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1. Materials

All amino acids used to prepare peptides by solid-phase peptide synthesis (SPPS) were obtained 
from commercial sources. Lithium chloride (99%) and 6-Fmoc-amino hexanoic acid (97%) were 
purchased from commercial sources and used without purification. N-(hexanoic acid)-cis-5-
norbornene-exo-dicarboximide and the olefin metathesis initiator 
(IMesH2)(C5H5N)2(Cl)2Ru=CHPh were synthesized according to published procedures.1–3 

2. Synthesis and Purification of Peptide Monomers 

Peptide Synthesis: Peptides were synthesized using a Liberty Blue (CEM) automated microwave 
peptide synthesizer, utilizing Fmoc-protected amino acids and standard solid-phase peptide 
synthesis (SPPS) protocols. All peptides were generated on Rink amide MBHA resin to give C-
terminal amidated peptides.  Peptide monomers used as comparisons to polymer samples, as well 
as for later polymerization, were capped with N-(hexanoic acid)-cis-5-norbornene-exo-2,3-
dicarboxyimide using SPPS. 

Cleavage from the resin was performed in 88:5:5:2 (% v/v) trifluoroacetic acid (TFA), water, 
phenol, and triisopropyl silane, respectively, for two hours. After filtration, the resin was washed 
three times with fresh trifluoroacetic acid and dichloromethane, before all fractions were 
concentrated using a rotary evaporator and precipitated in cold diethyl ether. The precipitated 
product was dried under vacuum to yield solid crude peptide that was purified as detailed below.

Analytical High-Performance Liquid Chromatography (HPLC): Analytical HPLC analysis of 
peptides was performed on a Jupiter 4 Proteo 90Å Phenomenex column (150 x 4.60 mm) using 
a Hitachi-Elite LaChrom L-2130 pump equipped with UV-Vis detector (Hitachi-Elite LaChrom 
L2420). The solvent system consists of (A) 0.1% v/v TFA in water and (B) 0.1% v/v TFA in 
acetonitrile. After one column volume was monitored (3 mins), the solvent gradient was allowed 
to run (30 mins) before a wash step (not shown). 

Preparative HPLC: A Gilson PLC 2050 purification system was used to purify all peptides. The 
solvent system consisted of (A) 0.1% TFA in water and (B) 0.1% TFA in acetonitrile. Samples 
were dissolved (<10 mg/mL), filtered through a 0.22 μM PES filter, and run using solvent gradients 
optimized by examination of analytical HPLC data. For the E-alpha, K-alpha, and A-alpha peptide 
monomers, the optimized gradient was 35 – 55% B, and for the random peptide monomer, the 
optimized gradient was 10 – 40% B. 

Electrospray Ionization Mass Spectrometry (ESI-MS): ESI-MS spectra of peptides were collected 
using a Bruker amaZon SL mass spectrometer configured with an ESI source in both negative and 
positive ionization modes, using a mobile phase of 50% water and 50% acetonitrile. 



Figure S1. Analytical HPLC trace (obtained at 214 nm) of the random coil-based peptide 
monomer, NorAha-GSGSGRGSGSGE-NH2, obtained after purification using preparative HPLC, 
using a solvent gradient of 10 to 65% B.  

Figure S2. Analytical HPLC trace (obtained at 214 nm) of the alpha helix-based peptide 
monomer, NorAha-KIABAVBLBAEE-NH2 (“E-alpha”), obtained after purification using 
preparative HPLC, using a solvent gradient of 10 to 65% B.  



Figure S3. Analytical HPLC trace (obtained at 214 nm) of the alpha helix-based peptide 
monomer, NorAha-EIABAVBLBAKK-NH2 (“K-alpha”), obtained after purification using 
preparative HPLC, using a solvent gradient of 20 to 75% B.  

Figure S4. Analytical HPLC trace (obtained at 214 nm) of the alpha helix-based peptide 
monomer, NorAha-EIAAAVALAAKK-NH2 (“A-alpha”), obtained after purification using 
preparative HPLC, using a solvent gradient of 20 to 75% B.  



Figure S5. Plot of ESI-MS results of NorAha-GSGSGRGSGSGE-NH2 after purification, 
confirming the successful synthesis and purification of the expected peptide. Expected m/z of 
[M+H] = 1252.56, [M+2H] = 626.78, [M+H+Na] = 637.77. 

Figure S6. Plot of ESI-MS results of NorAha-KIABAVBLBAEE-NH2 after purification, 
confirming the successful synthesis and purification of the expected peptide. Expected m/z of 
[M+H] = 1456.83, [M+2H] = 728.92, [M+H+Na] = 739.9. 



Figure S7. Plot of ESI-MS results of NorAha-EIABAVBLBAKK-NH2 after purification, 
confirming the successful synthesis and purification of the expected peptide. Expected m/z of 
[M+H] = 1455.90, [M+2H] = 728.45.

Figure S8. Plot of ESI-MS results of NorAha-EIAAAVALAAKK-NH2 after purification, 
confirming the successful synthesis and purification of the expected peptide. Expected m/z of 
[M+H] = 1413.85, [M+2H] = 707.43.

3. Polymerization and Characterization of Polymers



Polymerization reactions were carried out in a purge box under a nitrogen atmosphere, similar to 
procedures previously described.4,5 Solvent (N,N-dimethylformamide) was sparged with nitrogen 
gas immediately before use. Small-scale reactions were performed and monitored using 1H NMR 
spectroscopy to assess the polymerization of the monomer before polymerizations with larger 
batches (>0.05 g) of peptide monomer were attempted. 1H NMR spectra were measured on a 
Bruker Avance III spectrometer (400 MHz). 

In a typical NMR-scale experiment, peptide monomer (15 to 45 mg) was dissolved in dry N,N-
dimethylformamide (DMF, 0.5 mL) with or without lithium chloride (1 M; depending on solubility 
of polymer) and an internal standard (hexamethyldisilane, HMDS). The monomer solution was 
transferred to a J. Young NMR tube, sealed, and the NMR spectrum of the solution was measured. 
The integration of the norbornene alkene peak (6.3 ppm) was assessed relative to the integration 
of the hexamethyl peak (~0 ppm). Subsequently, the tube was brought into the purge box, a 
solution of Grubbs 3rd generation catalyst in DMF (1 eq.) was added, and the reaction was mixed. 
The NMR tube was sealed and then monitored regularly to observe the progress of the 
polymerization by observing the disappearance of the norbornene alkene peak. Typically, 60-150 
min was required for complete conversion. The polymers were terminated with ethyl vinyl ether 
(>20 equiv) for 20 min at room temperature, precipitated, washed with cold diethyl ether 3 times, 
and collected by centrifugation. 

The molecular weight and polydispersity of all polymers were determined by organic phase or 
aqueous phase gel permeation chromatography, or SDS-PAGE when polymers were found 
incompatible with gel permeation chromatography. For example, E-alpha and K-alpha-derived 
systems did not elute from the columns used for either aqueous or organic-phase GPC. We note 
that the SDS-PAGE values consistently underestimate the approximate molecular weight of 
polymer samples, likely due to the fact the polymer topology might hinder the binding of sodium 
dodecyl sulfate in comparison to a protein. This can be particularly discerned in the case of 
random15, random30, and random45, where Mw values were obtained very close to the anticipated 
theoretical values via SEC-MALS, but MW values determined from SDS-PAGE significantly 
underestimate the weight of the polymer the longer the degree of polymerization (Table S1). We 
also note the underestimation of dispersity values determined using SEC-MALS, which is a 
limitation of this technique.6

Organic Phase Gel Permeation Chromatography (Organic GPC): Organic phase GPC 
measurements were performed on a set of Phenomenex Phenogel 5, 1K-75K, 300 x 7.80 mm in 
series with a Phenomex Phenogel 5, 10K-1000K, 300 x 7.80 mm columns with HPLC grade 
solvents as eluents: dimethylformamide (DMF) with 0.05 M of LiBr at 60 °C. Detection consisted 
of a Hitachi UV-Vis Detector L-2420, a Wyatt Optilab T-rEX refractive index detector operating 
at 658 nm and a Wyatt DAWN® HELEOS® II light scattering detector operating at 659 nm. 

Aqueous Phase Gel Permeation Chromatography (Aqueous GPC): Aqueous phase GPC 
measurements were performed with a Tosoh Bioscience TSK-GEL®PWxl-CP column 7.8 mm ID 
x 30 cm, 10 m, using either 0.1 M NaNO3 with 0.1%TFA or 0.05% NaN3 as the mobile phase. 
Detection consisted of a Wyatt Optilab T-rEX refractive index detector operating at 658 nm and a 
Wyatt DAWN® HELEOS® II light scattering detector operating at 659 nm.



Dynamic Light Scattering (DLS): DLS analyses were conducted at room temperature on a 
Zetasizer Nano-ZS (Malvern) operating with a 633 nm laser. Samples were prepared as 2.5 mg/mL 
solutions and measured at 25 ºC with an equilibration time of 60 seconds prior to measurement. 

SDS-PAGE: Samples were dissolved to a concentration of 1 mg/mL in aqueous buffer or water, 
before being combined with Laemmli sample buffer (30 μL sample, 20 μL buffer solution; Bio-
Rad) and were heated at 95 ºC for 10 minutes. The cooled samples were then loaded (20 μL) onto 
Mini-PROTEAN TGX Precast Protein Gel (Bio-Rad) with an acrylamide gel gradient of 4 to 15% 
and using a Tris/Gly/SDS running buffer (Bio-Rad). Molecular weight standards were utilized 
from Bio-Rad (Precision Plus Protein Dual Xtra). The gels were run at a voltage of 120 V for 1 
hour at room temperature, after which the gels were stained with Coomassie Brilliant Blue G dye 
solution (containing 40% v/v methanol and 10% v/v acetic acid) for 1 hour. The gels were then 
destained (using solutions of 40% v/v methanol and 10% v/v acetic acid) until the gel background 
was clear while retaining stain in the sample and reference bands, then imaged using an Azure 
Biosystems Azure 600 Imaging System in the Keck Biophysics Facility at Northwestern 
University. 

Table S1. A list of polymer samples that were generated and studied in the course of this study.
Polymer 
Sample

Theoretical 
Mn (kDa)

Experimental 
Mw (kDa)a

Experimental 
Mn (kDa)

Đ 
(Mw/Mn)

MW 
(kDa)b

Aqueous Rh 
(nm, DLS)

E-alpha7 10.2 – – – 11 2.4
E-alpha15 21.9 – – – 18 2.2
E-alpha30 43.7 – – – 37 3.2
E-alpha45 65.6 – – – 50 3.1
E-alpha90 131.1 – – – 120 7
K-alpha15 21.8 24.7c 22.3c 1.11c 18 2.2
K-alpha30 43.7 41.0c 39.8c 1.03c 30 2.1
K-alpha45 65.5 59.0c 56.8c 1.04c 45 2.5
random15 18.8 18.8d 18.6d 1.01d 20 3.2
random30 37.6 40.7d 40.5d 1.01d 30 3.7
random45 56.4 53.0d 51.5d 1.03d 50 3.9
random90 112.7 – – – 95 3.6

a Mw and Mn values for PLPs derived from the E-alpha peptide sequence could not be determined as SDS-PAGE, the 
only method by which the molecular weight of the polymer sample could be measured, does not allow for the 
determination of these values. 
b MW values determined by estimating the middle of the sample band via visual inspection of SDS-PAGE data 
(Figures S13-S14 and Fig. 2 in the main text). 
c Measured using aqueous GPC in 0.05 % NaN3 in water. 
d Measured using aqueous GPC in 0.1 M NaNO3 with 0.1% TFA. 



Figure S9. Representative polymerization of the random coil peptide monomer, 
NorAhaGSGSGRGSGSGE, using the Grubbs’ third generation catalyst and targeting a 15-mer in 
length, monitored using 1H NMR spectroscopy. Left: a close-up of the alkene region of the 
monomer (peak indicated with a blue circle) and polymer (broad peaks indicated with green 
circles). Right: pseudo-first-order kinetics plot of the polymerization, generated by integrating the 
monomer alkene peak relative to the integration of an HMDS standard peak. The plots were fit to 
a linear line with a slope of −0.0929 and R2 = 98.6%. 

Figure S10. Representative polymerization of the E-alpha peptide monomer, 
NorAhaKIABAVBLAEE, using the Grubbs’ third generation catalyst and targeting a 15-mer in 
length, monitored using 1H NMR spectroscopy. Left: a close-up of the alkene region of the 
monomer (peak indicated with a blue circle) and polymer (broad peaks indicated with green 
circles). Right: pseudo-first-order kinetics plot of the polymerization, generated by integrating the 
monomer alkene peak relative to the integration of an HMDS standard peak. The plots were fit to 
a linear line with a slope of −0.1441 and R2 = 99.7%. 



Figure S11. Representative polymerization of the K-alpha peptide monomer, 
NorAhaEIABAVBLAKK, using the Grubbs’ third generation catalyst and targeting a 45-mer in 
length, monitored using 1H NMR spectroscopy. Left: a close-up of the alkene region of the 
monomer (peak indicated with a blue circle) and polymer (broad peaks indicated with green 
circles). Right: pseudo-first-order kinetics plot of the polymerization, generated by integrating the 
monomer alkene peak relative to the integration of an HMDS standard peak. The plots were fit to 
a linear line with a slope of −0.1324 and R2 = 97.8%. 

Figure S12. Aqueous SEC-MALS of the K-alpha polymers, K-alpha15 (light blue trace), K-
alpha30 (blue trace), and K-alpha45 (purple trace), run using 0.05 wt% NaN3 in water. The 
differential refractive index was normalized to the highest and lowest values of the run’s data to 
allow for a more facile comparison. 
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Figure S13. SDS-PAGE gel of α-helical peptide-brush polymers based on the K-alpha peptide 
monomer. Approximate average molecular weight was estimated from analysis of the band 
positions relative to the positions of the molecular weight ladders (far left). 

Figure S14. SDS-PAGE gel of random coil peptide-brush polymers. Approximate average 
molecular weight were estimated from analysis of the band positions relative to the positions of 
the molecular weight ladders (far left and right). 

4. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were obtained on a JASCO J-815 spectrometer equipped with a 
Peltier sample holder for temperature control in the Keck Biophysics Facility at Northwestern 
University.  Samples were dissolved in various solvents (e.g. 50 mM sodium acetate buffer pH 4; 



50 mM sodium carbonate buffer at pH 10; 50% methanol with water or buffered solution; and 
100% methanol with 3 μM NaOH or TFA depending on the solubility of the peptide or polymer). 
These solutions were approximately 100 μM with respect to peptide monomer concentration, and 
placed into a 0.1 mm quartz cuvette (Hellma).  Measurements were obtained using a scan speed of 
10 nm/min, using a 1 nm bandwidth, 4 sec response time, and with three accumulations. 
Background spectra of solvent were obtained prior to measurement of the sample solutions and 
subtracted from the sample spectra using JASCO Spectra Analysis. Spectra were not smoothed.

For temperature scans, sample temperature was varied between 20 and 92 ºC with steps of 1 ºC/min 
while monitoring ellipticity at 222 nm. At all endpoints of the temperature ramps (20 and 92 ºC), 
full CD spectra were obtained. 

To estimate secondary structure content, two approaches were employed. First, the values were 
analyzed by examining the intensity of the spectrum at 222 nm, which is highly sensitive to the 
degree of helicity present. The value for a completely unfolded peptide was estimated from the 
value of the A-alpha monomer in water at 222 nm (−3,850 deg•cm2/dmol), and a completely folded 
system was estimated from the value of the E-alpha monomer in 100% methanol (−8,390 
deg•cm2/dmol after the unfolded correction). The values at 222 nm for all samples were corrected 
for the background signal from the unfolded system and then compared to the value for a 
completely folded system. Secondly, the spectra were analyzed using the CDPro program 
implemented in the JASCO Spectra Manager software, using the CONTIN algorithm and SMP56 
reference set,7 and assuming concentration of 0.0013 dmol/L. These values showed excellent 
agreement with the experimentally-determined percentages (Table S2 and S3). 

Figure S15. CD spectra of the peptide monomers E-alpha (black trace), K-alpha (red trace), and 
A-alpha (purple trace), measured at 25 ºC in aqueous buffer. Specifically, E-alpha was measured 



in 50 mM sodium carbonate buffer (pH 10), and the samples K-alpha and A-alpha were measured 
in 50 mM sodium acetate buffer (pH 4). 

Figure S16. CD spectra of the peptide monomers E-alpha (black trace), K-alpha (red trace), and 
A-alpha (purple trace), measured at 25 ºC in 50% methanol. Specifically, E-alpha was measured 
in 50% methanol with 50 mM sodium carbonate buffer, and the samples K-alpha and A-alpha 
were measured in 50% methanol with 50 mM sodium acetate buffer. 



Figure S17. CD spectra of E-alpha monomer (black trace) and K-alpha monomer (red trace) in 
aqueous buffer, and E-alpha monomer (gray trace) and K-alpha monomer (pink trace) in 50% 
methanol, measured at 25 ºC. Specifically, E-alpha was measured in 50 mM sodium carbonate 
buffer or 50% methanol with 50 mM sodium carbonate buffer, and K-alpha was measured in 50 
mM sodium acetate buffer or 50% methanol with 50 mM sodium acetate buffer. 



Figure S18. CD spectra of E-alpha-derived peptide monomer and polymers measured at 25 ºC 
and in 100% MeOH with 3 mM NaOH. Monomer, 15-mer, 30-mer, and 45-mer polymers were 
represented by gray, azure, dark blue, and purple traces respectively. 

Figure S19. CD spectra of K-alpha-derived peptide monomer and polymers measured at 25 ºC 
and in 50 mM sodium acetate buffer (pH 4). Monomer, 15-mer, 30-mer, and 45-mer polymers 
were represented by gray, azure, dark blue, and purple traces respectively.



Figure S20. CD spectra of K-alpha-derived peptide monomer and polymers measured at 25 ºC 
and in 50 mM sodium acetate buffer (pH 4). Monomer, 15-mer, 30-mer, and 45-mer polymers 
were represented by gray, azure, dark blue, and purple traces respectively.

Figure S21. CD spectra of E-alpha45 at 20 ºC (light blue trace), then after slowly (1 ºC/min) 
heating to 92 ºC (red trace), then after cooling slowly (1 ºC/min) back down to 20 ºC (blue trace). 



Figure S22. Ellipiticity of E-alpha45 monitored at 222 nm during heating to 92 ºC at 1 ºC/min 
(red dots), and then while cooling to 20 ºC at 1 ºC/min (blue spheres). 

Table S2. A list of polymer samples that were synthesized and studied in the course of this 
study, as well as their CD spectrum intensity at 222 nm, subtracted as described above, and the 
corresponding % folded. 

Number of Repeats Intensity at 222 nm 
(subtracted) % Folded as Helical

E-alpha monomer 0.9 10.7%
E-alpha7 0.43 5.1%
E-alpha15 1.98 23.6%
E-alpha30 2.9 34.6%
E-alpha45 3.63 43.3%
E-alpha90 3.87 46.1%

Table S3. Secondary structure content values from CDPro fitting, using CONTIN algorithm 
and SMP56 reference set. 

Number of Repeats % Folded as 
Helix (total)

% Folded as Beta 
Sheet (total)

% Folded as 
Turn

% Folded 
as Random

E-alpha monomer 10 32.9 23.1 33.8
E-alpha7 14.2 35.8 21.1 28.9
E-alpha15 23.4 23.3 22.4 30.8
E-alpha30 35.6 15.4 21.6 27.4
E-alpha45 34.3 17.1 21.4 27.2



5. Well-tempered Metadynamics Molecular Dynamics (MD) Simulations

The folding behavior of proteins and peptides is known to be slow. As such, advanced sampling 
of metadynamics simulations was carried out to quantify the probability of the α-helix secondary 
structure of peptides. Here the NorAhaKIABAVBLBAEE peptide-based macromonomer (E-
alpha) was simulated. The metadynamics simulations were conducted using GROMACS 2023.08 
with the patched Plumed 2.9.0.9 
In metadynamics simulations, a history-dependent Gaussian bias potential is added to the 
Hamiltonian of the system as a function of collective variables (CVs).10 The added Gaussian bias 
potential fills the underlying free energy basins and reflects the free energy surface (FES) as a 
function of the CVs. In well-tempered metadynamics, the height of the Gaussian bias potential 
continuously decreases over simulation time to ensure the convergence of the final bias potential 
to the actual FES.11

In this work, the collective variable of alphaRMSD12 was employed. alphaRMSD calculates the 
RMSD of a segment of six connecting amino acids and computes the distance with a reference α-
helical structure. It measures the number of segments that take the α-helix configuration using the 
following equation.

𝑠 =  ∑
𝑖

1 ‒ (𝑟𝑖 ‒ 𝑑0

𝑟0
)𝑛

1 ‒ (𝑟𝑖 ‒ 𝑑0

𝑟0
)𝑚

The default values of n = 8, m = 12, d0 = 0 and r0 = 0.08 nm were employed.12 The calculated numbers of 
α-helix configurations were normalized by the maximum allowed number of α-helix configurations in the 
peptide to calculate the probability of α-helix configurations. The maximum number of α-helix 
configurations is 7 for peptide KIABAVBLBAEE given that a segment of six connecting amino acids can 
form an α-helix structure. 

The macromonomer was dissolved in a water box of around 6 nm in all dimensions. A salt 
concentration of 0.14 M NaCl was used. The CHARMM 36m potential13 was employed along 
with the CGenFF parameters of the macromonomer backbone we recently developed.5 CHARMM 
36m was improved from an earlier version of CHARMM 36 to better describe unstructured 
proteins/peptides. The recommended CHARMM TIP3P14 water model was utilized with the water 
structures constrained via the SETTLE algorithm.15 
The system was first equilibrated using the steepest descent algorithm. It was further equilibrated 
for a duration of 1 ps using the canonical ensemble (constant number of particles, volume, and 
temperature, NVT) and a duration of 10 ps using the isothermal-isobaric ensemble (constant 
number of particles, pressure, and temperature, NPT). The system was eventually equilibrated for 
another 20 ns. The periodic boundary conditions were applied in all three dimensions. The 
neighbor searching was calculated up to 12 Å using the Verlet particle-based method and updated 
every 20-time steps. The short-range electrostatic interactions were truncated at the cut-off 
distance of 12 Å and the Smooth Particle Mesh Ewald (PME) algorithm16,17 was applied for the 
long-range interactions. The Lennard-Jones 12-6 interactions were switched off from 10 to 12 Å 
via the potential-switch method in GROMACS. The NPT ensemble was used. The temperatures 
of water molecules and others were separately coupled using the Nosé-Hover algorithm (reference 
temperature 298 K, characteristic time 1 ps). The isotropic Parrinello-Rahman barostat was applied 



with the reference pressure of 1 bar, the characteristic time was 4 ps, and the compressibility of 
4.5×10-5 bar-1. All the hydrogen-involved covalent bonds were constrained, which supported an 
integration time step of 2 fs. These parameters were recommended for the accurate reproduction 
of the original CHARMM simulation on lipid membranes18 and have been verified in our 
simulations on peptide-brush polymers,5,19 proteins,20 polymers,21 and lipid membranes.22 
For the well-tempered metadynamics, the Gaussian bias potential was deposited every 1 ps with 
the initial height of 5 kJ/mol and a bias factor of 10. The temperature of the system was 298.15 K. 
The Gaussian width (sigma) is 1. The well-tempered metadynamics run for a duration of 5 μs. The 
convergence is provided in Fig. S23. The calculated free energy surface (FES) is provided in Fig. 
S24, along with the characteristic structures of the global minimum energy and local minimum 
energy structures.
To examine the distributions of the α-helix and other kinds of secondary structures on the peptide 
chain, we also carried out nonbiased MD simulations on the same system. Five parallel simulations 
were conducted, each for a simulation duration of 4 μs (a total of 20 μs). We then analyzed the 
secondary structures for individual amino acids. The calculated probabilities for all amino acids 
are presented in Fig. S25.
In addition to the macromonomer system, we also examined the corresponding polymer with DP 
= 15 using nonbiased MD and well-tempered metadynamics simulation. For the nonbiased MD 
simulations, five parallel simulations were conducted, each for a duration of 4 μs (a total of 20 μs). 
The radius of gyration of the polymer was calculated to be 1.94 ± 0.08 nm where the uncertainty 
stood for the standard deviation. The small fluctuation supports an approximately globular 
morphology of the polymer chain, which is consistent with the SAXS calculation presented in the 
main text (Fig. 7). For the well-tempered metadynamics simulations, they, unfortunately, did not 
converge in terms of the probability of α-helix for all the side chains of peptides after around 3 
million CPU core hours on the supercomputer Frontera at the Texas Advanced Computing 
Center (TACC). It was thus not presented here. The slow convergence was likely owing to 
the large number (15) of peptide chains, each with 12 amino acids.



Figure S23. Convergence of the well-tempered metadynamics. The whole free energy surface 
(FES) profile is converged at 4.8 μs, with the location of global minimum converged at less than 
1 μs.

Figure S24. Free energy surface as a function of the probability of α-helix for 
KIABAVBLBAEE-based macromonomers obtained from well-tempered metadynamics 
simulations. A probability of 10% is the most energetically stable with a characteristic structure 
provided in inset (a). The α-helix/turn/random coil secondary structures of the peptide backbone 
are colored in magenta/cyan/white, respectively. The NorAha backbone atoms are colored in black 
with carbon/oxygen/hydrogen atoms colored in cyan/red/white, respectively. Demonstrated in 
insets (b) and (c) are the local minimum energy structures. 

a

a

b
b

c
c



Figure S25. Distribution of the secondary structures on the KIABAVBLBAEE peptide of 
the macromonomer. Data are from five parallel nonbiased atomistic simulations, each with a 
simulation duration of 4 μs (a total of 20 μs).

6. Nuclear Magnetic Resonance Spectroscopy

1D and 2D NMR spectra with solvent suppression were recorded on a 600 MHz Bruker NEO 
spectrometer equipped with a QCI-F cryoprobe in the Northwestern University IMSERC facility. 
Purified peptide monomer or polymer samples were dissolved in the appropriate solvent, either 
100 mM sodium carbonate buffer (pH 10) prepared with 90% H2O and 10% D2O, 100 mM sodium 
acetate (NaOAc-d3) buffer (pH 4) prepared with 90% H2O and 10% D2O, or 100% CD3OH. 
Peptide monomer samples were approximately 10 mM, and polymer samples were approximately 
5 mM with respect to peptide monomer concentration. Generally, the 2D TOCSY spectra were 
measured using the dipsi2esgpph pulse sequence, using 8 scans, a scan width of 11.9 ppm, and 
512 increments.  2D NOESY spectra were measured with the noesyesgpph pulse sequence, using 
8 scans, a scan width of 11.9 ppm, 512 increments, and a d1 time of 1.5 s.

For H/D exchange experiments specifically, samples were dissolved in completely deuterated 
solvent (D2O or CD3OD), at which point their 1H NMR spectra were monitored periodically for 
one hour. All spectra except the K-alpha monomer in D2O were obtained on a Bruker NEO 600 
MHz spectrometer equipped with a cryoprobe; the K-alpha monomer in D2O was measured on a 
Bruker Avance 600 MHz spectrometer. 

All spectra were processed, viewed, and assigned using MestReNova, including the TOCSY and 
NOESY peaks.23
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Figure S26. 1H NMR spectrum of the random peptide monomer in 90% H2O and 10% D2O 
(approximately 10 mM), with solvent suppression, which was obtained on a 600 MHz 
spectrometer at 25 ºC. 
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Figure S27. 1H NMR spectrum of the K-alpha peptide monomer in 90% H2O, 10% D2O (100 
mM NaOAc-d3 buffer, approximately 10 mM peptide concentration), with solvent suppression, 
which was obtained on a 600 MHz spectrometer at 25 ºC. 
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Figure S28. 1H NMR spectrum of the K-alpha peptide monomer in CD3OH (approximately 10 
mM), with solvent suppression, which was obtained on a 600 MHz spectrometer at 25 ºC. 
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Figure S29. 1H NMR spectrum of K-alpha15 in H2O/D2O (approximately 5 mM with respect to 
peptide monomer concentration), with solvent suppression, which was obtained on a 600 MHz 
spectrometer at 25 ºC. 
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Figure S30. 1H NMR spectrum of K-alpha15 in CD3OH (approximately 5 mM with respect to 
peptide monomer concentration), with solvent suppression, which was obtained on a 600 MHz 
spectrometer at 25 ºC. 



Figure S31. 1H NMR spectra of the K-alpha peptide monomer and K-alpha15 polymer in 
CD3OH (approximately 10 mM and 5 mM with respect to peptide monomer concentration 
respectively), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. The top 
two panels demonstrate the 1H NMR spectra of the respective sample, and the bottom panel 
overlays the two spectra and demonstrates with arrows how several key amino acids change 
position from the monomer (maroon trace) to the 15-mer (turquoise trace). The most dramatic 
shifts appear with residues near the N-terminus, consistent with their proximity to the polymer 
backbone. 
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Figure S32. 2D TOCSY spectrum of the K-alpha monomer in 90% H2O, 10% D2O 
(approximately 10 mM), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. 
Labels indicate the amino acid residue of the corresponding amide NH peak. The figure highlights 
in particular the diagonal peaks in the NH amide region and cross-peaks of these NH peaks with 
the αH and side chain moieties.
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Figure S33. 2D NOESY spectrum of the K-alpha monomer in 90% H2O, 10% D2O 
(approximately 10 mM), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. 
The spectrum is zoomed into the amide NH region, with some visible NOE peaks that correspond 
to adjacent amide NHs (i, i+1) consistent with residual helicity (e.g. 10% as observed by circular 
dichroism spectroscopy). Labels indicate the amino acid residue of the corresponding amide NH 
peak.
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Figure S34. 2D NOESY spectrum of the K-alpha monomer in 90% H2O, 10% D2O 
(approximately 10 mM), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. 
This figure shows NOE correlations between NH amide peaks in f2 to αH peaks in f1, and are 
labelled accordingly. NOEs can be distinguished between (i, i+1), (i, i +2), and (i, i +3) residues, 
but with only one visible (i, i +4) NOE (B4 to ⍺H of A5), consistent with the weak helicity 
observed by CD spectroscopy of the K-alpha monomer in aqueous solution. 
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Figure S35. 2D TOCSY spectrum of the K-alpha monomer in 100% CD3OH (approximately 10 
mM), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. Labels indicate the 
amino acid residue of the corresponding amide NH peak. The figure highlights in particular the 
diagonal peaks in the NH amide region and cross-peaks of these NH peaks with the αH and side 
chain moieties.



7.67.77.87.98.08.18.28.38.4
f2 (ppm)

7.6

7.7

7.8

7.9

8.0

8.1

8.2

8.3

8.4

f1
 (p

pm
)

E1 B9 A10 to B9 L8 to B9

I2 A3 to I2E1 to I2 B9 to A10 A10 A10 to K11

A5 to B4B4 A3 to B4
B7 to V6V6 A5 to V6

B7 L8 to B7K11A10 to K11

V6 to A5

B9 to A10

A5
K12

A3I2 to A3 B4 to A3

B9 to L8 B7 to L8 L8

Figure S36. 2D NOESY spectrum of the K-alpha monomer in CD3OH (approximately 10 mM 
with respect to peptide monomer concentration), with solvent suppression, obtained on a 600 MHz 
spectrometer at 25 ºC. The spectrum is zoomed into the amide NH region, revealing NOE peaks 
that correspond to adjacent amide NHs (i, i+1) consistent with a helical fold. Labels indicate the 
amino acid residue of the corresponding amide NH peak.
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Figure S37. 2D NOESY spectrum of the K-alpha monomer in 100% CD3OH (approximately 10 
mM), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. This figure shows 
NOE correlations between NH amide peaks in f2 to αH peaks in f1, and are labelled accordingly. 
NOEs can be distinguished between (i, i+1), (i, i +2), (i, i +3), and (i, i +4) residues, with those to 
V6 (~3.5 ppm in f1) showing this trend in particular. This pattern of NOEs are consistent with 
helical folding. 



Figure S38. Overlaid 2D TOCSY spectra of the K-alpha monomer (green trace) and K-alpha15 
polymer (purple trace) in CD3OH (approximately 10 and 5 mM peptide monomer concentration 
respectively), with solvent suppression, obtained on a 600 MHz spectrometer at 25 ºC. The figure 
highlights in particular the diagonal peaks in the NH amide region and cross-peaks of these NH 
peaks with the αH and side chain moieties. Black labels are indicated only for polymer peaks. The 
overlay supports that while some amino acids have similar chemical shifts in the peptide monomer 
and polymer samples (e.g. L8, K11, K12, and A10), others shift drastically (e.g. E1, I2, A3, V6). 
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Figure S39. 2D NOESY spectrum of the K-alpha15 polymer in CD3OH (approximately 5 mM 
with respect to peptide monomer concentration), with solvent suppression, obtained on a 600 MHz 
spectrometer at 25 ºC. The spectrum is zoomed into the amide NH region, revealing NOE peaks 
that correspond to adjacent amide NHs (i, i+1) consistent with a helical fold, as well as several 
additional NOEs corresponding to more distant features (i, i+2) that further corroborate the helicity 
of the system. Labels indicate the amino acid residue of the corresponding amide NH peak.



7.57.67.77.87.98.08.18.28.3
f2 (ppm)

3.75

3.80

3.85

3.90

3.95

4.00

4.05

4.10

4.15

4.20

f1
 (p

pm
)

K12 to aK12

K11 to aK12

K11 to aK11 K12 to aK11
A5 to aE1B4 to aE1 A3 to aE1I2 to aE1

I2 to aE1

K12 to aA10
V6 to aA10 K11 to aA10B9 to aA10

A10 to aA10

B9 to aA5 V6 to aA3 or aA5 V6 to aA3 or aA5

B4 to aA3 A3 to aA3

A5 to aA5 or aA3

K11 to aL8 L8 to aL8B9 to aL8
I2 to aI2

Figure S40. 2D NOESY spectrum of the K-alpha15 polymer in CD3OH (approximately 5 mM 
with respect to peptide monomer concentration), with solvent suppression, obtained on a 600 MHz 
spectrometer at 25 ºC.  This inset shows NOE correlations between NH amide peaks in f2 to αH 
peaks in f1, and are labelled accordingly. NOEs can be distinguished between (i, i+1), (i, i +2), (i, 
i +3), and (i, i +4) residues. 
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Figure S41. 2D NOESY spectrum of the K-alpha15 polymer in CD3OH (approximately 5 mM 
with respect to peptide monomer concentration), with solvent suppression, obtained on a 600 MHz 
spectrometer at 25 ºC. This inset shows NOE correlations between NH amide peaks in f2 to the 
αH peak of V6 in f1, and are labeled accordingly. NOEs can be distinguished between (i, i+1), (i, 
i +2), (i, i +3), and (i, i +4) residues, with integration indicating intensity approximately in the 
order of (I, i) > (i, i +1) ~ (i, i +3) > (i, i +4) ~ (i, i +2). 



Figure S42. 1H NMR spectroscopy data monitoring the disappearance of NH peaks of samples 
when dissolved in deuterated solvent (pure D2O or 50% CD3OD in D2O), compared to spectra of 
the samples dissolved in 90% H2O and 10% D2O (a and c), or 50% CD3OH with H2O (b and d). 
The random monomer (a in water and b in 50% methanol) show slower exchange with solvent as 
compared to the random15 polymer (c and d in water and 50% methanol respectively).

Figure S43. 1H NMR spectroscopy data monitoring the disappearance of NH peaks of samples 
when dissolved in deuterated solvent (pure D2O or CD3OD), compared to spectra of the samples 



dissolved in 90% H2O and 10% D2O (a and c), or pure CD3OH (b and d). Both the K-alpha 
monomer and K-alpha15 polymer show much slower exchange in water as compared to methanol.

7. Small-Angle X-ray Scattering

SAXS experiments were conducted at Beamline 16ID of the National Synchrotron Light Source 
II, Brookhaven National Laboratory.24,25 Samples were dissolved in water (random-based 
polymers) or buffered solutions (100 mM sodium carbonate- or sodium acetate-based buffers for 
E-alpha- and K-alpha-based polymers respectively) in concentrations ranging from 1.25 to 5 
mg/mL, dialyzed for two days against the buffer solution using 3.5 kDa MWCO dialysis cassettes, 
filtered through 0.22 μM hydrophilic PTFE membrane filters, shipped to the beamline in sealed 
PCR plates, and then loaded into sample holders for measurement in a flow-through cell at the 
beamline station.26 The wavelength used for data collection ranges from 0.8172 Å to 0.8202 Å and 
is indicated in figure captions and in Tables S4–S6. Sample data was recorded on three Pilatus3 
detectors to capture an approximate q range of 0.006 Å−1 to 3.2 Å−1. Data processing and 
background subtractions are performed using Python as previously detailed.24  

Additional SAXS experiments were conducted at the 5-ID-D beamline of the Dupont-
Northwestern-Dow Collaborative Access Team (DND-CAT) at the Advanced Photon Source, 
Argonne National Laboratory. Samples of 1 to 5% w/v of peptide-brush polymer in solvent were 
prepared and loaded into 1.5 mm quartz capillaries. The capillaries were then sealed with epoxy 
to prevent solvent evaporation prior to data acquisition. Capillaries were loaded into a 
multicapillary holder and scattering patterns were acquired at room temperature. Two-dimensional 
scattering patterns were obtained from 10 exposures using a Rayonix MX170-HS CCD area 
detector using a 0.5 s exposure time to X-rays with a wavelength of λ = 1.2398 Å and a sample-
to-detector distance of 8.5 m. The 2D data were azimuthally averaged to yield 1D scattering 
patterns as intensity versus q. Incoherent background scattering was measured by acquiring 
scattering patterns for a solvent-loaded capillary in the absence of polymer samples. 

Background-subtracted patterns were used to construct Kratky and Guinier plots. Specifically, 
Guinier plots were used to extract experimental radii of gyration, Rg, and the intensity at zero 
scattering angle, I0, using the program ATSAS.27 These values are reported in Tables S4, S5, and 
S6. Additionally, the values obtained from this analysis were used to generate Kratky and 
normalized Kratky plots of the corresponding data, which are presented in the manuscript and 
below (Figs. 5, S38, and S41). Fitting of the power law, Guinier-Porod,28,29 and flexible cylinder 
models30,31 was performed using SasView.32 These models are frequently used for similar bottle-
brush polymers and provide detail into their conformations in solution.33–38 For example, shorter 
polymers often collapse into compact, globular conformations, which typically have a dimension 
(or shape) parameter s of 0 and a Porod exponent of 4, whereas more anisotropic systems will yield 
dimension parameters closer to 1. We observe that as polymer lengths increase, the values of s 
determined also increase. 

Additionally, as bottlebrush polymers extend in length to become more rod-like and less liable to 
collapse into small globular structures, their scattering patterns often display multiple power law 
dependences, i.e. Q0, Q−1, and Q−4, which correspond to the radius of the rod, the length of the rod, 
and the surface of the rod. We note this tendency in particular for the scattering data of the 
random90 and E-alpha90 polymers, which display excellent fits to three power law models with 



coefficients that closely match these values. The normalized Kratky plots of these two polymers 
also significantly deviate from values expected for a compact sphere. We note literature on the 
interpretation of Kratky plots of disordered proteins, which inspired us in the course of this 
study.39,40 However, unlike in proteins where the relationship of protein chain length to Rg is well 
validated, in these brush polymer systems, additional validation outside of the scope of this work 
would be needed to utilize similar analyses. 

Data for samples of all concentrations were generally examined for signs of aggregation or 
interparticle repulsion, and generally, the data of the intermediate concentration, 2.5 mg/mL, was 
chosen due to not exhibiting such effects while maintaining high intensities and signal-to-noise. 

Table S4. Table of structural parameters of α-helical peptide-based polymers derived from the 
E-alpha peptide monomer. All Rg and I0 values were derived from samples of concentrations 2.5 
mg polymer per mL of solvent. 

Sample 
Name Solvent λ (Å) Rg (nm), from 

Guinier plot fit I0 Fidelity

E-alpha7 Aqueous buffera 0.8172 2.24 ± 0.01 5.90 ± 0.03 1

E-alpha15 Aqueous buffera 0.8172 2.24 ± 0.01 7.81 ± 0.03 1

E-alpha30 Aqueous buffera 0.8172 2.82 ± 0.02 12.12 ± 0.05 0.94

E-alpha45 Aqueous buffera 0.8172 3.24 ± 0.02 15.77 ± 0.05 0.98

E-alpha90 Aqueous buffera 0.8172 6.92 ± 0.04 66.7 ± 0.3 0.88

E-alpha7 50% MeOHb 0.8202 2.12 ± 0.04 0.800 ± 0.009 0.98

E-alpha15 50% MeOHb 0.8202 2.82 ± 0.04 2.29 ± 0.03 0.30

E-alpha30 50% MeOHb 0.8202 3.33 ± 0.03 4.79 ± 0.02 0.96

E-alpha45 50% MeOHb 0.8202 4.56 ± 0.07 5.75 ± 0.06 0.23

E-alpha90 50% MeOHb 0.8202 9.2 ± 0.1 41.0 ± 0.4 0.46

E-alpha15 100% MeOHc 1.2398 2.46 ± 0.02 0.14 ± 0.01 1.00

E-alpha30 100% MeOHc 1.2398 3.47 ± 0.08 0.33 ± 0.01 1.00

E-alpha45 100% MeOHc 1.2398 4.49 ± 0.01 0.67 ± 0.01 1.00
a 100 mM Na2CO3 buffer, pH 10.
b 50% MeOH (v/v) with 50 mM Na2CO3 buffer. 
c 100% MeOH with 3 mM NaOH (to enable sample solubility). 



Table S5. Table of structural parameters of α-helical peptide-based polymers derived from 
the K-alpha peptide monomer. Unless otherwise stated, all Rg and I0 values were derived from 
samples of concentrations of 2.5 mg polymer per mL of solvent. 

Sample 
Name Solvent λ (Å) Rg (nm),

from Guinier plot fit I0 Fidelity

K-alpha15 Aqueous buffera 0.8202 2.07 ± 0.04 0.470 ± 0.005 0.99

K-alpha30 Aqueous buffera,b 0.8203 2.35 ± 0.03 1.47 ± 0.02 1

K-alpha45 Aqueous buffera 0.8202 2.89 ± 0.05 1.03 ± 0.01 0.92

K-alpha15 50% MeOHc 0.8202 2.15 ± 0.02 1.220 ± 0.006 1.00

K-alpha30 50% MeOHc,d 0.8202 2.58 ± 0.04 6.16 ± 0.07 0.83

K-alpha45 50% MeOHc 0.8202 3.40 ± 0.03 4.02 ± 0.03 0.63
a 100 mM NaOAc buffer, pH 4. 
b 1.25 mg/mL
c 50% MeOH (v/v) with 50 mM NaOAc buffer. 
d 5.0 mg/mL

Table S6. Table of structural parameters of random coil peptide-based polymers. All Rg and I0 
values were derived from samples that consisted of 2.5 mg polymer per mL of solvent. 

Sample 
Name Solvent λ (Å) Rg (nm),

from Guinier plot fit I0 Fidelity

random15 Water 0.8172 2.42 ± 0.02 12.24 ± 0.05 0.81

random30 Water 0.8172 2.483 ± 0.008 16.31 ± 0.04 1.0

random45 Water 0.8172 3.32 ± 0.01 30.46 ± 0.06 0.92

random90 Water 0.8180 5.40 ± 0.06 4.06 ± 0.03 0.98

random15 50% MeOH 0.8202 2.56 ± 0.02 4.57 ± 0.03 0.98

random30 50% MeOH 0.8202 3.03 ± 0.01 10.33 ± 0.03 0.67

random45 50% MeOH 0.8202 3.47 ± 0.04 11.46 ± 0.08 0.56



Table S7. Table of structural parameters of α-helical peptide-based polymers derived from 
the E-alpha peptide sequence. Specifically, we report the radius of gyration Rg, the dimension 
variable s, and the Porod exponent d determined from Guinier-Porod model28,29 fits performed in 
SasView,32 along with the goodness-of-fit values. 

Sample 
Name Solvent Rg (nm) s d (Porod 

exponent) χ2

E-alpha7 Aqueous buffera 2.16 ± 0.02 0.05 ± 0.01 4.48 ± 0.4 0.84

E-alpha15 Aqueous buffera 2.232 ± 0.008 
~0 

(4 x 10
-19

)
4.1 ± 0.2 0.87

E-alpha30 Aqueous buffera 2.71 ± 0.02 0.033 ± 0.008 3.6 ± 0.1 0.93

E-alpha45 Aqueous buffera 2.97 ± 0.01 0.085 ± 0.007 3.24 ± 0.06 1.63

E-alpha90 Aqueous buffera 3.63 ± 0.03 0.569 ± 0.008 2.074 ± 0.008 27

E-alpha7 50% MeOHb 1.70 ± 0.03 0.28 ± 0.02 3.7 ± 0.4 1.04

E-alpha15 50% MeOHb 2.15 ± 0.02 0.25 ± 0.01 4.4 ± 0.3 1.20

E-alpha30 50% MeOHb 2.75 ± 0.03 0.23 ± 0.02 3.01 ± 0.05 2.28

E-alpha45 50% MeOHb 2.50 ± 0.03 0.50 ± 0.02 3.08 ± 0.06 2.22

E-alpha90 50% MeOHb 1.584 ± 0.008 1.202 ± 0.003 4.04 ± 0.11 1.61



Table S8. Table of structural parameters of α-helical peptide-based polymers derived from the 
E-alpha peptide monomer. P1, P2, and P3 designate power law coefficients derived from fitting 
the power law model as implemented in SasView, with the respective q range of the fit and 
goodness-of-fit value designated below the coefficient.32

Sample 
Name Solvent P1 P2 P3

E-alpha7
Aqueous 
buffera

0.1 ± 0.3
0.01 to 0.04 Å-1; χ2 0.60

3.8 ± 0.2
0.1 to 0.2 Å-1; χ2 1.79

E-alpha15
Aqueous 
buffera

0.0017 ± 0.8 
0.01 to 0.03 Å-1; χ2 0.59

3.5 ± 0.2
0.1 to 0.18 Å-1; χ2 0.72

E-alpha30
Aqueous 
buffera

0.0014 ± 0.4
0.007 to 0.03 Å-1; χ2 0.74

3.99 ± 0.06
0.08 to 0.25 Å-1; χ2 1.79

E-alpha45
Aqueous 
buffera

0.0009 ± 0.2
0.008 to 0.03 Å-1; χ2 1.44

4.02 ± 0.06
0.08 to 0.25 Å-1; χ2 1.04

E-alpha90
Aqueous 
buffera

0.0019 ± 0.4
0.007 to 0.015 Å-1; χ2 

0.70

1.08 ± 0.02
0.02 to 0.05 Å-1; χ2 4.73

3.86 ± 0.06
0.08 to 0.25 Å-1; 

χ2 0.86

E-alpha7
50% 

MeOHb
0.1 ± 0.2 

0.02 to 0.06 Å-1; χ2 0.43
2.1 ± 0.1

0.08 to 0.2 Å-1; χ2 1.06

E-alpha15
50% 

MeOHb
0.05 ± 0.08 

0.012 to 0.05 Å-1; χ2 1.04
2.7 ± 0.1

0.08 to 0.15 Å-1; χ2 1.40

E-alpha30
50% 

MeOHb
0 ± 3 

0.007 to 0.02 Å-1; χ2 0.72
2.30 ± 0.06

0.06 to 0.12 Å-1; χ2 1.59

E-alpha45
50% 

MeOHb
0.0 ± 0.6 

0.009 to 0.02 Å-1; χ2 0.96
3.24 ± 0.06

0.07 to 0.18 Å-1; χ2 1.44

E-alpha90
50% 

MeOHb

0.1 ± 0.1 
0.005 to 0.015 Å-1; χ2 

1.05

1.08 ± 0.02
0.02 to 0.05 Å-1; χ2 2.19

3.62 ± 0.03
0.08 to 0.2 Å-1; χ2 

4.57
a 100 mM Na2CO3 buffer.
b 50% MeOH (v/v) with 50 mM Na2CO3 buffer. 



Table S9. Table of structural parameters of α-helical peptide-based polymers derived from the 
E-alpha peptide monomer. Specifically, we report the parameters determined using the flexible 
cylinder model30,31 as implemented in SasView,32 with L representing the length of the flexible 
cylinder, the Kuhn length of the flexible cylinder, R as the radius of the flexible cylinder, as well 
as the polydispersity of R and the goodness-of-fit parameter χ2. 

Sample 
Name Solvent L  (nm)

Kuhn 
Length  

(nm)
R

 
(nm) Polydispersity 

of R χ
2

E-alpha7 Aqueous buffera 6.7 ± 0.4 3.8 ± 0.2 1.82 ± 0.02 0.21 ± 0.03 0.79

E-alpha15 Aqueous buffera 7.2 ± 0.3 3.7 ± 0.1 1.80 ± 0.01 0.21 ± 0.02 0.58

E-alpha30 Aqueous buffera 8.7 ± 0.3 4.8 ± 0.1 2.15 ± 0.02 0.28 ± 0.02 0.73

E-alpha45 Aqueous buffera 11.9 ± 0.3 5.3 ± 0.2 2.16 ± 0.02 0.33 ± 0.02 0.71

E-alpha90 Aqueous buffera 32.3 ± 0.4 13.4 ± 0.2 2.27 ± 0.02 0.40 ± 0.01 1.98

E-alpha7 50% MeOHb 14.0 ± 0.3 1.4 ± 0.4 1.5 ± 0.6 – 0.73

E-alpha15 50% MeOHb 16.79 ± 0.02 1.7 ± 0.2 1.80 ± 0.04 0.16 ± 0.03 3.77

E-alpha30 50% MeOHb 17 ± 2 3.3 ± 0.9 1.94 ± 0.06 0.35 ± 0.03 0.68

E-alpha45 50% MeOHb 28.27 ± 0.02 2.8 ± 0.2 1.7 ± 0.2 0.4 ± 0.1 2.71

E-alpha90 50% MeOHb 38.4 ± 0.2 20.4 ± 0.1 2.04 ± 0.02 0.40 ± 0.01 2.96
a 100 mM Na2CO3 buffer.
b 50% MeOH (v/v) with 50 mM Na2CO3 buffer. 

Table S10. Table of structural parameters of random coil peptide-based polymers. Specifically, 
we report the radius of gyration Rg, the dimension variable s, and the Porod exponent d determined 
from Guinier-Porod model28,29 fits performed in SasView,32 along with the goodness-of-fit values.

Sample 
Name Solvent Rg (nm) s d (Porod 

exponent) χ2

random15 H2O 2.136 ± 0.007 0.102 ± 0.005 5.9 ± 0.2 0.46
random30 H2O 2.43 ± 0.02 0.014 ± 0.007 4.7 ± 0.3 0.48
random45 H2O 2.703 ± 0.009 0.135 ± 0.004 2.350 ± 0.003 7.36
random90 H2O 1.83 ± 0.03 1.00 ± 0.01 6 ± 2 6.27
random15 50% MeOH 1.92 ± 0.04 0.16 ± 0.01 2.6 ± 0.3 0.58
random30 50% MeOH 2.188 ± 0.009 0.310 ± 0.004 3.37 ± 0.08 5.03
random45 50% MeOH 2.68 ± 0.01 0.224 ± 0.008 3.92 ± 0.07 2.67



Table S11. Table of structural parameters of random coil peptide-based polymers. Specifically, 
we report the parameters determined using the flexible cylinder model30,31 as implemented in 
SasView,32 with L representing the length and R as the radius of the cylinder, as well parameters 
for the polydispersity of R, the Kuhn length of the cylinder, and the goodness-of-fit parameter χ2. 

Sample 
Name Solvent L  (nm)

Kuhn 
Length  

(nm)
R

 
(nm) Polydispersity 

of R χ
2

random15 H2O 6 ± 3 2.9 ± 0.2 1.8 ± 0.2 0.35 ± 0.07 1.49
random30 H2O 5.0 ± 0.5 3.1 ± 0.2 2.35 ± 0.03 0.18 ± 0.02 0.50

random45 H2O
15.454 ± 
0.0002 3.9 ± 0.1 2.136 ± 0.008 0.19 ± 0.01 0.91

random90 H2O 20.5 ± 0.5 15.1 ± 0.6 2.26 ± 0.03 0.22 ± 0.03 0.66

random15
50% 

MeOH 9.7 ± 0.4 3.4 ± 0.5 1.73 ± 0.09 – 0.89

random30
50% 

MeOH
14.1550 ± 

0.0002 3.5 ± 0.1 1.956 ± 0.005 0.135 ± 0.009 11.1

random45
50% 

MeOH 21.80 ± 0.02 2.2 ± 0.2 2.09 ± 0.06 0.19 ± 0.03 1.32

Figure S44. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of random coil-based polymers, with concentrations of 2.5 mg/mL in water.  The 
polymers random15, random30, random45, and random90 are indicated with azure, dark blue, purple, 
and magenta tick marks respectively. The wavelength of measurement was 0.8172 Å; random90 
was measured at a wavelength of 0.8180 Å. SAXS patterns are vertically offset from each other 
for greater visual clarity. 



Figure S45. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of random coil-based polymers (2.5 mg/mL) in 50% methanol (v/v).  The 
polymers random15, random30, and random45 are indicated with azure, dark blue, and purple tick 
marks respectively. The wavelength of measurement was 0.8202 Å. SAXS patterns are vertically 
offset from each other for greater visual clarity. 

Figure S46. Background-subtracted small-angle X-ray scattering patterns of E-alpha helix-
based polymers (2.5 mg/mL) in sodium carbonate buffer.  The polymer E-alpha7, E-alpha15, E-
alpha30, E-alpha45, and E-alpha90 are indicated with green, azure, dark blue, purple, and magenta 
tick marks respectively. The wavelength of measurement was 0.8172 Å.  



Figure S47. Background-subtracted SAXS patterns of solutions of E-alpha helix-based 
polymers (50% methanol and 50 mM sodium carbonate buffer).  The polymers E-alpha7, E-alpha15, 
E-alpha30, E-alpha45, and E-alpha90 are indicated with green, azure, dark blue, purple, and magenta 
tick marks respectively. The wavelength of measurement was 0.8202 Å.  SAXS patterns are 
vertically offset from each other for greater visual clarity. 

Figure S48.  Background-subtracted SAXS data of solutions of E-alpha-based polymers (100% 
methanol with 3 mM NaOH).  The polymers E-alpha15, E-alpha30, and E-alpha45 are indicated with 
azure, dark blue, and purple tick marks respectively. The measurement wavelength was 1.2398 Å.  



Figure S49. Normalized Kratky plots of background-subtracted SAXS data of solutions of E-
alpha-based polymers (2.5 mg/mL in 100% methanol with 3 mM NaOH).  The polymers E-alpha15, 
E-alpha30, and E-alpha45 are indicated with azure, dark blue, and purple tick marks respectively. 
The wavelength of measurement was 1.2398 Å.  Gray dashed lines indicate positions of qRg and 
(qRg)2I(q)/I(0) for an ideal compact sphere. 

Figure S50. Background-subtracted SAXS patterns of solutions of K-alpha helix-based 
polymers (2.5 mg/mL in 100 mM sodium acetate buffer).  The polymers K-alpha15, K-alpha30, and 
K-alpha45 are indicated with azure, dark blue, and purple tick marks respectively. The wavelength 



of measurement was 0.8202 Å; K-alpha30 was measured at 0.8203 Å. SAXS patterns are vertically 
offset from each other for visual clarity. 

Figure S51. Background-subtracted small-angle X-ray scattering patterns of solutions of K-
alpha-based polymers (50% methanol and 50 mM sodium acetate buffer).  The polymers K-
alpha15, K-alpha30, and K-alpha45 are indicated with azure, dark blue, and purple tick marks 
respectively. The wavelength of measurement was 0.8202 Å.  SAXS patterns are vertically offset 
from each other for greater visual clarity. 



Figure S52. Normalized Kratky plots of background-subtracted SAXS data of solutions of K-
alpha-based polymers (top: 100 mM sodium acetate buffer, bottom: 50% methanol (v/v) with 50 
mM sodium acetate buffer).  The polymers K-alpha15, K-alpha30, and K-alpha45 are indicated with 
azure, dark blue, and purple tick marks respectively. The wavelength of measurement was 
generally 0.8202 Å, with E-alpha30 in 100 mM sodium acetate measured with a wavelength of 
0.8203 Å. Gray dashed lines indicate positions of qRg and (qRg)2I(q)/I(0) for an ideal compact 
sphere.



Figure S53. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of E-alpha polymers (tick marks), with concentrations of 2.5 mg/mL in sodium 
carbonate buffer, compared to the power law fits (lines) as implemented in SasView.32 The 
wavelength of measurement was 0.8172 Å.  



Figure S54. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of E-alpha polymers (tick marks), with concentrations of 2.5 mg/mL in sodium 
carbonate buffer, compared to the flexible cylinder fits (lines) as implemented in SasView.32  The 
wavelength of measurement was 0.8172 Å.  



Figure S55. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of E-alpha polymers (tick marks), with concentrations of 2.5 mg/mL in 50% 
MeOH, compared to the power law fits (lines) as implemented in SasView.32 The wavelength of 
measurement was 0.8202 Å.  



Figure S56. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of E-alpha polymers (tick marks), with concentrations of 2.5 mg/mL in 50% 
MeOH, compared to the flexible cylinder model fits (lines) as implemented in SasView.32 The 
wavelength of measurement was 0.8172 Å.   



Figure S57. Background-subtracted small-angle X-ray scattering patterns of solutions of 
different lengths of random coil-based polymers (tick marks), with concentrations of 2.5 mg/mL 
in water, compared to the flexible cylinder model fits (lines) as implemented in SasView.32 The 
wavelength of measurement was 0.8172 Å for all samples except random90, which was measured 
with a wavelength of 0.8202 Å.   

8. Cryogenic Transmission Electron Microscopy (Cryo-TEM) Measurements 

For cryo-TEM measurements, 200 mesh Cu grids with a lacey carbon membrane (EMS Cat. # 
LC200-CU) were placed in a Pelco easiGlow glow discharger (Ted Pella Inc., Redding, CA, USA) 
and an atmosphere plasma was introduced on the surface of the grids for 30 s with a current of 
15 mA at a pressure of 0.24 mbar. Each grid was loaded into an FEI Vitrobot Mk IV plunge 



freezing system (Thermo Fisher Scientific, Waltham, MA, USA),  where a 4 µL aliquot of the PLP 
sample (1 mg/mL, sodium carbonate buffer) was deposited onto each grid. Immediately after drop-
casting, the grid was blotted for 5 seconds with a set blot force of 0.5, followed by a 0.5 second 
wait time before plunging into liquid ethane for vitrification. Grids were then transferred to liquid 
nitrogen for storage. The vitrified grids were kept under liquid nitrogen with a Gatan Cryo-Transfer 
Holder model 626.6 (Gatan Inc., Pleasanton, CA, USA). The imaging was performed with a JEOL 
JEM1400 LaB6 emission TEM (JEOL USA, Inc., Peabody, MA) operating at 120 keV equipped 
with a Gatan OneView CCD camera.
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