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ABSTRACT: Nature has long demonstrated the importance
of chemical sequence to induce structure and tune physical
interactions. Investigating macromolecular structure and
dynamics is paramount to understand macromolecular binding
and target recognition. To that end, we have synthesized and
characterized flexible sulfonated oligothioetheramides (oligo-
TEAs) by variable temperature pulse field gradient (PFG)
NMR, double electron−electron resonance (DEER), and
molecular dynamics (MD) simulations to capture their room
temperature structure and dynamics in water. We have
examined the contributions of synthetic length (2−12mer),
pendant group charge, and backbone hydrophobicity. We observe significant entropic collapse, driven in part by backbone
hydrophobicity. Analysis of individual monomer contributions revealed larger changes due to the backbone compared to pendant
groups. We also observe screening of intramolecular electrostatic repulsions. Finally, we comment on the combination of DEER
and PFG NMR measurements via Stokes−Einstein−Sutherland diffusion theory. Overall, this sensitive characterization holds
promise to enable de novo development of macromolecular structure and sequence−structure−function relationships with
flexible, but biologically functional macromolecules.

■ INTRODUCTION

Biological macromolecules perform advanced functions by
controlling the relationship between their chemical function-
alities and structure. Higher-order structures including α-
helices, β-sheets, stem-loops, and many others represent the
potential of optimized sequence−structure−function relation-
ships to generate sensitive stimuli-response, allostery, informa-
tion management, and expression.1−5 Precise sequence control,
as seen in biological scaffolds, can be used to control local
enthalpic and global entropic contributions, important factors
that dictate folding, self-assembly, and biological interactions.6

The ability to control structure and function by composition
and sequence has prompted significant research in the
development of sequence-defined polymers.7,8 Motivated by
this call, we recently described sequence-defined oligothioe-
theramides (oligoTEAs) featuring a rapid and efficient
synthesis, access to the backbone, and the use of diverse
pendant groups.9,10 The synthetic strategy utilizes the reactive
orthogonality of N-allyl acrylamide monomers, rather than
protection/deprotection groups for iterative assembly.10 The
accessibility of the oligoTEA backbone and pendant groups
render them ideal for exploring macromolecular conformation
and dynamics.

The solution-phase structure and dynamics of macro-
molecules are challenging to visualize because they are a
complex product of intramolecular interactions, entropy, and
solvent interactions derived from the chemical composition and
sequence. One well-documented example of this challenge can
be seen in the development of therapeutic glycosaminoglycans
where sequence, sulfation pattern, and backbone structure are
significant.11,12 Developing sequence-structure−function rela-
tionships of heparin pentasaccharide was challenging due to
limited synthetic throughput to produce sequence-defined
sulfated saccharine structures to elucidate the molecular basis of
binding to antithrombin and develop similar therapeutics.13−15

Highly sulfated macromolecules have potential to show a
diverse array of biological interactions and will continue to be
explored.16 We hope ease of sulfated sequence control and
macromolecular characterization of structure and dynamics can
expedite future development of similarly complex macro-
molecules.
De novo development of design heuristics for functional

oligoTEA structures requires an understanding of the
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contributions of monomer hydrogen bonding, hydrophobicity,
and electrostatic interaction within the scaffold. Previous
sequence-structure relationships can best be seen in the fields
of foldamers17−19 and single-chain folding,20−23 which have
pioneered relationships between chemical functionality, ther-
modynamics, self-assembly, and molecular ordering. Larger
hydrophobic groups restrict conformational freedom; however,
this strategy can limit water solubility.24−26 Hydrogen bonding
is well-known to induce modes of structural formation as an
attractive force (e.g., α-helices and β-sheets within pepti-
des).23,27 Last, macrocyclization restricts molecular conforma-
tional and lowers the entropic cost of interaction or
binding.28,29 Overall, these examples demonstrate how a
balance of intramolecular forces can regulate entropic chain
collapse. However, it is also important to note the reduction of
macromolecular conformation is not an explicit requirement of
biological function. Evidence exists for flexible macromolecules
that utilize multiple conformations in their bound states to
maintain interactions with their target. These and other
examples demonstrate the need and utility of precise
macromolecular flexibility, also demonstrated by the functional
modes of disordered protein domains.30−33

Solution-phase characterization of macromolecular structure
and dynamics can be challenging due to the small length- and
time-scales, which can limit common experimental structural
elucidation techniques. Current techniques characterize struc-
ture at various resolution and throughput, depending on the
size and flexibility of the macromolecule. NMR can serve as a
high-resolution method for protein structure elucidation34,35

and primary ligand screening,36 but robust methods to study
synthetic nonpeptide structure are lacking. Small-angle X-ray
scattering (SAXS) has proven to be a robust low-resolution tool

providing solution-phase ensembles, but can be limited by
structure flexibility because of time- and space-averaged
scattering.37−39 Comprehensive techniques have improved
upon individual weaknesses by combining information to
generally refine solution-phase techniques.40−44 Inspired by
these methodologies, we sought to explore additional means of
solution-phase characterization that was not limited by
macromolecular flexibility.
Herein, we present the synthesis and solution-phase

characterization of sulfonated oligoTEAs as a function of
length (2−12mer). We also explored the effect of pendant
group charge and backbone composition on dynamics of the
oligoTEA chain. Structural investigation was performed by
variable temperature pulsed field gradient (PFG) NMR, pulsed
electron paramagnetic resonance (EPR), and molecular
dynamics (MD) simulations. Variable temperature PFG NMR
most directly measures the macromolecular hydrodynamic
radius.45 EPR and MD can both observe solution-phase
dynamics. Double electron−electron resonance (DEER) EPR
can quantify the distance distribution between paramagnetic
spin-labels46,47 and has been done for a few oligomer case
studies.48−51 MD simulation visualizes oligoTEA time evolution
and molecular configuration space. All characterization was
carried out to capture room temperature structure and
dynamics in water. We also comment on the combination of
these data within the Stokes−Einstein−Sutherland equation
with size and shape factors to quantify size and aspect ratio
within simple geometries.52

■ RESULTS AND DISCUSSION
OligoTEA assembly as shown in Figure 1 begins with a
fluorous-tagged soluble support functionalized with an allyl

Figure 1. Oligothioetheramide assembly. (ia) A fluorous olefin is reacted with a dithiol in a UV-initiated thiolene and the product is purified (ib) by
fluorous solid-phase extraction (FSPE). (iia) A fluorous thiol is reacted with an N-allyl acrylamide monomer in a phosphine initiated thiol−Michael
addition and purified by FSPE (iib). These two reactions are cycled until the desired oligomer length is reached. (iii) The fluorous support is cleaved
with trifluoroacetic acid and HPLC purified to give the final desired oligomer. TMFT = α-trifluoromethyltolyl protecting group.
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group. The first monomer is attached by a UV-initiated thiolene
utilizing dithiol in the presence of a photoinitiator. Fluorous
solid-phase extraction isolates the resulting fluorous thiol. The
next monomer is attached via a thiol−Michael addition of an N-
allyl acrylamide monomer in the presence of phosphine
catalyst. The orthogonal reactivity ensures that the acrylamide
reacts with the fluorous thiol with minimal cross-reactivity of
the allyl group. To incorporate sulfonated pendant groups, a
protected sulfonate N-allyl acrylamide monomer (PSM) was
prepared utilizing an α-trifluoromethyltolyl (TFMT) group
(Figure S1).53 With the attachment of an N-allyl acrylamide by
the thiol−Michael addition, the allyl group is reestablished to
begin the cycle again.
The first set of oligomers was synthesized by iterating

dithiothreitol (DTT) dithiol and the protected sulfonate N-allyl
acrylamide monomer and tracked by 1H NMR, 19F NMR, and a
dithiodipyridine (DTDP) assay (Figure 2). As detailed in
earlier reports, the synthetic progression of oligoTEAs can be
tracked by 1H NMR by focusing on the disappearance of the
allyl protons to confirm thiolene conversion.9 To track the
completion of the thiol−Michael addition, 1H NMR has
previously focused on the consumption of the thiol peak and
appearance of allyl peaks. However, the monomer thiol peak of
dithiolthreitol appears within the t-Boc of the fluorous support
(Figure 2, methyl protons designated as “E”). Additional
evidence of the Michael addition conversion can be observed
with the growth of protons “C’ and ‘D” located on the aromatic
tolyl group of the protected sulfonate N-allyl acrylamide. Also, a
DTDP assay can determine the thiol concentration and
subsequent consumption.54,55 Finally, sensitive 19F NMR can
also be used to verify the completion of the Michael addition by
observing the trifluoro group of the protected sulfonate N-allyl
acrylamide (Figure 2, trifluoro group designated B). All
monomer peak intensities increase and broaden with respect

to the fluorous support as the oligomer is elongated as
expected. Oligomers after each cycle were sequestered, cleaved,
purified by HPLC, and confirmed by 1H NMR and LCMS
(Figure S18−S58) providing synthetic lengths of 2−12 “mers.”
To explore the effect of each chemical group, additional
oligomers were synthesized at the 10mer length with (1) a
positively charged guanidine (G) group, (2) a noncharged
methyl sulfone (MeS) pendant group, and (3) a methylene
backbone using butanedithiol (BDT) (Figure 1, Figure S59−
64).
Characterization of oligoTEAs by variable temperature PFG

NMR visualizes macromolecular diffusion as a linear function of
viscosity normalized temperature (Figure 3). This linearity
rules out any intramolecular transitions as a function of
temperature and constrains the prospective size within the
Stokes−Einstein−Sutherland equation (eqs S2−S4). It addi-
tionally suggests minimal intermolecular interactions (e.g.,
aggregation, repulsion). Accurate measurements were obtained
using 3 mm tubes, high gas flow rate, an optimized eddy
current delay, convection compensation, and gradient pulse
control experiments (Figure S2−S4).45 The translational
diffusion of the backbone was compared to the diffusion of
the oligomer end to discern any heterogeneity, revealing the
uniform diffusion of each oligomer (Figure S5).
Diffusion is affected by the hydrodynamic size, shape, and

hydration state of a given macromolecule. The data in Figure 2
follow expected trends in that these macromolecules diffuse
quicker at higher temperatures or shorter synthetic length. The
oligomers with hydroxylated (DTT) backbone diffused slightly
faster than the aliphatic backbone (BDT). This result can be
rationalized by a number of factors including differences in
shape, hydration effect caused by the more hydrophobic BDT
backbone, or stronger hydrogen bonding in the DTT
hydroxylated backbone resulting in a more compact faster

Figure 2. Example of the synthetic progression of oligoTEA assembly of the hydroxylated sulfonated oligoTEA. Full molecular structures are shown
with green trifluoro and orange proton groups on the fluorous support (parts A and E, respectively) and the PSM (part B and parts C, D,
respectively). DTDP assay determination of thiol concentration, indicating thiol−Michael addition completion and qualitative yield. 19F NMR
spectra are shown with fluorous trifluoro group A normalized. PSM trifluoro group “B” intensity increases and becomes broader as a function of
oligomer length. Similarly, 1H NMR spectra normalized by Boc protons “E” shows intensity increases and broadening of PSM tolyl protons “C” and
“D”.
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diffusing oligomer. Additionally, the slope of the diffusion
versus normalized temperature establishes a relationship
between the hydrodynamic radius and aspect ratio depending
on the assumed geometric model (eqs S5−S10).
To observe the dynamics of these oligoTEAs in an aqueous

environment double electron electron resonance (DEER) EPR
distance measurements and molecular dynamics (MD)
simulations were completed. DEER measurements were
performed on dispin-labeled oligomers prepared by reaction
of an oligoTEA diamine with a PROXYL NHS ester. The
oligoTEA diamines were prepared by via an additional thiolene
reaction of 2-(Boc-amino)ethanethiol on the terminal allyl
group. TFA cleavage then liberates an amine at each end.
Dispin-labeled oligomers were purified by HPLC, verified by
LCMS (Figures S6 and S64−S94), measured by 4-pulse double
electron−electron resonance (DEER), and reconstructed by
Tikhonov regularization using the L-curve method. Molecular
dynamics simulations of single oligomer chains were preformed
for 50 ns in a water-filled box with periodic boundary
conditions in an NVT ensemble to represent a dilute oligomer
solution. Specifically, the DTT-Sulf, DTT-MeS, and BDT-Sulf
oligoTEAs were simulated at all lengths (2−12mer) to aid in
the visualization of trends as a function of synthetic length. To
validate the simulations, the translational diffusion constant was
calculated and compared to PFG NMR measurements,
revealing good agreement (Figure S7). With respect to the
(DTT-Sulf)1−6 series (Figure 4A), the probability distribution
from EPR data shows an increase in end-to-end distance with

increasing oligomer length, as well as a concomitant increase in
conformational freedom as measured by the full width of half
max (fwhm). The mean end-to-end distance of the oligomers
calculated by MD is also in reasonable agreement with the EPR
data, showing a modest increase with oligomer size. MD
simulations observe a slightly greater end-to-end distance with
the (DTT-Sulf)5,6, which falls within the experimentally
observed conformational ensemble (Figure 4B). Overall, this
data highlights oligomer flexibility, especially when considering
they show an average ∼50% collapse from their fully extended
theoretical length (Figures 4B and S9).
End-to-end distance measurements from DEER and MD

were used to visualize the individual contributions of backbone
hydroxylation and pendant groups, revealing a larger effect
from the backbone. 10mers with a methylene backbone, i.e.,
(BDT-Sulf)5, positive charge (DTT-G)5, and neutral charge
(DTT-MeS)5 were characterized (Figure 5). The EPR results
show that the pendant groups have minimal influence on the
average end-to-end distance and the conformational flexibility
of the 10mer oligoTEAs. The length scale of these results are
sensible given literature.56 The MD data on the other hand
shows that the cationic (DTT-G)5 results in a relatively smaller
end-to-end distance than predicted for the (DTT-Sulf)5 and
(DTT-MeS)5. The methylene backbone of (BDT-Sulf)5 results
in a smaller end-to-end distance in both DEER and MD
experiments. This effect could be rationalized by greater
hydrophobic collapse without backbone hydroxylation. How-
ever, PFG NMR suggests that the (BDT-Sulf)5 diffuses slower
than all other 10-mers with pendant group modifications
(Figure 3). Together these results can be rationalized by two
possible explanations. The PROXYL spin-probes could be
participating in hydrophobic collapse and thus locate closer to
one another in BDT-Sulf. Though possible, the MD
simulations predict similar collapse and were performed
without spin probes on the molecular structure (Figure 5B),
casting doubt on the ability of the spin probes to direct the
collapse of the BDT-Sulf oligomer. Thus, the hydroxylated
backbone likely participates in intramolecular interactions,

Figure 3. (A) Translational diffusion coefficient versus viscosity
normalized temperature of oligoTEAs over a range of 10−40 °C of 1−
3 mM (DTT-Sulf)1−6 in D2O. (B) Diffusion coefficients of 1−3 mM
oligomers in D2O with different pendant and backbone groups as a
function of temperature, shown with the same scaling. Solid-line linear
fits are shown with shaded regions representing the 90% CI.

Figure 4. A. Distance reconstructions of the end-to-end distance
distribution function generated from DEER EPR of 100 μM (DTT-
Sulf)1−6 in 20% ethylene glycol in water vitrified (70K) from room
temperature. B. Mean end-to-end distance versus synthetic length
from DEER distance reconstruction and single-chain MD simulation
(300 K, explicit water solvent). Data points represent the mean end-to-
end distance. Transparent bands represent the full-width at half-
maximum (FWHM) from EPR or standard deviation from the MD
simulation time after equilibration. Supporting Information details the
sample spin-labeling (Figure S6), DEER measurement, and MD
simulation detail.
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aiding collapse by attractive forces (i.e., hydrogen bonding) to
result in a smaller hydrodynamic size than the BDT-Sulf.
The effect of intramolecular electrostatic repulsion on chain

dynamics can be visualized with DEER and MD by screening
these interactions with ammonium cations (Figure 6). Aqueous
ammonia was added to the oligoTEA sample preparation to
give an estimated [NH4

+] concentration of 8.5 mM (Kb of 1.8
× 10−5), with oligoTEA concentration at 100 μM. The neutral
oligoTEA (DTT-MeS)5 does not experience a change
conformational flexibility or end-to-end distance with the
addition of ammonium ions as would be expected (Figure 6E).
However, the addition of ammonium ions in the (DTT-Sulf)5
oligoTEA results a slightly shorter end-to-end distance
presumably due to screening of intramolecular electrostatic
interactions (Figure 6A). Conversely, without salt present,
intramolecular electrostatic repulsion is stronger, marginally
broadening the conformational ensemble. This effect can is
seen more prominently in the (DTT-Sulf)6 oligoTEA (Figure
6B). Addition of ammonium ions to the positively charged
(DTT-G)5 oligoTEA leads to a slight narrowing of the

distribution and little to no change in the average end-to-end
distance (Figure 6C). The distribution and average end-to-end
distance of the backbone modified (BDT-Sulf)5 oligoTEA
showed similar results with slight narrowing of the distribution
and little to no change in the average end-to-end distance
(Figure 6D).
DEER and PFG NMR measurements both provide an

indication of macromolecular size; DEER gives the end-to-end
distance while PFG NMR measures the translational diffusion
coefficient. The Stokes−Einstein-Sutherland (SES) relation can
be used to relate diffusivity to the macromolecular size and
shape, given simple geometries (eqs S1−S5).52,57 Shape models
have been developed by F. Perrin (oblate, prolate ellipsoids)
and more recently by A. Ortega and J. Garciá de la Torre (rod)
(eqs S6−S8).58−61 While an ellipsoid is geometrically preferred,
the rod model is mathematically continuous over its range of
aspect ratio, making it more robust. To solve for size and shape
simultaneously, a constraint is needed outside of the data
gathered from the PFG NMR (eq S4). DEER and MD end-to-
end distances can be assumed to describe the length of the rod,
allowing discrete solutions to be obtained for the hydrodynamic
radius and aspect ratio (eqs S9−S10).
Similar to the end-to-end distance data (Figures 4, 5 and 6),

this additional analysis confirms increases in size, as indicated
by the hydrodynamic radii from the SES rod model, at longer
oligomer lengths (Figure S12). However, the aspect ratio data
derived from the MD end-to-end distances appear lower than
what is observed experimentally (Figure 7). One possible
explanation of this observation is that the addition of spin-labels
for DEER measurement adds significant size or length to the
smaller oligomers. This concern is compounded because the
aspect ratio is exponentially sensitive to the difference between
the end-to-end constraint and twice the hydrodynamics radius
(Figure S13). To investigate this theory, the first three dispin
labeled oligomers ((DTT-Sulf)1−3) were oxidized, measured by
PFG NMR (Figure S14) and reanalyzed with the SES rod
model. The new aspect ratio which takes into account the spin
labels on (DTT-Sulf)1−3 confirms that the original aspect ratio
of the smaller oligomers was inflated by the length added by the
spin labels (Figure 7). Although the paramagnetic nitroxides
can affect the NMR quality (i.e., oxidation is necessary), the
shape and size analyses are best performed on the same
macromolecule when shorter oligomer lengths are involved.

Figure 5. (A) Distance reconstructions of the end-to-end distance
distribution function generated from DEER EPR of all 10mers at 100
μM in 20% ethylene glycol in water vitrified (70K) from room
temperature. (B) Mean end-to-end distance from DEER distance
reconstruction and single-chain molecular dynamics simulation (300
K, explicit water solvent). Data points represent the mean end-to-end
distance. Error bars represent the full-width at half-maximum (EPR) or
standard deviation (MD). Supporting Information details sample spin-
labeling (Figure S12), DEER measurement, and MD simulation detail.

Figure 6. End-to-end distance distributions from DEER measurement of 100 μM oligoTEAs in 20% ethylene glycol in water vitrified (70 K) from
room temperature revealing that all charged oligoTEAs experience electrostatic screening by the addition of ammonia during sample preparation.
Lighter color lines indicate distributions measured with ammonia sample preparation.
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Beyond a synthetic length of six monomers (three dithiol and
three N-allylacrylamide monomers), the spin-probes have
minimal (<10%) impact on diffusion (Figure S15). The overall
SES shape analysis with the rod model utilizing PFG NMR and
DEER data, and the MD data, indicate that all oligoTEAs
prepared in this work have a low aspect ratio (1−2) as expected
for relatively short and flexible macromolecules.

■ CONCLUSION

In this work, we successfully synthesized sulfonated oligoTEAs
and characterized their size, chain dynamics, and conforma-
tional ensemble by PFG NMR, DEER EPR, and MD
simulations as a function of synthetic length (2−12mer) and
individual monomer functional groups. We confirm the
strength of entropy and hydrophobicity to create oligomer
“collapse” of flexible structures. Our results suggest that this
collapse can overwhelm intramolecular electrostatic repulsion.
Analysis of individual monomer contributions revealed larger
changes due to modulation of the backbone as opposed to
pendant groups. Charged oligoTEAs were observed be affected
by the addition of ammonium salt, resulting in fewer
conformations of similar end-to-end distances, likely by ionic
screening. While low resolution, these characterization
techniques have provided insight into the ensemble of highly
flexible oligoTEAs. We anticipate that monomers and/or
sequence motifs that impart rigidity or directionality to the
oligomer will also be resolved by this technique. The
characterization of other short flexible oligomers will enable
understanding of sequence-structure relationships toward the
design of novel foldamers and macromolecular architectures.
This methodology can also be applied to the structural
characterization and development of flexible and biologically
functional materials.
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Sulf)1−6 oligomers computed using the diffusion coefficient of the
oligomers bearing the two spin probes. The error bars on the
experimental (DTT-Sulf)1−6 data series represent errors from the PFG
NMR data and a 95% confidence level in the DEER data, all
propagated through the SES model.
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