing conditions,* while experi-
mental kinetic parameters were obtained from extrapolation to
non-denaturing conditions from measurements in the presence
of urea.

A significant motivation in applying simulation in the
present study was to gain atomically detailed information on
how the folding process of BdpA was impacted by introduction
of artificial backbone composition. To this end, we generated
pairwise residue contact maps for the transition state ensemble
of each protein and compared these maps to those of the cor-
responding unfolded and folded state ensembles (Fig. 4). For
WT and all three variants, the helices are largely preformed in
the transition-state ensemble, consistent with a diffusion—
collision folding mechanism (Fig. 4A).**** For WT, helix 1 is the
most conformationally flexible helix in the unfolded state,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Folding simulations of BdpA and all three variants support a diffusion—collision mechanism. (A) Illustration of the diffusion—collision
mechanism. (B) Probability maps of residue-level contacts for the unfolded state, transition state, and folded state ensembles for each BdpA
variant. The region above and left of the diagonal shows probabilities in shades of red for contacts present in the reference folded structure (i.e.,
“native”) while the region below and right of the diagonal shows probabilities in shades of blue for contacts absent in the reference structure (i.e.,
"non-native”). Residues are considered in contact when the residue pair contains heavy atoms within 5 A. See also Fig. S6-S9.F

forming the fewest number of intra-helical contacts. This
behavior holds for the unfolded states of B*-H2 and B*/B<-H2.
For B3-H3, a greater degree of preorganization of helix 1 is seen
in both the unfolded state and transition state, as evident by
a large number of native contacts within that helix (Fig. 4B).
This may contribute to the faster folding compared to the
regioisomeric B3-H2 variant.

Overall, the transition-state contact maps of the helix 2
modified variants B3-H2 and B3/BY¢-H2 are similar to that of the
WT, differing mainly by exact probabilities of specific pairwise
interactions as well as the number of non-native contacts. The
transition state ensemble for B*/B<-H2 shows multiple non-
native contacts involving helix 2, which may be due to the loss
of hydrophilic side chains upon substitution of Glu*>* and GIn>?
with the more hydrophobic ACPC. The transition state
ensemble of B3-H3 bears the least resemblance to that of WT
among the variant series, with the absence of multiple native
interhelical interactions involving the loop regions at both ends
of helix 3 as well as the formation of non-native intrahelical
contacts within both helix 2 and helix 3 (Fig. S51). In contrast,
non-native contacts for the WT transition state ensemble are

© 2024 The Author(s). Published by the Royal Society of Chemistry

less probable and localized to flexible loops and terminal
regions of the protein.

To identify kinetically important residues in the folding
process for each BdpA variant, we searched for high probability
contacts between helices that were formed in the transition
state but not in the unfolded state of a given protein (Fig. 5).
Results for WT reveal 19 residues are involved in such contacts.
Of these 19 residues, 13 consisted of the BdpA hydrophobic core
as defined from previous mutagenesis studies (Ala'?, Phe®?,
Ile', Leu'’, Leu®, Leu®?, Phe®’, 1le®!, Leu®*, Leu™, Leu®’, Ala*®,
and Leu’'), while 6 others were interspersed elsewhere
throughout the protein (Glu", Pro*°, Arg”’, Ser*!, Glu"’, GIn*?).
The set of kinetically important residues observed for each
heterogeneous-backbone BdpA variant is largely similar to the
natural protein, though with some notable differences
(Fig. S101). B*-H2 is most like WT, sharing 17/19 kinetically
important residues; the only native hydrophobic-core contact
that is missing in a substantial portion (~60%) of the
transition-state ensemble of this variant is between GIn®>> and
Leu®2. Furthermore, four additional kinetically important resi-
dues are seen for this variant in the vicinity of helix 2, the region

Chem. Sci., 2024, 15, 675-682 | 679
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Fig. 5 Identification of kinetically important residues in the folding mechanism of BdpA and variants. (A) Map of native contacts, as defined using

an equilibrated folded structure of WT as reference. (B) Difference probability maps (4 probability) of native (above diagonal line) and non-native
(below diagonal line) interactions formed in the transition state ensemble (committor values between 0.45-0.55) relative to those formed in the
unfolded state ensemble. Only gained contacts with =0.8 probability or lost contacts with =0.2 probability in the transition state ensemble are
shown. Contacts involving atoms within <5 residues are omitted. Of note is a native contact between GIn®® and Leu?? in B3-H2 (circled) that has
a ~607% probability of being lost in the transition state; this is the only native hydrophobic-core contact missing in the transition state for this
variant. (C) Ribbon diagrams of a representative transition state structure for each protein with kinetically important residues shown as sticks. For
the heterogeneous-backbone variants, highlighting indicates kinetically important residues that are shared with WT (purple) or unique to the

variant (green).

where the backbone was altered. Variant B3-H3 shares 14/19
kinetically important residues with WT; however, numerous
high probability non-native helix 1 to helix 3 and helix 2 to helix
3 contacts from are observed, many which are not present in the
WT transition-state ensemble. For B*/B%*-H2, 12/19 kinetically
important residues are shared with WT alongside four new
positions predominantly in helix 2.

Discussion

We have reported here an analysis of the effects of altered
backbone composition on the folding kinetics and mechanism
of the ultrafast-folding protein domain BdpA through a combi-
nation of biophysical experiments and atomistic MD simula-
tions enabled by the WE path sampling strategy. Overall, good
quantitative agreement was seen in relative folding rates ob-
tained from the simulations and experiments. Backbone
modification in BdpA through replacement of a-residues with
B*-residue analogues led to two variants with the same side-
chain sequence displayed on two isomeric backbone composi-
tions. The added carbon resulting from each o.— B* substitution
results in a new degree of conformational freedom and, thus,
greater flexibility in the chain. How this chemical change
influences the folding rate of the protein depends on context for
the modifications.

Incorporation of four B*-residues at solvent-exposed sites in
the third helix of BdpA led to ultrafast folding behavior similar
to the wild-type domain. In contrast, the same changes to
backbone covalent structure made at solvent-exposed sites in
the second helix led to an isomeric analogue with folding times
two orders of magnitude slower. The observation that f*-residue

680 | Chem. Sci, 2024, 15, 675-682

incorporation slows folding is reasonable from first principles,
given the resulting increase in conformational freedom in the
backbone; however, the context-dependence of these effects is
stark. The unfavorable kinetic consequences of enhancing
flexibility in the second but not the third helix of BdpA is in
accord with prior experimental as well as computational
studies, which suggest that formation of the second helix may
be a rate limiting step in folding of the domain.****** Rigidifi-
cation of the slow-folding variant by substitution of two B
residues in the second helix with cyclically constrained coun-
terparts led to an increase in folding rate; however, the
magnitude of the change was modest. This may result from an
altered transition state ensemble, due to the incorporation of
new hydrophobic moieties at solvent-exposed sites resulting
from replacement of B*-residues bearing hydrophilic proteino-
genic side chains with carbocyclic analogues.

Computational analysis of the folding process of BdpA and
variants provided additional atomistic information on the
effects of altered backbone composition on the folding mech-
anism of the protein. Unique insights gleaned from the simu-
lations include the finding that the location of altered backbone
composition in BdpA influences the extent to which specific
residues are kinetically important to the folding process. In
general, substitutions in the third helix of the domain result in
a greater number of contacts in the transition state ensemble
that are not present in the folded structure, while substitutions
in the second helix reduce the number of native hydrophobic-
core contacts in the transition state. Some prior studies have
concluded that native contacts determine folding mechanisms
in natural proteins.**** Interestingly, no correlation is apparent
in the present data set between the extent to which the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transition state of a given variant resembles that of the wild-type
domain and the folding rate of the variant. Indeed, the fastest
folding heterogeneous-backbone BdpA analogue folds nearly as
fast as the prototype natural protein; however, this variant
shows numerous non-native contacts in the transition state.
These results suggest that a fast-folding sequence can retain
that characteristic even when relying on a folding mechanism
that involves critical long-range contacts that are not present in
the folded state. In contrast, the slowest folding variant exhibits
a transition state most like that of the prototype protein among
the analogous examined yet folds on the order of ms rather than
us. This further supports the conclusion that the folding
pathway of the domain is dramatically impeded by enhanced
flexibility in the critical second helix.

Conclusions

Collectively, our findings suggest a degree of plasticity in the
folding mechanisms that can give rise to ultrafast folding in the
well-studied BdpA sequence. Enhanced chain flexibility intro-
duced through backbone alteration in a helix can be accommo-
dated without compromising folding rate but only in certain
regions of the protein. Further, retention of fast folding after
backbone modification in the case where this was observed was
accompanied by significant changes to folding mechanism in the
variant relative to the prototype domain. Our observations
suggest a complex interplay exists among backbone composition,
folding rates, and folding mechanism in artificial backbone
protein mimetics. More broadly, the results of the present effort
suggest protein backbone engineering in a-helices as a potentially
general tool to control chain flexibility and establish the effects of
such changes on the folding process of other systems — both fast
folding sequences as well as chains that fold at a much slower
rate. We anticipate ongoing application of backbone modifica-
tion to this end will provide new fundamental insights into the
importance of conformational freedom as a general chemical
feature that determines the timescale and mechanism by which
an unfolded protein chain adopts an ordered folded state.
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