Insights into Conformational Ensembles of Compositionally Identical Disordered Peptidomimetics

Erin C. Day, Keila C. Cunha, Jianhan Zhao, Audra J. DeStefano, James N. Dodds, Melissa A. Yu, Songi Han, Erin S.
Baker, Joan-Emma Shea, Rebecca B. Berlow, Abigail S. Knight*

Department of Chemistry, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, United
States.

Keywords: peptoids, intrinsic disorder, conformation characterization, solvatochromic dye

Abstract: While the conformational ensembles of disordered peptides and peptidomimetics are complex and
challenging to characterize, they are a critical component in the paradigm connecting macromolecule sequence,
structure, and function. In molecules that do not adopt a single predominant conformation, the conformational
ensemble contains rich structural information that, if accessible, can provide a fundamental understanding related to
desirable functions such as cell penetration of a therapeutic or the generation of tunable enzyme-mimetic architecture.
To address the fundamental challenge of describing broad conformational ensembles, we developed a model system
of peptidomimetics comprised of polar glycine and hydrophobic N-butylglycine to characterize using a suite of
analytical techniques. Using replica exchange molecular dynamics atomistic simulations and liquid chromatography
coupled to ion mobility spectrometry, we were able to distinguish the conformations of compositionally identical
model sequences. However, differences between these model sequences were more challenging to resolve with
characterization tools developed for intrinsically disordered proteins and polymers, including double electron-electron
resonance (DEER) spectroscopy and diffusion ordered spectroscopy (DOSY) NMR. Finally, we introduce a facile
colorimetric assay using immobilized sequences that leverages a solvatochromic probe, Reichardt’s dye, to visually
reveal conformational trends consistent with the experimental and computational analysis. This rapid colorimetric
technique provides a complementary method to characterize the disorder of macromolecules and unravel the
complexity of conformational ensembles as an isolated or multiplexed technique.

Introduction

Disordered oligomers play critical roles in natural systems of biomacromolecules, but their conformational complexity
exists beyond the classical structure-function paradigm.'= Highly-ordered biopolymers such as proteins, which access
only a handful of conformations, are well-characterized with existing techniques such as crystallography and
cryogenic electron microscopy, resulting in fundamental design principles connecting primary sequences with folded
structures. However, the complex conformational and energetic landscapes of disordered biopolymers and synthetic
oligomers are poorly understood (Figure 1a).* Establishing similar design principles for these materials demands
techniques that can readily capture conformational dispersity. Currently, there are limited experimental strategies
available to capture these distributions and enable sensitive detection of the subtle differences between
compositionally identical macromolecules that differ only in sequence.>” Developing sequence-structure and
structure-function relationships for disordered macromolecules is essential for advancing next generation biomaterials
and therapeutics.5®

Current techniques have both advantages and limitations when implemented for the characterization of small (< 3
kDa) macromolecules (Figure 1b). Ensemble averaging can present a challenge for many methods utilized for
characterization and comparison of small, disordered macromolecules with similar compositions. Synthetic polymers
can be successfully characterized by dynamic light scattering and size exclusion chromatography, but these methods
provide poor resolution for smaller scaffolds. Circular dichroism and infrared spectroscopies are compatible with
smaller scaffolds; however, they only reveal secondary structure and cannot fully describe the structure of disordered
oligomers that lack a chiral moiety or regions of local structure.!*!! Solution NMR methods such as diffusion ordered
spectroscopy (DOSY)!? are capable of revealing conformational profiles of disordered macromolecules; however,
these methods are time intensive and can require a prohibitive amount of material (> 0.5 mg). Ion mobility
spectrometry (IMS) can probe small amounts of material; however, it has only recently been implemented in the
characterization of macromolecular conformation.!* Techniques that probe end-to-end distance, including double
electron—electron resonance (DEER) spectroscopy, analyze a distribution of conformations; however, this can be time
intensive and offer limited resolution outside of 2-9 nm.!* Each effort at the frontier of analytical characterization can
reveal unique descriptors of the conformational landscape but rarely capture its full extent. To supplement
experimental characterization, atomistic simulations can provide detailed information about the conformational
distribution but are computationally intensive.!> Therefore, the pursuit of a comprehensive understanding of
conformational complexities demands a diverse suite of characterization methods.
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Peptoids, N-substituted glycine oligomers, serve as an excellent model scaffold for elucidating the complementary
capabilities of conformational characterization techniques.*!® Peptoids can mimic the structure and function of
proteins by adopting compact morphologies and secondary structures, enabling the development of functional
materials including therapeutics,'”!® catalysts,'*?° devices encoding information,?! and biomolecule receptors.?*2*
While peptoid sequences can form helices*®2® and nanosheets?*?, side-chains can be selected that do not form
secondary structure,'? allowing the isolation of variables such as hydrophobic®®3! or charge patterning?®*? and their
impact on conformation.
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Figure 1. Overview of the continuum of disorder for peptidomimetics and methods for structural characterization. a) Scope of
structural disorder of sequence-defined oligomers. b) Existing methods for characterizing small macromolecules. Time intensive
techniques typically require > 20 min (X), > 2 h (XX); material intensive typically require > 10 pg (X), > 0.5 mg (XX); and small
size scales refers to materials smaller than 3 kDa. ¢) Schematic of the colorimetric platform for characterizing structural disorder.

The conformational distribution of four peptoids with unique hydrophobic patterning is characterized herein using a
combination of complementary computational and experimental techniques, including a versatile colorimetric assay.
Atomistic simulations provide high-resolution insights, while experimentally, IMS, DOSY NMR, and DEER
spectroscopy provide complementary insights into the peptoids’ conformational distributions. To supplement existing
structural characterization methods for disordered macromolecules, we developed a versatile colorimetric assay using
a solvatochromic dye and broadly accessible instrumentation (Figure 1c). Solvatochromic dyes®* have been used for
various applications, such as staining hydrophobic regions in proteins®** and intracellular lipid droplets,®® visualizing
molecular weight differences in supramolecular polymers,®® in addition to characterizing the hydrophobic
microenvironments of synthetic dendrimers,*” surfaces, single-**** and multichain assemblies.**** Our immobilized
colorimetric assay similarly leverages the polarity responsiveness of a solvatochromic dye, Reichardt’s dye, to visually
reveal conformational differences. Our results corroborate differences observed by the aforementioned analytical
techniques, ultimately enabling facile characterization of single-chain disorder and compactness of oligomeric
sequences, adding a valuable tool to the characterization toolbox for complex conformational landscapes.

Results and Discussion

Design of model HP peptoids. We designed four peptoids with identical compositions and varied sequences to target
conformational differences independent of composition (Figure 2a). Hydrophobic patterning has been demonstrated
to yield differences in conformation with previous HP models where “H” describes a hydrophobic residue and “P”
describes a polar residue in both experimental characterization with larger macromolecules (e.g., 100mers) and
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macromolecule simulations.’**45 We selected N-butylglycine as the hydrophobic monomer and glycine as the polar
residue. This system enables the isolation of one side-chain interaction, hydrophobic collapse, without extraneous
variables such as charge or aromaticity. These residues were arranged into peptoids of 20 monomers in length (20mers;
Figure 2a and S1), which are short enough to achieve high-purity syntheses and long enough to yield conformations
with different degrees of disorder.>***® Two sequences at the extremes of the sequence space were selected: diblock
(dib) and alternating (alt) (Figure 2a). These hydrophobicity patterns have demonstrated different properties, such as
temperature-induced phase separation with thermoresponsive peptides in solution*’ and bulk interfacial width with a
mixture of styrene-peptoid conjugates.’! Two randomized sequences (r1 and r2) were additionally selected to provide
an intermediate number of hydrophobic blocks, considering the established role of hydrophobic patterning in
macromolecular conformation.3%*

a) diblock
dib 00000000000000000000 ((

(¢]
alternating o ’( H
alt
randomized /( X \)jgs
1
r @ =Nbu ® =glycine
r2 hydrophobic polar
b) colorimetric
—— assa,
)('?\/8)\ immobilized v
N LC-IMS
H 20 N‘"O resin cleavage, —
HPLC purification R ~ DOSY NMR

off-bead

l

>
i i synthesis with probes,
srmulatlc.ms | resin cleavage N —> DEEREPR
computationa off-bead >

Figure 2. Sequence workflow and design. a) Schematic describing the 20mer peptidomimetics with identical compositions (left)
and monomer structures (right): hydrophobic (N-butylglycine) and polar (glycine). b) Schematic describing use of solid-phase
synthesis to prepare 20mers for characterization of disorder.

Macromolecules were synthesized using a combination of the submonomer method of peptoid synthesis* with a
bromoacetic acid acylation followed by substitution with n-butylamine and traditional Fmoc-peptide synthesis to
couple a protected glycine monomer (Figure 2b). The modular submonomer method also enabled synthesis of peptoids
with site specific probes (i.e., residues with radical probes to facilitate characterization with DEER spectroscopy).

Atomistic simulations. Molecular dynamics (MD) simulations uniquely reveal atomic-level descriptions of the
conformational distributions. Replica exchange MD allows a better exploration of the conformational space, and thus
this technique was performed for each of the four peptoids. The force field used was an adaptation from GROMOS
53A6 that considers the conformations for peptoids.’® Simulations of each peptoid as a single chain in bulk water
(50,000 conformations of each peptoid) revealed distributions of radii of gyration, end-to-end distances, and numbers
of hydrogen bonds (Figure 3a). Analysis of one peptoid molecule enabled single chain conformational analysis without
the possibility of multichain assemblies or aggregation. In addition to the four peptoid sequences, we simulated a
homoglycine 20mer (gly2o0) as a control sequence lacking hydrophobic side-chains (Figure S1). The smallest average
radius of gyration of the peptoid backbone [excluding side-chain contributions; Rewkn)] was observed for alt (0.62 nm)
followed by r1 (0.63 nm). Larger Rewkb) values were calculated for dib, r2, and glyzo, all with an average of 0.65 nm
(Figures 3a and S2, Table S1). Radii of gyration of the molecules including side-chain contributions showed fewer
differences between the model sequences, which we hypothesize is due to the contribution of freely rotating butyl
chains to the allocation of mass in the macromolecule. The Rg probability distribution for gly20 was wider than any of
the four peptoids that contain hydrophobic residues (Figure S2).
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Figure 3. Simulation measurements. a) Schematic of measurements extracted from simulations (top left). Normalized probability
distributions of radius of gyration (backbone only), end-to-end distance, maximum distance (backbone only), intramolecular
hydrogen bonds, and hydrogen bonds with water for each compositionally identical sequence. b) Representations of the highest
abundance conformations from clustering each of the model sequences (1.4 A cut-off). ¢) Probability densities depicting the radius
of gyration (backbone only) versus end-to-end distance highlighting the range of individual conformations for each of the four

sequences.

To complement measures of radius, the 50,000 conformations were clustered by conformational similarity (within a
backbone RMSD of 1.4 A). This analysis revealed that alt has the fewest accessible conformations with 6954 clusters
and r1 had 8275 (Table S2), while conformations for r2 were grouped into 10813 clusters of similar conformations
and dib into 14385. This comparison reveals that alt has half the number of clusters as dib, thus the ensemble of
conformations of the diblock included significantly more conformational disorder. The highest abundance
conformations are illustrated in Figures 3b and S3,4. The differences in the full conformational distribution are most
visually apparent when plotting a probability distribution of Rgwkb) and Ree (Figures 3¢ and S5), where more abundant
regions are observed for alt, followed by r1, with less clustering apparent in r2 and dib. The hydrophobic region
formed by these macromolecules facilitates environments for intramolecular hydrogen bonds, minimizing hydrogen
bonds formed with water. Of the four sequences, alt on average had more intramolecular hydrogen bonds (Figure 3a)
and fewer hydrogen bonds with water than the other three compositionally identical peptoids (Figure 3a and Table
S3). From these collective measurements of the simulated peptoids, we conclude that alt is the most compact, followed
by r1 and then r2, and dib is the most disordered of the four peptoids.

Experimental characterization of peptoid sequences. While atomistic simulations offer detailed information at
atomic-level resolution, complementary experimental techniques were employed to validate the analysis and to
identify more rapid characterization strategies. Well-established techniques to characterize differences in molecular
size and structure for small macromolecules (the model peptoids each have a molecular weight of 1719 g/mol) include
ion mobility spectrometry (IMS), NMR spectroscopy, and end-to-end distance measurements with double electron-
electron resonance (DEER) spectroscopy. We synthesized and experimentally characterized alt, r1, and r2, omitting
dib due to the propensity of this architecture to aggregate in solution.32!
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IMS, typically coupled with liquid chromatography and mass spectrometry (LC-MS) in complex sample analyses, is
a powerful tool for resolving small structural differences. IMS has differentiated disordered polymer architectures'
and charge placement in a series of three compositionally identical oligomeric peptoids.?® Characterization of purified
model peptoids (Figure S6-7) with IMS revealed that alt was the most compact with a collisional cross-section (CCS)
of 460.4 + 0.5 A2 (Figure 4a, S8), in agreement with simulations. Statistically indistinguishable CCS measurements
were observed for rl1 and r2, 461.7 + 0.5 A? and 462.2 + 0.5 A2 respectively. Interestingly, we observed that alt
eluted earliest on the LC chromatogram (9.60 + 0.02 min) compared to r1 and r2 (9.63 + 0.02 and 9.70 + 0.03 min,
respectively). While retention time on reversed phase columns is indicative of molecule polarity, branched small
molecules have been observed to elute earlier via LC than their linear isomers with a larger surface area, highlighting
that isomers can have different retention times.*?> Evaluating both LC and IMS, r2 had a longer retention and larger

CCS value, data consistent with the conclusion from the simulations that r2 is more disordered than r1 and alt (Figure
4a).

Since these peptoid sequences contain a distribution of conformations as opposed to a single crystalline folded
structure, we anticipated that conformational differences would be challenging to observe experimentally and were
excited to see the combination of retention time and CCS recapitulated trends observed in the simulations. Of note,
both LC and IMS are performed in non-native environments (e.g., organic and gas phase). As each of the selected
model sequences contain the same composition and conformations are driven by hydrophobic interactions, we
hypothesize that conformational differences are maintained in these different environments.
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Figure 4. Experimental analysis of peptoids. a) lon mobility spectrometry including a schematic (left) and a plot of reversed phase
liquid chromatography retention time and collisional cross-section from ion mobility spectrometry (right). Error bars represent
standard deviation of multiple runs (n = 5). b) 'H-NMR characterization of the amide region of 'H-NMR of non-aggregating
peptoids r1 and r2 and the diffusion coefficients calculated with DOSY (right). ¢) End-to-end distance characterization with DEER
including a schematic of the introduction of radical probes into the peptoids (left) and the probability distributions of end-to-end
distances resulting from DEER spectroscopy measurements.

To probe conformational differences in a native environment, diffusion ordered spectroscopy (DOSY) was employed,
as it has been used to analyze mixtures of biomolecules by molecular diffusivity'? and to characterize structural
distinctions of peptides and foldamers.’>>* Purified model sequences (0.5 mM) were prepared in acetate buffer (50
mM, pH 4.5). While rl and r2 were amenable to NMR characterization under these solution conditions, we were
unable to observe strong signals for alt by 'H-NMR. This is likely due to extreme line broadening caused by
aggregation, which was visually observable at high concentrations (Figure S9). The diffusion coefficients for the
remaining two 20mer peptoids did not suggest significant differences in macromolecular size (Figures 4b and S10).
However, there were differences in the 'H-NMR spectrum (Figures 4b and S11). These differences can be caused by
unique monomer connectivity and conformationally dependent solvent accessibility and through-space interactions.
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Another method for studying native conformation is through the addition of molecular probes for site-specific distance
measurements. Radical probes within a protein or polymer have been used to measure distances between two specific
residues.!*3>¢ For the first and last residues of each target peptoid, 4-amino-TEMPO, a radical source, was introduced
using the submonomer synthetic method (Figure S12-14).57 The radicals were reintroduced with ammonia as they
were quenched by trifluoroacetic acid during the resin cleavage. As measured by DEER spectroscopy, the average Ree
distance distributions were not differentiable for the three model peptoids (3.40, 3.34, and 3.34 nm for alt, r1, and r2,
respectively; Figures 4c and S15). However, DEER provides high resolution measurements ranging from 2-9 nm, and
structures within the population that are outside of the specified range are not observed.!* These data are consistent
with the simulation results that the macromolecules are compact with end-to-end distances below 2 nm for most
conformations, and the addition of TEMPO probes will not significantly increase the diameter.
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Figure 5. Immobilized colorimetric assay: a) PEGA resin incubated with Reichardt’s dye (0.150 mM in 100 HEPES pH = 7.8)
imaged on brightfield microscope, and respective MALDI-TOF MS spectra of cleaved material for each of the four peptoid
sequences, and b) comparisons across all characterization methods, including average measurements from the atomistic
simulations.

Immobilized colorimetric assay. While these computational and experimental techniques are information rich, they
can be time- and resource-intensive, require access to specialized instrumentation and associated expertise, or may
not be able to resolve conformational differences at small size scales (< 3 kDa). We hypothesized that a solvatochromic
dye could provide a facile self-consistent qualitative assessment of macromolecule conformation to complement the
techniques previously described. Further, the assay could be implemented on the solid-phase resin required for
synthesis, eliminating both the potential for multi-chain aggregation and the need for resin cleavage. Immobilized
strategies have been used in high-throughput screens of ligands>®>° and for assays probing single chain structure with
atomic force microscopy.®’ Reichardt's dye® was chosen as a conformational probe due to the rapid one-step
synthesis®? (Figure S16) and desirable water insolubility, reducing any background signal. Further, the dye exhibits
vibrant colors upon introduction to a hydrophobic environment.>* The four model peptoids were synthesized on a
poly(acrylamide) resin crosslinked with poly(ethylene glycol) (PEGA), which is a water-swellable support that
demonstrates no interaction with Reichardt’s dye when unfunctionalized (Figure 5a). Each bead of resin is 50-100 pm
in diameter and contains many spatially separated copies of a single sequence. PEGA resin has shown to be permeable
by molecules >35 kDa, indicating a significant pore size.5*%* To confirm high-purity synthesis on the PEGA resin, a
portion of the resin was cleaved and characterized via LC-MS and MALDI-TOF MS (Figure 5a and S17-18).

The peptoid-functionalized resin was incubated with a buffered solution of Reichardt’s dye (0.15 mM in 100 mM
HEPES, pH 7.8). The color of the resin was visualized with optical microscopy and was observed to correlate with
the previously identified conformational trends. Reichardt’s dye is better solubilized by more hydrophobic
environments, and thus we hypothesized that darker colors would correspond to more hydrophobic pockets formed
by a more compact peptoid.*®3° The resin color was consistent across beads of different diameters, suggesting the bead
size distribution did not affect the colorimetric output (Figure 5a). The darkest color was observed for alt, correlating
with the more compact structure consistent with observations from simulations and LC-IMS-MS (Figure 5b). The
paler color of dib correlates with the most disordered structure, correlating with simulations. The randomized
sequences were intermediate in dye saturation with r1 darker than r2, consistent with observations from LC-IMS-MS
and simulations that characterize r2 as more disordered than r1. The dye saturation showed slight variations in
replicate preparations and under different cameras; however, the color intensity trends remained the same across the
peptoid sequences (Figures S19-20). Thus, this immobilized system enables facile analysis of small differences
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between conformational ensembles in a semi-quantitative colorimetric fashion, without requiring specialized
instrumentation or expertise.

Conclusion

Disordered peptidomimetics provide a fruitful platform for developing functional materials, but their broad
conformational ensembles can present challenges for characterization. A combination of complementary
characterization techniques therefore becomes essential for studying small, disordered oligomers, as each technique
provides unique descriptors regarding the composition of the conformational ensemble. This is especially pertinent
for compositionally identical macromolecules, exemplified by the four peptoids investigated in this study. Through
the integration of atomistic simulations and IMS coupled to LC, our data reveals a diverse range of distinct
conformational ensembles accessible to compositionally identical peptoids. Notably, these conformational trends
correlate with the colorimetric output of a Reichardt’s dye assay, which requires no specialized instrumentation or
expertise. By utilizing these techniques in combination, we can thus discern even subtle differences in conformation,
as the complementary conformational descriptors increase confidence in these nuanced results. Interestingly, we
observed that the alternating conformation was the most compact. This finding underscores a key point: while
randomized sequences can access more compact conformations than regular patterns,*® our results demonstrate the
necessity of specific hydrophobic patterns for achieving this compactness.

Exploring additional sequences with the suite of techniques described herein will yield valuable structural insights
and facilitate connections between sequence, structure, and function. The colorimetric assay and LC-IMS-MS analysis
will benefit from ongoing comparisons to simulations, NMR spectroscopy, and end-to-end distance measurements to
elucidate molecular mechanisms. The resolution of DEER and DOSY spectroscopies can be enhanced in future efforts
by increasing the radical concentration and incorporating isotopic probes, respectively.

Further expansion of the colorimetric assay will offer additional inexpensive and accessible methods for studying
conformational differences in peptidomimetics and foldamers. The use of motif specific dyes (e.g., Thioflavin T for
B-sheets®®) would expand the applicability and specificity of this system beyond disordered collapse. Additionally,
this assay can be completed in high throughput followed by corroboration with specialized lower-throughput
techniques. This allows for the rapid analysis of the impact of varying environmental conditions on conformational
distributions (e.g., solvent or salt variations) in addition to combination with existing immobilized assays. Continued
elucidation of conformational descriptors will inform the design of macromolecules with desired properties that can
be equipped with functional handles, paving the way for tailored functional materials, receptors, and therapeutics.
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